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A pulsed laser photolysispulsed laser induced fluorescence technique has been employed to study the
recombination of mercury and chlorine atoms, HgCl + M — HgCl + M (1), and the self-reaction of
chlorine atoms, C CI + M — Cl, + M (2). Rate coefficients were determined as a function of pressure
(200-600 Torr) and temperature (24293 K) in N, buffer gas and as a function of pressure (2600

Torr) in He buffer gas at room temperature. For reaction (1) kinetic measurements were obtained under
conditions in which either mercury or chlorine atoms were the reactant in excess concentration while
simultaneously monitoring the concentration of both reactants. An Arrhenius expression af (25) x

1032 exp{ (680 & 400)(/t — Y299} cmP molecule? s™* was determined for the third-order recombination

rate coefficient in nitrogen buffer gas. The effective second-order rate coefficient for reaction 1 under
atmospheric conditions is much smaller than prior determinations using relative rate techniques. For reaction
(2) we obtain an Arrhenius expression of (8&42.3) x 1032 exp{ (8504 470){/+ — 299} cmPf molecule?

s 1 for the third-order recombination rate coefficient in nitrogen buffer gas. The rate coefficients are reported
with a 2o error of precision only; however, due to the uncertainty in the determination of absolute chlorine
atom concentrations we conservatively estimate an uncertainty50f6 in the rate coefficients. For both
reactions the observed pressure, temperature, and buffer gas dependencies are consistent with the expected
behavior for three-body recombination.

Introduction identify this transformation. Mercury events correlate well with
tropospheric ozone depletion events, which are known to be
triggered by the photolysis of labile halogen species, released
from snowpack at polar sunridélt has been suggested that
the mercury transformation mechanism is driven by halogen
chemistry. The implications of this for atmospheric mercury
chemistry on a global scale are unclear because the precise
mechanism of this transformation is not known and very few

Mercury (Hg) is one of the most toxic elements in nature. It
has been linked to the decline of the Florida Panttreproduc-
tive anomalies in avian species, such as the I@avia immei)?
and the warbler Rrothonotaria citreg,! and neurological
damage to humarisExposure to mercury is primarily through
the ingestion of dimethylmercury from food sources. Therefore,
to determine the impacts of this toxin, most studies have focused . - .

) . . data are available for rate coefficients for reactions of elemental
on the terrestrial and aquatic cycling of mercury. However, over . .
o mercury with halogen radicals.
the past decade there has been a recognition that the atmospheric ' X
) . . . . In this work we report direct measurements of the rate
cycling of mercury directly influences both terrestrial and aquatic - . . -
- . . coefficient for the reaction of elemental mercury with chlorine
systems, and thus an understanding of the atmospheric cycle is . L
. . ) ) .~ “atoms, as a function of temperature and pressure in nitrogen
essential to understanding the overall biogeochemical cycling ;
and helium buffer gases.
of mercury.

Atmospheric mercury exists in three major forms, gaseous Hg + Cl + M — HgCl + M 1)
elemental mercury, reactive gaseous mercury, and particulate
mercury. Gase(_)us elemental mercury is thought to be the major  Kinetic measurements were performed with each of the
constituent typlcally accounting f_or over 90% of ga_s-phase reactants in excess concentration, with temporal profiles of both
mercury? Until recently it was believed that this species was reactants being monitored by LIF. Measurements made under
relatively unreactive in the gas phase, resulting in an atmosphericconditions in which Cl atoms were the reactant in excess
lifetime of 6 months to a yedrRecent measurements in the concentration required an accurate concentration calibration and
Arctic,>6 Antarctic;® Greenland, and Norway? indicate that ~ must account for the chlorine atom recombination. Conse-
a rapid gas-phase oxidation process does occur. quently, we also measured the rate coefficient for the recom-

Although these recent measurements indicate that there is arbination of chlorine atoms, under similar experimental condi-
atmospheric transformation occurring, the exact mechanism hastions.
yet to be identified. To understand the cycling of mercury in
terrestrial and aquatic systems and the potential affects of Cl+Cl+M—Cl,+M 2
mercury on human and ecological health, it is essential to
There have been three prior experimental determindfiots
*To whom correspondence should be addressed. of the rate coefficient for reaction 1 and one theoretical stady.
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Figure 1. Experimental setup for the PERPLIF system to detect Hg by one photon LIF and Cl atom by two photon LIF, including optical and

flow system configurations.

