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Detailed Study of HOCI + HCI — Cl,; + H20 in Sulfuric Acid
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Reactive uptake coefficients for HOCI as a function of [HCI] were measured in a rotating wetted-wall flow
reactor for several sulfuric acid solutions containing between 49 and 67 wiSytt 220 and 250 K. The
solubility of HOCI in sulfuric acid solutions at 220 and 250 K was also measured. Using these measured
solubilities, calculated HCI solubilities, and estimated diffusivities for HOCI, the second-order rate coefficients
(k") in the liquid were extracted. At 250 K' increases with increasing acid concentration, from 3P
M~tstat 49 wt % acid to 5x 10° M~ st at 67 wt %. It is suggested that the reaction may involve an
initial protonation of HOCI, followed by reaction of JCI* with CI~.

Introduction w is the mean molecular spedd, is the liquid phase diffusion
coefficient, k is the first-order loss rate coefficient, aht is
the (effective) Henry’'s law constant for molecule X. The
function f(a/l) = coth@/l)—I/a depends upon the ratio of the
radiusa of the liquid particle to the “reactodiffusive length”

= (D/K)2 of X;%in the bulk experiments described hei(@/l)
=1

The reactive uptake of HOCI onto ice and sulfuric acid
solutions doped with HCI is thought to play a significant role
in the activation of chlorine in the stratosphére.

HOCI + HCl— H,0 + Cl, (R1)
This reaction has been investigated in the laboratory by a number The reaction of HOCI with HCI in 60 wt % sulfuric acid has
of groups?® Sources of HOCI in the stratosphere include been studied previously using the same methods as those
heterogeneous hydrolysis of CIONO employed here. The rate coefficient for R1#60 wt % sulfuric
acid was determined at two temperatures, 2005 K K' =

CIONG,; + H,O — HNO; + HOCI (R2)  16x1FM s and251 KK =1.4x 10°M~1s). These
results suggest an activation energy~eb kcal mol? for the
and the gas phase process, reaction at this acid concentration. Earlier studies of Cl
CIO + HO, —~ HOCI + O, (R3) hydrolysis in solutions, with [H] < 0.1 M, derived a value for

the third-order rate coefficient of 1.8 10* M—2 s71 for the

Reactions such as R1 and R2 are important in the stratospherd’0C€SS

because they transform reservoirs for active chlorine into more
photochemically labile chlorine.

Accurate parameterization of the rates of these reactions is
needed in atmospheric models to calculate the reaction prob-
ability, y.
mechanistic understanding of the reactions to predict the reaction . .
probability as a function of temperature, water partial pressure, discussion, we use [HCI] to denate [EI(].

trace gas concentrations, and aerosol size. We have recentlys o;”':%rﬁslsgollatﬁkezfeTc?r?j-uc:gjn;?Fts %f R&;Sg:;?g%ggg%'g:ﬁg
outlined a framework for such mod&swhich is briefly ul quid p ict

described here. R1 ") is currently assumed to be independent of the acid

The uptake of a gas phase species into solution is governedcontent of the liquid. The results presented below show that

by its physical solubility and by reaction (reversible or irrevers- this assumption is not valid.

ible) in solution. The competition between diffusion of the de?a?lre’M\AéZ:uszrrwgr?tsth; Leggllosrz)lﬁfbilﬁ'tioe ilav:\:;hrgailtiéﬁl)ré)rllo-
species and its consumptiania reaction will determine its : P

Lo - . : bilities for R1 over a wide range of sulfuric acid concentrations
distribution in the liquid phase. Analytical solutions of the a o )
continuity equation, including diffusion and reaction, have been (5075 wt %) at 250 and 220 K are presented. A possible

worked out for many systems of interé%€. In the general case ;ﬁﬁgﬂgs g?iﬁgzlsméﬁ tsil;g%:teen%egndA?] ficr)r:mrlcj)l\?etl(?(fn?tshﬁ dol-
of a spherical droplet of radiws y for species X is given . pre S P
ogy for calculatingy for reaction 1 is also presented.

H" + CI” + HOCI—H,0 + Cl, (RY)
at 293 K%ab HCI is thought to be present primarily asdh
the 49-67 wt % solutions and the concentration of CGH)

Ideally, such models use a framework based on a in solution is equal to [Cl] + [HCI. To simplify the

11+ w

Y @& 4RTH, /KD, f(al
i 1 (@) (a) Procedure. The bulk uptake measurements were per-
wherea is the mass accommodation coefficient for species X, formed using the rotating wetted-wall (RWW) flow reactor
(inner diameter of 1.84 cm), described in detail previodsly.
T Permanent address: Department of Chemistry, University of Toronto, Approximately 1 mL of sulfuric acid solution was placed inside
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the RWW. During an experiment, the acid concentration was
kept constant by maintaining a partial pressure of water equal
to the vapor pressure of water for that acid concentr&fidf.
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Following most experiments, a sample of the solutions was order loss rate conditions for HOCI were not achieved and
titrated with a standardized NaOH solution; the acid content physical agitation of the solutions would be expected to
was within 0.5 wt % of the concentration estimated from the influencey. Measurements when solution [HOCI] was greater
water partial pressure and temperature. Some acid samples werthan 0.5 x [HCI] were not included in the analysis. From
used repeatedly: after a set of uptake measurements,the H simple modeling calculations (see Appendix) we predict less
content of the liquid was varied (by setting a new partial pressure than a 10% effect on the measureavhen [HOCI] is less than

of H,0 and allowing sufficient time;-30 min, for the “stirred” 0.5 x [HCI] (compared to the case when [HOGH [HCI].)

acid solution and the gas phase(Hto equilibrate) and a new Nonreactive uptake (without HCI present) of HOCI in
set of uptake measurements were performed. Several acidH,SO, solutions was also studied and HOCI solubility was
concentrations were used in this study: 49, 52, 54, 56.5, 58, determinec* The Henry’s law coefficienHyoc) was deter-
62.5, 65, 67, 70, and 75 wt % at 250 K and 58, 60, 63, 67, 70, mined at 250 K for several acid concentrations by measuring
and 75 wt % at 220 K (uncertainty of the,80O, content of the the total uptake of HOCI into a continuously stirred acid
solutions is£0.5 wt %.) solution? The parameteHuoc(D))Y2 was determined at 220

Gas phase first-order loss rate coefficieligs for HOClwere K for three SO, solutions by measuring the time-dependent
measured in the wetted-wall flow reactor in an excess of Hcl. HOCI uptake onto quiescent liquids.
HOCI, prepared by reaction of HF with Ca(Ogcpowder34 Measurements of the reaction probability of HOCI on sulfuric
was entrained in a flow of He and introduced into the main He acid aerosol particles doped with HCI were performed at 250
flow through a movable injector. By moving the injector, the K. The experimental procedure is identical to that described
exposure to the solution was varied, agavas obtained. HCI by Hanson and Lovejdyexcept the aerosol particles were
and HO were introduced into the main He flow upstream of composed of 67 wt % 8Os and~6 x 107> M HClI (i.e, the
the rotating wetted wall. Because HC| was added to the @erosol particles were exposed to an HCI partial pressure of
solutions from the gas phase, saturation of the solutions must™~1 x 107 atm) andy for HOCI was measured as a function
be ensured. By comparing [HCI] exiting the RWW to [HCI]  ©f particle radius.
entering the RWW (monitored by diverting the HCI flow around ~ (b) Data Analysis. The measured decrease in [HOCI] as a
the RWW), we could determine when the solutions were function of injector position was fitted to a first-order decay,
saturated. Note that excess gas phase HCI does not guarante@nd then transformed into a loss rate coefficidg} (sing the
that the liquid phase loss for HOCI is pseudo first-order calculated average flow velocity in the flow reactor. This loss
(discussed further below and in the Appendix.) rate was “corrected” for gas phase diffusional 1é3ypically

HOCI, HCI, and C} were monitored using a chemical <20%, however, for bulk experiments with large uptalgesi
ionization mass spectrometer (CIMS), as described previ- 0-1: UP 10~150%). For bulk measurementsvas calculatett
ously3410 SK~ was used as the ionic reagent in the CIMS by d|\_/|d|ng .kg by a.’/d wherew is the mean molecular speed
flow tube for most of the kinetic runs. The signal at 143 amu, andd IS the inner d|amet_er ofthe f'_OW _reactjér.For th_e aerosol
the SEO~ product ion formed in the SF + HOCI reaction, experimentsy was obtained by d'V.'dmg(g by the flrst.-ord.er
was found to have a significant contribution from,8F when collision rate with the aerosol particlésGas phase diffusion

. . coefficients for HOCI-in-He and 0 (p(Torr) x Dg = 339 and
[HCI] was large (this appeared to be due to a reaction between 1 . g ;
SK~ and HCI; an ioa-molecule reaction rate coefficient of 1.0 81 Torr cn? s, respectively, at 250 K) were estimatédsing

x 10719 cm® s~1 would explain our observations.) Therefore, the Len_nar_d-Jones pgrameters of CIO fo_r HOQ' )

the F + HOCI — CIO- + HF reaction was also used on The liquid phase first-order rate coefficiektis given by
occasion to monitor HOCI. The chemical ionization mass X [HCI and [HCI] = H*ncipci, whereH* e is the effective
spectrometer was calibrated using known HCI concentrations,Henrys .Iaw constan.t for HCI’(see note 14 in ref 4 for an
and the SECI-/SF;~ signal ratio was used to calculate the explanation of effective Henry:_; law con_stants.) Thus,_from
absolute HCI concentratici The range of HCI partial eq 1 and fory < a, y for HOCI is proportional to fci)** if
pressurespuc, Was ~(3 x 10-19—(3 x 107) atm. puoc the reaction takes place in the bulk solution. Thus, plots of log

; . ; log puci should yield slopes of 0.5. Alternatively, plots of
typically 10° atm) was estimated by comparing thesSF v US ; g
gi{;}%al tgthe caIibr;ted signal for HCI Z\t 162pamu36|3)5and Ly vs 1/(puc)™** should be linear with intercepts equal tal/

applying the~5 factor difference in sensitivityi.€., the ratio (eq 1)', ) .

of the reaction rate coefficient8) _ The inverse (_)f the react|onlgrobabllltyyl\Nas found to be
The total pressure was typically 1 Torr, though measurementsIInearIy proportional to mHC')-  The slopes of these plots