We report rate coefficients that are significantly slower than

those obtained in prior studies.

Experimental Section

The reaction between gaseous elemental mercury and chlorine
atoms was studied by pulsed laser photolygisised laser
induced fluorescence (PEAPLIF) as a function of pressure and
temperature in nitrogen, helium, and air buffer gas. Experiments
were conducted at three temperatures 293, 263, and 243 K, antﬁ

three pressures, 200, 400, and 600 Torr.

Chlorine atoms were produced by pulsed laser photolysis of
molecular chlorine. The temporal profiles of both chlorine atoms
and mercury atoms were monitored by two- and one-photon
laser induced fluorescence (LIF), respectively. The experimental
configuration is detailed in Figure 1. The experiments were
conducted in a temperature controlled Pyrex reaction vessel.
Four mutually perpendicular sidearms with quartz windows were

attached to the center of the vessel. The photolysis and the
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lasers were overlapped using dichroic mirrors and then propa-length (), illustrating the deviation from the Beet.ambert law.
gated through two of the cell's sidearms, perpendicular to the . .
gas flow. The temperature of the reaction vessel was controlled 1€ buffer gas flowed over a mercury permeation tube with

by a circulating methanol bath while the windows were
constantly flushed with dry air to prevent condensation. A
thermocouple was inserted into the reaction zone through a
vacuum seal, allowing measurement of the gas temperature
under the precise pressure and flow conditions of the experiment.
Experiments were carried out under “slow-flow” conditions.
The gas velocity was maintained at approximately 13 cfp s
to completely replace the gas mixture in the reaction zone
between the laser pulses. All flows were monitored using

a permeation rate between 120 and 7000 ng féepending

on temperature. This produced stable mercury concentrations,
which ranged from x 10%to 60 x 10'2 molecules cm® under

our flow conditions.

Elemental mercury and molecular chlorine concentrations
were monitored in situ by UV photometry using the 253.7 and
365 nm lines from a mercury lamp, respectively. The reaction
mixture was flowed throug a 1 cm or 1 mabsorption cell
depending on mercury concentration. After passage through the

calibrated mass flow controllers. The pressure was monitored 2PSorption cell the lamp output was split with a dichroic beam

with a capacitance manometer.

Chlorine atoms were produced by photolysis of molecular
chlorine using the 355 nm, third harmonic of a Nd:YAG laser.

Cl,+ v —Cl+Cl @)

An output power of approximately 350 mJ per pulse resulted

in chlorine concentrations ranging from 2:5 10'5 to 13 x
10 molecules cmB. The photolysis of molecular chlorine

355 nm from the ground stat&", to the repulsive exited state,

14, generates chlorine atoms almost exclusively in’#g,

ground staté® This results in a quantum yield for the photolysis

of molecular chlorin& of 2.

splitter and detected by two interference filter/photomultiplier
(PMT) combinations and each absorbance was recorded.
Because the line width of the mercury absorption line is
narrower than the broadened output of the mercury lamp, the
effective cross-section depends on the line width of the lamp,
requiring a determination of the effective absorption cross-
section. This was determined by monitoring absorbance as a
function of path length and Hg concentration. Mercury con-
centrations were generated using a calibrated permeation tube
at 100°C and were confirmed by analysis with a Tekran 2537A
mercury analyzer. Figure 2 shows a plot of absorbance verses
mercury concentration ([Hglx path length (L) illustrating the
deviation from the BeerLambert law. For absorbances less

at
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than 0.7 the BeerLambert law held and the effective cross-
section was 1.36< 1014 cn?. For absorbances greater than
0.7 there was a significant deviation from the Bekambert
law and a third-order polynomial fit was used to calculate the
mercury concentration. During kinetic measurements an absorp-
tion path length between 1 and 100 cm was used, depending
on the mercury concentration, to maintain an absorption in the
range of our calibration curve. 2x233nm
The molecular chlorine concentration was also determined 4
by in situ UV photometry at 365 nm using a 1 m cell. The
literature cross-section of molecular chlodhat 365 nm, 1.06
x 10719 cn?, was used.
The initial chlorine atom concentration produced by pho-
tolysis was determined froth