’ were used to extradt!. Insertingk = K'H* ycipncr andf(a/l)

at both larger (up to 3 Torr) and sm_alle_zr (down to 0.5 Torr) _ 1 into eq (1), the slopes of linear regressions tp a%

pressures were performed. The majo_rlty of the gas was He 1/(puc)Y2 are related to solubilities;, andk! via

while water partial pressure was a maximum of 0.2 Torr for 49

wt % acid at 250 K. The average flow velocity was typically

~1000 cm s?, and the total mass flow rate was in the range slope=

3—4 std cni s'1. The RWW was rotated between 0 and ARTH, oy K'H* 1o D,

rpm for the reactive uptake measurements. No dependence on

rotation rate was observed for the measured reaction probabilitiesThe values of1* ) were taken from the calculations of Carslaw

except for lowpyc results for 67 wt % acid: at 250 K and for et al14 Values ofHyoc were taken from the calculations of

PHcl = 3 x 107° atm the reaction probability decreased by about Huthwelkeret al5 for acid concentrations less than 60 wt %,

a factor of 2 when the RWW was stopped. A much smaller and interpolated from the measured solubility data presented

decrease~15%) was observed at 250 K fpre = 2 x 1078 here in the range 6075 wt % (see below.) Values @), for

atm, and at highepyc y did not depend on rotation rate. The HOCI were taken to be 1.1 times that of Huthwelledral 15

dependence on rotation rate is most likely due to the stirring of (this calculation foD; was about 10% less than the measured

the solution. In these cases, it was discovered that the solutionvalue for 60 wt % acif). The values of all parameters used in

[HOCI] was larger than [HCI] and consequently pseudo-first- the analysis are listed in Table 1.

(]

)
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TABLE 1: Henry's Law Solubilities and Parameters Used To Determinek”

250 K 220 K
H.SO, measuredHyoc Huoci enhanced D, (ref 15) H*hci (ref 14), measuretl calculated’®
wt % Matma (Table 5) 107 cmes?! M atm? Huocn/Di Huocn/Di H* by
49 3770 8.7 33800
52 2500 2900 7.9 13100
54 2500 7.3 6800
56.5 1980 6.6 2900
58 1700 6.2 1740 (9) 8.4 2.8x 10
60 1400 1500 1000 7.1 6.4 1.2 10¢
62.5 1100 1210 4.9 340
63 (4.6y 4.2 3500
65 1100 1060 4.2 130
67 900 1000 3.6 60 2.7 2.6
70 1000 940
75 0.9 0.73

aEstimated uncertainty i25%. " In units of M atnT! cm s2. Estimated uncertainty in the measured values36%. ¢ Calculated using the
enhancedyoc from Table 5 andD, from Huthwelker!> These values are #20% lower than the measured values. The measured values were
used in the calculation d&f' in Table 2.9 From ref 4. Actual conditions: 59.5 wt % and 251 KExtra- and interpolated from the measured values.

3400 10000 I 1 1 L L

250K
3200 -|

3000

2800 -
1000 4

2600 |°

HOCI signal (Hz)
-1
Hyoq M atm™)

2400 -

2200

2000 T T T T T T T T 100 T T T T T
200 250 300 350 400 450 500 550 45 50 55 60 65 70 75

Time (s) wt% H,SO,

Figure 1. Results of nonreactive uptake experiment at 250 K, in 62.5 Figure 2. Measured Henry’s law constants for HOCI in sulfuric acid,
wt % sulfuric acid. Both an uptake (negative-going signal) and a as a function of acid concentration. The dashed line is from the model
desorption (positive-going signal) measurement are shown. The inte- of Huthwelkeret al 15 and the solid line is a fit to the datsee text for
grated area between the curves and the interpolated unperturbed signajetails.

(dashed line) is proportional to the Henry's law coefficient of HOCI.

A slow increase with time in [HOCI] from the source is evident. enhancement facter 1 + 1.052x exp(0.273x

(Wp—65.66)) (3)

Results

where wp is wt % HSOy. ThusHpoci (solid line in the figure)

(a) Solubility of HOCI in H2SO4. Figure 1 displays a . . o ;
representative nonreactive HOCI uptake experiment for 62.5 wt IS obtained by multiplying the calculated valéeby eq 3. This

. - is a strictly empirical approach; our object is to obt&lpoc
% acid at 250 K. Several uptake and evaporation cycles for .
HOCI were performed for a number of acid concentrations. In for a given HSQ, content. The measuredhocv/D; at 220 K

I derived f tak ; h and Hyocw/D) calculated according to this procedure dbd
all casesHyoc derived from uptake measurements was the SAME - ken from Huthwelkeet al15 are also listed in Table 1. The

as that derived from _evaporation measurements._ (Note that, 'Menhancement factor is taken to be independent of temperature.

some runs, the very first exposure of HOCI to the liquid resulted tha calculated values (eq 3) lie within 15% of the measured

in a large and irreversible uptake of HOCI, indicating the 51ues at 220 K.

presence of a small amount of a dissolved impurity in some of (b) Reactive Uptake and Kinetics of HOCI+ HCl. The

the solutions.) The megsured results are pre§ented |n.T.abIe Imeasured first-order loss rates for HOCI were used to calculate

where the25% uncertainty reflects the combined precision v, as outlined above. The growth of Ghas consistent with

and estimated systematic error. Shown in Figure 2 are the he ghserved loss of HOCI. A relatively large,®ackground

measured values plottedwt % at 250 K; the dashed line shows  4rising from the HOCI source precluded extracting good kinetic

the calculated values of Huthwelketral > The measurebiioci data from the Gl growth curves.

in 62.5-70 wt % acid are higher than those calculated using Figures 3 and 4 display representative plots of jogs log

the model of Huthwelkeret al*> The measured values of . 'for 250 and 220 K, respectively. For the most panaries

Hhoc/Dy at 220 K are also larger than the model prediction. g puo2 as expected, with slopes of linear regressions to the
The measured values divided by the calculated values definesdata in the log-log plots ranging from 0.40.55. y depends

an enhancement factor and a fit of thisH,SO, content resulted  on the sulfuric acid content, in general decreasing with increas-

in the equation ing H,SO, concentration. Also, for a givepuc) and acid
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Figure 3. Representative results showing the reactive uptake of HOCI
as a function of HCI pressure, at 250 K. The slopes of the 52, 62.5,
and 67 wt % data are 0.48, 0.55, and 0.43, respectively.

220K = 60 wi%
58 wi% % °
0.1 4 [ )
° 63 wi%
Y o
v
v
Z
v
0.01
1010 109 10 107
Py (atm)

Figure 4. Results of reactive uptake experiments at 220 K. The slopes

of the 58, 60, and 63 wt % data are 0.46, 0.38, and 0.45, respectively.
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Figure 5. Measured reaction probability on 67 wt %$0, particles
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TABLE 2: Liquid Phase Second-Order Rate coefficients

wt% slope(250K), K' (250 K)P slope (220 K), K'(220 K)P
acid eq?2 M-1st eq2 M-ts?t
49 0.0011 2.8 1¢°

52 0.0018 5.3« 1¢°

54 0.0020 1.2 1C°

56.5 0.0041 1.x 10

58 0.0044 2.4 1P 42x 104 43x 10°
60 1.4x 10F¢ 8.0x 10 4.4x 10P
62.5 0.011 4.7% 1P

63 0.0016 9.1x 1P
65 0.018 7.5¢ 10°

67 0.04 4.9x 10°

a|n units of atnT?2 b Uncertainties are-100, —50%. ¢ Fom ref 4.
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Figure 6. The measured second-order rate coefficients for the HOCI
+ HCI reaction, plotted as a function of wt %,80,: 250 K, filled
circles; 220 K, dotted triangles. The open square is the measurement
at 251 K from ref 4. A linear regression to the data at 250 K is shown:
logio k' = 1.884+ 0.0747wp with wp in wt %.

45 50

andl = 0.18um. The dashed curve is a fit with, fixed at
0.026, the value predicted from the 67 wt % bulk data at 250
K; this results in a value fof of 0.28 um. Using this latter
value and the definition df= (D/K)Y/2, the first-order loss rate
coefficient for HOCI isk = D/I2 = 460 s1; dividing by the
estimated [HCI] (6x 107> M) results in a second-order rate
coefficient in 67 wt % acid at 250 K of8 x 10° M1 s™1,
This compares favorably (within a factor of 2) with the result

at 250 K plotted against particle radius. The dashed and dotted curvesderived from the bulk measurements. A more accurate com-

are fits of the data to eq 4.

concentrationy is larger by almost an order of magnitude at
220 K than itis at 250 K. Uptake experiments performed with

70 and 75 wt % acid showed small losses for HOCI, and pseudo-

first-order loss rate conditions for HOCI in solution could not
be ensured (note that the solubility of HOCI is much greater
than the solubility of HCI in these solutions.) A portion of the

parison between the bulk and aerosol measurements is not
warranted (as was done in ref 4.) Accurately measuring
~0.3 um is difficult because our present technique for sizing
of the particle samples (UV light extinction measurements
between 0.2 and 0.4m) becomes uncertain above= 0.6

Shown in Table 2 and Figure 6 k8 calculated as described
above using the parameters listed in Table 1. The values of

low prci data for the 62.5, 63, 65, and 67 wt % solutions was he sjopes (eq 2) are also listed in Table 2. Note the strong
also not included in the analysis (at 220 K, none of the 65 and dependence oK' on [H,SO at 250 K in the 49-67 wt %

67 wt % data was acceptable).
The measureg on 67 wt % sulfuric acid aerosol is plotted

as a function of particle size (surface-area-weighted mean

radius® rg) in Figure 5. y increases nearly linearly with for
small particles and approaches a limiting value for lagg&his
is expected according to eq 1 which reduces to

y ~ T f(rdl)

Ir,= (4RT/w)HHOCI(DIk)1/2

(4a)
(4b)

whenTuf(rdl) < o ~1 (anda=rs). The solid curve is a fit to
the data according to eq 4 resulting in valuesl'gf= 0.019

range. The measured rate coefficients at 220 K are also
consistent with this trend.