- 2PO1/2
[Cl] =[Cl3] x QY x (1 — exp[=(P./h)(c/A)(oc,/A)]) (1) 4P,

Figure 3. Excitation scheme for the two-photon LIF of Cl atoms. The
where QY is the quantum vyield of reaction B, is the laser excitation transition is at X 233 nm with the subsequent fluorescence
power in joulesh is Planck’s constant is the speed of light ~ transition near 755 nm.
in cm s, og), is the absorbance cross-section at 355 nm in
cn®, 4 is the laser wavelength in cm, aidd is the area of the
laser in cm. The laser diameter was determined by passing a
0.5 mm pinhole ceramic aperture across the width of the
photolysis laser. The transmitted photolysis laser power was
recorded in 0.05 cm steps. From the observed beam profile the
laser diameter in the reaction volume was determined to be 0.8 Measurements of Hg+ Cl + M — HgCl + M (M = He,

+ 0.1 cm. The laser power was measured before and after theN,). Direct determination of rate coefficients for the reactions
LIF cell and then averaged for each decay. This was done to of gaseous elemental mercury presents a significant experimental
account for reflection loss on the windows, the small absorption challenge due to the low vapor pressure of mercury. This low
of the laser before reaching the detection volume, and any vapor pressure makes it difficult to study the kinetics of this
variation in the laser power. The averaged laser power was usedsystem using a traditional approach with the stable reactant in
for the calculation of the chlorine atom production. pseudo-first-order excess for anything other than reactions with
Fluorescence was detected by two PMTs positioned perpen-very fast rate coefficients. To overcome this difficulty, we made
dicular to the direction of propagation of the laser beams. The kinetic measurements under conditions in which chlorine atoms
PMT signals were typically averaged for 50 laser pulses by a were the reactant in pseudo-first-order excess while simulta-
500 MHz digital scope and logged on a computer. The temporal neously monitoring the concentration of both reactants.
profiles of the LIF signals were then constructed by varying  The rate coefficient for the recombination of mercury and
the delay time between the photolysis and probe lasers using achlorine atoms, reaction 1, was determined with the Cl atom
digital delay generator. concentrations typically 1000 times larger than the mercury
Cl Atom LIF Detection. The Cl atom concentration was concentration, [Cl]~ 1000[Hg]. Both mercury and chlorine
monitored by a two-photon LIF excitation scheme described atom concentrations were monitored by LIF. The Cl atom
previously in the literaturé? This excitation scheme involves  concentration was varied between 1.75 and1B03'> molecules
the two-photon excitation of the spin forbidden #§9;,—3p° cm3, and Hg concentrations were in the range {018) x 10!
2Py, transition near 233 nm with subsequent fluorescence molecules cm@,
detection near 755 nm from the 48%,—4s*P; transition as At the Cl atom concentrations required to observe a significant
shown in Figure 3. The 233 nm probe laser, with a typical output loss of mercury atoms, the chlorine atom recombination reaction,
power of 400uJ, was generated by mixing the frequency reaction 2, resulted in a significant decrease in Cl atom
doubled output from a dye laser (Spectra Physics PDL3) with concentration on the time scale of the mercury atom decays.
the 1064 nm fundamental from a Nd:YAG laser. The fluores- Because the Cl atom concentration was not constant, a simple
cence was detected by a PMT with both an interference filter pseudo-first-order decay, i.e., an exponential decay, of the
centered at 755 nm and a 700 nm cutoff filter to eliminate laser mercury atoms was not observed. Instead, the mercury temporal
stray light. A 60 cm focal length lens was used to focus the profiles were fit by numerical integration, and the observed
laser beam into the detection volume, resulting in a detection chlorine temporal profiles were analyzed by assuming simple
limit of 4.0 x 10° molecules cm? for measurements in 200  second-order kinetics.
Torr of nitrogen. The temporal profiles of the chlorine and mercury atoms were
Hg Atom LIF Detection. The Hg concentration was moni-  characterized by
tored by exciting the 68P%—68 1S, transition at 253.7 nm.

limit was less than 9« 10 molecules cm? for low-pressure
helium measurements and 26 101 molecules cm? for
measurements conducted in air.