The uncertainties ik' are (-100,—50%) and were estimated
by summing (in quadrature) the estimated errors in the values
of (HHOCI)2 (+56, —36%), H*HCI (+30, _23%), D| (+33,
—25%), and ppc) (+25, —20%). Twice the precision in
measuring’ a number of times (i.e., ~2 x (15%h'?) = 9%
for n ~ 10) is small compared to this estimated uncertainty.
The uncertainties in the calculatelyc) andD, for HOCI were
estimated by comparing to measured values (HCI solubilities
from 45-60 wt % of refs 3 and 4 and HOCI diffusivity of ref
4 at 60 wt %.) Note that the uncertainties in the calculated
H*ncr andDy are not known outside of these ranges. We cannot
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assess the possible additional uncertainty in these quantities untik! with acid content suggests that the reaction may involve a
a comparison to measurements over a wide range of conditionsprotonation step followed by reaction with Cl(we now

is made. explicitly denote the dissolved HCl asC) This is the pathway
: . Ky K
Discussion HOCI+ H" ~—H,0CI" (R4)

(a) HOCI Solubility. Our measured solubilities for HOCI
are greater than those predicted by the model of Huthwelker + -5
al.l5> for acid content>60 wt %. The model is a fit to H,OCI™ +Cl Cl, +H,0 (R5)

measurements at acid concentrations less than 60 wt % anddenoted (4 (2)— (1) by Eigen and Kustifi* Note that the

predicts a steady decrease iﬁhou with incr easing .‘?‘Cid hydrolysis of C} (reverse of R5) can be neglected for the
concentration. The model considers only dgsicalsolubility conditions of our experiment. According to this mechanism,
of HOCI; protonation is not included. The higher measured the HOCI loss rate in the liquid is

values could be partly due to protonation of HOCI at high acid
concentrations. We define a thermodynamic protonation equi-
librium constantKeq to be the inverse of the #CI* acid
constant:

%[HOCI] = —k,[HOCI|[H ] + k_,[H,OCI']  (7)

Assuming a steady state for J&CI],
K = &0cr  [H LOCI fuock
* ayoc@us  [HOCI[H 1] frocifn+

®) _ kJ[HOCI[H ]

[H,OCI = - (8)
TS K kCI]

where g and f; represent the activity and molar activity . . n

coefficient, respectively, of componenti. An effective Henry's and solving for. the pseudo-first-order loss rate coefficient for

law constant*ioci can be defined which is a function of acid  HOCI, we obtain

strength

kyH'] -
. . ~ = CI] 9)
H* o1 = (HOCI] + [H,0CT )/ Proci = Huoci (1 + Ky 1 ke[Cl]
+
(M 1Kedi-froc/f,ocr) (6) Under the conditions of the present experiments, it is likely that

k-4 > kg[CI7]. The maximum Ct concentration in our

If Keqis sufficiently small, protonation is not important until  experiments can be estimated from the maximum possible value
high acid concentrations; this is apparently the case for HOCI of H*cipyc = (10)(10°8) = 104 M. Taking a diffusion-
in concentrated ESO,. limited value forks (~3 x 1M1 sl at 250 K in 56-70 wt

Although protonated HOCI has not been detected in solution, o, H,S0y), we obtain a maximum value fd&[Cl~] of ~3 x
it has been reported in the gas phaigemass spectromethy, 10* s'L. Since we expecky/k—4 = Keq fitfrocifuoci™ < 1
and its existence infon amorphous solids has been inferred from(see below) and, to be large k-4 is almost certainly>3 x
infrared spectra of matrix-isolated CION®,0O mixtures!® On 10¢ s 1. Thus we can simplify the expression above to
the basis of these spectra, Sodeaal!® proposed HOCI™ as
an intermediate in chlorine nitrate hydrolysis. An alternative 4[H*] 7
interpretation, consistent with the present work, is that some of k=~ k—k5[C| ] (10)
the HOCI formed in the hydrolysis is protonated by Ftom —4

dissociated HN@product. Protonated HONO has also been Tpig equation yields a straightforward dependencekfand y

reported in sulfuric acid solutions of Z®0 wt % acid!® It is on [CI] and on [H'], as is observed for 4967 wt % solutions.
likely that HOCI becomes protonated to some extent in strong note that if K s V\;ere not >k¢Cl-], this straightforward

acid solutions. _ » dependence would not have been observed. From this expres-
Note that the enhancement in the solubility over that gion the values ok! = K/[CI-] in Figure 6 and Table 2 are
calculated using a simple Setchenow dependéiigeot likely ’

> ; given by
to be due only to protonation.€., the last term in parentheses
in eq 6 is likely to be small compared to one.) If the k,[H']
enhancement in the HOCI solubility were entirely due to K' ~ =k, (12)
protonation, then the concentrations ofL,(CI*] and [HOCI] K4

would be approximately equal in 65 wt % acid (where from
Figure 2 the enhancement factor i€2.) The overall rate

coefficientk! would then be expected to be about one-half of
the diffusion-limited value of 3x 10° M~1 s71 (assuming the (@) — (3)— (1)):
rate coefficient for HOCI™ + CI~ is diffusion limited, see R4 )

A similar expression can be derived assuming an initial attack
by CI- on HOCI, as proposed by Eigen and Ku&tiand for
much lower acid concentrations (the pathway they denote as

and R5 below.) Because the measukédn 65 wt % acid is ke kg _
much lower than the diffusion limited value, HOCl is not likely HOCI+ CI' ——HOCl, (R6)
to be primarily in protonated form in these solutions. The reason .
tbhe measuretHHoq is greater than the pred|c_ted valifesnay HOCI,™ + HT — Cl, + H,0 (R7)
e due to a rejection of higher order terms in the méglel.
(b) Kinetic Analysis and Mechanistic Implications. The The first-order rate coefficient for HOCI loss is
results shown in Figure 6 indicate a strong dependence of the
reaction rate coefficient on acid concentration at 250 K. At ke[CI ]
this temperature, there is a 20-fold increase&'iras the acid = k7[H+] (12)

- +
concentration increases from 49 to 65 wt %. The increase in K_g+ ky[H']
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For k' = k/[CI7] and k_g > k;[H™], this reduces to

Ks

KA
K.g

k[H] (13)

This is the same form d¢' (eq 11) derived for the protonation
mechanism (R4R5). Note that Eigen and Kustitconsidered
the protonation mechanism to be too slow to contribute to their
measurements on the basis of thermodynamic calcul&titet
suggested the “extreme unlikelihood” of finding,®ICI* in
solution. That argument might not be valid in the strong acid
solutions studied here. Note that our kinetic results do not help
us choose between these two mechanisms.
however, to suggest that RR5 is a likely pathway in strong
acids.

The dependence &' on acid content can be understood by
using the concept of the effective acidity in strong acid solutions,
first proposed by Hamme#t. Much work has been carried out

It is reasonable,
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Figure 7. Logarithm of k!/[H*] at 250 K plotted against thex”
parameter, a universal acidity function. A linear regression line and
the 95% confidence limits are also shown (symbols as in Figure 6.)

on the reactions of organic weak bases in strong acids (such asSee text for details. Also shown (dashed lines) are the diffusion limited

sulfuric acid)?223and these reactions typically follow a mech-

anism similar to that given by R4R5. Our analysis of the

variation ofk!! with acidity is based on this body of work.
First, we introduce the ratiky/k—4 = [HOCI*]/[H*][HOCI]

= K, (the concentration equilibrium const&ftinto the expres-

sion for the thermodynamic protonation constant of HOCI (eq

5):

H,OCI"] fuocr  k, fuocr
eq: [ 2 ]+ Hy :_4 Hy (14)

[HOCI[H ] ffhoar  Koa fuefhoc

Replacing eq (14) in eq (11) and taking logarithms,
n__ 1:H*'fHOCI +
K= Keq [H ]k5 (15)
sz00|+
[
logK' = log K, + log 'f*—”oc' +log [H] +logks (16)
H,OCH

Following the “excess acidity” analysis of Cox and Ya#&<6

fiyofe

. f

B*H+

17)
fu,oci

reaction rate coefficients(;)/100,ky; = 47R*D|(6 x 10°° M1 s7%,
for R* = 6 x 1078 cm andD, taken from Huthwelkeet all® (lower
curve) and that from Williams and Lofg(upper curve) normalized
to 6 x 1077 cn? s7* for 59.5 wt % acid at 250 K.

Note that the 95% confidence levels indicate an uncertainty in
the intercept of a factor of 51400, —80%).

Making the reasonable assumption that R5 is diffusion-limited
(ks = 3 x 10° M~1 s71), the value ofKeq at 250 K is~105°
M~1. Alternatively, becausks is less than or equal to 8 10
M~ s7% our error limits imply a lower limit toKeq Of
(1/5)1800/3x 10 = 10 M~L. This corresponds to an ideal
solution, [H7] = 0, upper limit toAGP of +7 kcal mol? for
the protonation reaction R4 at 250 K. This value is higher than
that for methanol protonation (th&GP for the protonation of
aqueous CkDH calculated from data in ref 27 i$1.2 kcal
mol~1) consistent with a smaller proton affinity for HOCI (an
ab-initio determination of the gas phase proton affinity of
HOCP8 is 153 kcal mot?!; ~20 kcal mot?! smaller than that
for methanoP?)

These arguments are consistent with the reaction mechanism
involving an initial protonation followed by reaction o,&CI+
with CI~. Reaction of HOCI* with molecular HCI, expected
to be present in the most acidic solutions, could also occur.

(c) Temperature Dependence and Comparison to Previous

whereB* represents a hypothetical standard reference base. ThigVleasurements. For the 58, 60, and 63 wt % results, there is

states that the ratios of activity coefficients for protonation
reactions in strongly acidic media are simply related to one
another,via the parametem*. Note thatm* as used here is
slightly different from that defined by Cox and Yafég> Using

this definition of X and rearranging,

log k" = log Kgq+ m*X + log[H'] + logks ~ (18)
(log K'—log[H+]) = (log K, + log ke) + m*X
log(K'/[H*]) = log(Kedks) + m*X (19)

A semilog plot of K'/[H*]) vs X should yield a straight line
with Kedis as intercept. Such a plot is shown for the 250 K
data in Figure 7, with values of and [H"] taken from Cox
and Yateg4250 The fit to a straight line is good, albeit over a
fairly small range of X, implying that the mechanistic assump-
tions behind the analysis are valid. The resulting slope=

0.5 is in the range predicted for protonation on oxyée#?2
The intercept from this plot yields a value 61800 forKeks.

about a factor of 4 difference between #fevalues at 250 and
220 K resulting in an estimate for the effective activation energy
of 5 kcal mol® for the overall reaction, essentially the same as
that estimated for 60 wt % between 202 and 256-K(kcal
mol=1,)34

Using an effective activation energy of 5 kcal mblwe
estimate the 293 K, [H — 0 empirical rate coefficient to be
Kedts ~ 10* M~2 571 (usingKeds = 1800 at 250 K). This is of
the same magnitude as the 293 K third-order reaction rate
constant given by Eigen and Kustifor low acid concentrations
(1.8 x 10* M~2s71). However, given the large uncertainty in
the intercept in Figure 7 and the large differences in reaction
conditions between the present work and that of ref 5, this
agreement may be fortuitous.

Wang and MargeruPi measured the temperature dependence
of Kedks (their k-1) from 273 to 303 K and obtained 6.5 kcal
mol~! for an effective activation energy fdfeds. Using this
activation energy, the extrapolation of their results to 250 K
results in a value of 2400 M s™* for Kedts. This is in good
agreement with our value extrapolated to'JH#= 0. Wang and
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TABLE 3: Comparison with Previously Reported Rate
Coefficients
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TABLE 4: Parameters and Equations for Calculating
Reaction Probability of HOCI onto Sulfuric Acid Particles

wt % rate extrapolated
H,SOy T,K coefficient valuet lit. value ref
0 293 Kedks? 1.0x 10°M2s1 18x10*M2s1 Ba
0 250 Kedks 1800 M2s1 2400 M2g71c 5b
34 274 K 6x10*M-1s1 8x10*M-1s1 4
595 251 k! 21x 1M 1st 14x 1M 1st 4
60 202 kil 22x 1PM1st 16x 1PM1s!l 3

2 Obtained from the fit of log k' vswt % shown in Figure 6 along
with a 5 kcal mot? effective activation energy (see Table &For the
reaction sequence RR5 with Keq from eq 14. Also could be the
analogous expression for the reaction sequenceRR6 See text for
details.c Extrapolated to 250 K.

Margerum also presented evidence for an acid-assisted mech- 7

anism

HA + HOCI + CI” — A™-H,OCI"-ClI” — A~ + H,0 +
Cl, (R8)

The HSQ™ ion was identified as one of the acids HA. Note
that the extrapolation to [H = 0 in Figure 7 also involves
extrapolation to [HS@] = 0. The transition state, A
H,OCI*-Cl~, is described by Wang and Margerum as involving
a proton transfer to HOCI as Clis transferred to Cl. They
point out that a sequence similar to-RB7 is a two-step analog
to R8. The reverse of R8, the base-assisted hydrolysisof Cl
was originally proposed by Lifshitz and Perimutter-Hayf’%an
as a two-step process similar to the reverse of-R8. An
alternative is that a sequence similar to-R5 is also a two-

step analog to R8. As Wang and Margerum stated, one cannot
determine which mechanism is operating from kinetics alone.

However, it appears that the protonation mechanism-R8
should not be rejected from consideration.

Shown in Table 3 are the comparisons discussed above for

[H™] = 0 and comparison of the previously reported values for
K' in strong sulfuric acid solutions with values obtained by

extrapolating the present results to the same conditions. The

values of the extrapolatdd are—25,-+50, ancH-35% different

than the previously reported values. As all these measurements

are accurate to approximatetyl 00/~50%, these discrepancies

parameter expression ref
a 1.0 4
D, 9x 10°9°P
anzo pHZo/]_o(g.217—2190/(r—12.7)) 7,38
H* e exp(6250T - 10414))( (8;420)3‘49 7,38
k! exp(2.303x (6.08— 1050/T this work

+ 0.0747wp))
k K'H* hoiprc st
wp see Table 5 wt % B0,
HrootD Hroc(Dg)Y24 Table 6
adivl ro(k/Dy)Y? this work
f 1/tanh(adivl)— 1/adivl 6a, 7
Tcarc 2.25x 107%(T52.%)'2 x HrootD this work
U™ + (Teac)™) 6a, 7

alnput parameters ar@uc, Pu,o, fp IN atm, mbar, and cm,
respectively® D, varies withT and acid content; however, for a given
pr,0, these variations approximately cancel resulting in a con®ant
for wp as a function of. D, =9 x 107°is predicted for stratospheric
conditions from the relatio®, = consf/viscosity*> with the constant
determined for 59.5% acid at 2514 Note that the calculateg is
insensitive to the value db, for stratospheric condition§.Note that
this expression fok' is not valid beyond 65 wt % acid. The calculated
y for atmospheric conditions using this expression (Figure 8), however,
is =104 and is not significant for atmospheric conditionsFormu-
lation for Huoci from Huthwelkeret al*® along with the enhancement
at high acid content shown here are detailed in Table 6.

215

4210

4208

Yrocl

Temperature K

103 | 4 200

104 4 1195

10 190

70

50 56

H,S0, wt %

40 60

are not Consequentlall |ndeed, the agreement |s remarkablé:|gure 8. The predICted reactive Uptake coefficient for HOEHCI

considering the extent of extrapolation15 wt % and~25
K).

(d) Atmospheric Implications. The parameters determined
here allow a calculation of the reaction probability for HOCI

on 0.2um aerosol particles, assumimg,o = 3.0 x 10~* mbar and
prci = 107 atm. The short-dashed curve shows the variation of sulfuric
acid aerosol composition with temperature (right axis) under these
conditions (ref 9 and Table 4). The solid curve is the calculated reaction
probability for HOCI+ HCI using Tables 4, 5, and 6. The dasiot

onto stratospheric sulfuric acid aerosols. Recent measurementscurve isy calculated as for the solid curve except assunkihg 1.6

of the reaction probability of HOCI on 34 wt % sulfuric acid
suggest that the mass accommodation coeffigieist close to
unity, and we takexr = 1 independent of temperature ang-H
SO, content. k' was taken to be a function of wt % (as
determined at 250 K; see Figure 6)da 5 kcal/mole effective

x 10° M~1 s71independent of acid content.

reaction probability for cold polar lower stratospheric conditions
is significantly less than the previous calculation, which was
based on an invalid assumptiokl' (ndependent of [HSQy]).

activation energy was employed (see Table 4.) The solubility Note also that the HCI solubilities of Carslat/al 14 are higher

of HOCI was taken to be that of Huthwelket al5> with the

than the HCI solubility given in Table 4 for cold conditions

additional enhancement at high acidities (eq 3). Figure 8 (H2SOs content<50 wt %), and using them results in a higher

displays the values of calculated using the equations and
parameters in Tables—b for 0.2 um radius particles over a

calculatedy.
The initial protonation mechanism proposed here is not

range of stratospherically important temperatures, assumingdependent on sulfuric acid being the proton donor. In principle,

p,o= 3 x 107* mbar andpuc =107 atm. For these
conditions, a line is plotted to show temperatuwe wt %
H,SO4. The expected reaction probabilities are different than
those assuming is independent of acid content (dasiiot
curve in the figure). The overall conclusions regarding the
relative importance of the HOCH HCI reaction under
stratospheric conditions are not altered.(it is significant only

in solutions with acid contenc~60 wt %). Note that the

any strong acid could initiate a reaction, for example, aqueous
HNO; Type | PSC particles would be expected to exhibit similar
chemistry. Also, the reactive uptakes of HOBr and HON®
reactions such as HOB¥ HCI and HONO+ HCI may also
proceed through such a mechanism. If [H§IG high, the
reaction HOCIT + NO3; /HNOs; — H,0/H;0" + CIONG;
might take place, regenerating chlorine nitrate from HOCI. This
is analogous to the BrONO+ H,O <= HOBr + HNOj3
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TABLE 5: Calculation of H ,SO, Content from T and pu,o.

Z = In(pn,0, mbar)
wt %

wp

ref
33

expression

(—14.0508+ 0.708928x Z)T + 3578.6
45.5374+ 1.55981x Z— 0.197298x T

a2 A fit using thepu,o vs wt % data of Giauguet al® believed to be
more accurate at low temperatures than the Gmitro and Verntéulen
data that Steele and Haniflfitted to (see Massucéit al®?). Previous
wp equation from ref 6a Table 3 results in a bias ef2lwt % with
respect to the Giauquet al. data® Extreme caution should be exercised
in the use of this equatiomng., only for 10* < py,0 < 1072 mbar, 40
< wp < 80, and 190< T < 230 K. The maximum deviation of this
equation from the Giauquet al. dat& is 0.6 wt % with a root mean
square deviation of 0.3 wt % for 195 T < 230 K. At 190 K, the
maximum deviation of this equation from the dai® 0.9 wt %.

TABLE 6: Solubility of HOCI. From Huthwelker et all52

parameter expression notes and refs
m 10.196wp/(100- wp) (wp to molal) only for
pure sulfuric acid
solutions
Hhuth exp(6.4946- m(—0.04107 (molal atnT?)
+ 54.56/T)—5862 x
(1/298.15— 1/T))
rho 1000+ C1m+ C2mb-5+4 C3nm?  solution density
(kg m™9)
C1 123.64— 5.6 x 107T?
c2 —29.54+ 1.814x 107412
C3 2.343— 1.487x 10°°T
—1.324x 107572
conversion  (rho/1000)/( m0.09808) (molal to molar)
HM (Hhuth) (conversion)
Huoci HM(1 + 1.052 exp(0.273 enhancement factor at

(wp — 65.66))) high acidities (this work)
reaction®* Note that the regeneration of CION®om HOCI
and HNQ is not expected to be important in the atmosphere
for the same reasons that regeneration of Br@NGuld be
ignored: the [HOJ/[HNO4] ratio is so large that the equilibrium
ratio [XONG,J/[HOX] is very small.
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Appendix

A simple numerical procedure was used to solve simulta-
neously the equations

" b ”e, K'c,C
ot 1 y 2%1
(20)
c, _¥C,
TPz K'C,Cy

whereC; andC; are the concentrations of components 1 and 2
in the liquid. After aboti1 s of simulated time, steady state
was achieved (with time step ek 106 s and & = 1076 cm).

Donaldson et al.

that the quantitykCy(x =0, t) was equal to 10$. In one

run, K'C, was held fixed at 10 & for all x andt, and a
reactodiffusive length of 2.0& 10~4 cm was obtained fo€;,

in excellent agreement with the theoretical value,(4 x 1077/
10)*2 cm, indicating the gradient at the surface is the expected
value. Inthe next cas€y(x,t=0) was set equal t0x2C;(x,t=0)

and both were allowed to change (decrease) with time. The
gradient inC,; was about 10% less than it would have been if
C, was fixed at a constant value. (Note that, in the absence of
surface reactionsy is directly proportional to the gradient in
the liquid at the surface.) Even for the case wh@séx,t=0)

was equal taCy(x,t=0), the gradient irC; was only about 20%
less than ifC, were not allowed to vary. Therefore, we conclude
that the measured reaction probability of component 1 is not
affected by more than 10% if it is known th@& is at least 2
times C;. Also note that the gas phase concentration of
component 2 must be much greater than the gas phase
concentration of component 1. Then the condition that
C,(x=0,t) remains constant will be fulfilled.
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