Results

The excitation beam was generated by a frequency doubled dye dHg]

laser (Dakota Technologies) with a laser output power in the a ,[ClIHgIM] (n
range of 1Q«J. Resonance fluorescence was observed by a PMT

with an interference filter centered at 254 nm. A lens was used dici]

— 2 —_
to adjust the diameter of the probe beam to about 0.3 cm, less dt 2[CITM] = Ky [ClHg]M] (i

than half the size of the photolysis laser. This size was found
to give best results for the detection of mercury while minimiz- Because the concentration of mercury was at least 2 orders of
ing diffusion related problems. For the mercury LIF the detection magnitude smaller than the initial Cl atom concentration, the
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Figure 4. Typical chlorine atom temporal profiles, shown for measure-
ments conducted in 600 TorrNit 293 K.
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Figure 5. Typical mercury atom temporal profiles, shown for
measurements conducted in 600 Togrdt 263 K.

second term in eq Il two is negligible and results in a simplified
equation

dicl

=~ 2lCIM]

(V)

For each experimental condition, temporal profiles of chlorine
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Figure 6. Variation of the effective second-order rate coefficients for
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TABLE 1. Second-Order Rate Coefficients for the
Recombination of Mercury and Chlorine Atoms, k;

1013k1' + 20
gas T (K) P (Torr) (cm® molecule® s7Y)
N2 243 200 1.9H 0.69

400 4.68+ 1.33

600 9.35+ 2.44

263 200 1.73t 0.57
400 4.96+ 0.46

600 7.18+ 0.93

293 200 1.18+ 0.43
400 3.01£ 0.36

600 4.424+ 0.90

He 293 200 0.48 0.12
400 1.19+ 0.35

600 1.93+ 0.42

effective second-order rate coefficient for the recombination of
Hg with CI. The numerical integration procedure was checked
by simulating the measured decays using the derived values of
k;' andk,' in the ACUCHEM progrant!

The numerically integrated fits to the observed mercury
temporal profiles are shown as lines in Figure 5, and the second-
order rate coefficientk,’, obtained in He and Nare listed in
Table 1. Molecular nitrogen quenched the mercury fluorescence
signal efficiently; therefore, the fluorescence yield and thus the
S/N ratio degraded with increasing pressure. This was most
noticeable in the 243 K data set; however, the overall accuracy

and mercury atoms were measured using LIF. Typical sets of of the pressure dependent rate data should not have been

temporal profiles of each atom are shown in Figures 4 and 5.

significantly affected by this reduction of the S/N ratio.

Under each set of conditions, i.e., a fixed pressure, temperature, The third-order recombination rate coefficients were then

and initial chlorine atom concentration, the effective second-
order rate coefficientky’, for the recombination of chlorine
atoms was calculated from eq V,

1

[CI],

1

2k,'t +
2 [Cll

V)

determined from linear fits of the plots of the second-order rate
coefficients k', versus the concentration ogNr He, as shown

in Figure 6. The plots show the expected linear dependence of
rate coefficient versus concentration, indicating that the reaction
was in the low-pressure, third-order regime, as might be
expected for an atomatom recombination. However, the plots
show a slight negative offset, the magnitude of which increases

which assumes that first-order losses by diffusion and reaction with temperature. Assuming that the recombination rate coef-

with impurities are negligible. Substituting for [Cl] into eq Il
gives

diHg] _

dt VD

gl L
1179 (2k2't+(1/[CI]O))

This equation was numerically integrated to give the best fit to
the measured mercury profiles and hence a valuéiforthe

ficients are in the low-pressure limit, the effective second-order
rate coefficient should be zero at zero pressure. Consequently,
the third-order recombination rate coefficienks, have been
calculated by forcing the plots through the origin. The difference
between the forced and unforced slopes varied between 10%
for the N, data at 293 K to 25% for the Ndata at 243 K. As

we show below, similar behavior was observed in the Cl atom
recombination data. The third-order recombination rate coef-
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recombination of Hg and ClI atomk;, in Nz and He. Figure 8. Temporal profile of Cl atoms with mercury in excess
) . concentration. Profiles of Cl in the presence and absence of mercury
TABLE 2: Third-Order Rate Coefficients for the have been shifted for clarity. The dotted line shows the best fit to the
Recombination of Mercury and Chlorine Atoms, ki, Hg + Cl decay. The thick solid line shows the calculated temporal
Determined in _Tr:ushWork alt_293 Kr']” He and 243,_263]:, and profile derived from the Arrhenius expression determined from
293 K in N, with the Resulting Arrhenius Expression for N measurements with Cl in excess. Other lines show the calculated
103%; + 20 temporal profiles based on rate coefficients reported by Ariya ¥t al.
gas T (K) (cmf molecule2s71) and Spicer et &t
He 293 9.3 0.95
N2 243 353+ 7.6 measurements were then made with an Hg concentration of 5.3
ggg gg“i i? x 103 molecules cm3, for which the decay rate increased to
. : 1
Arrhenius (2.2+ 0.5) x 10-%2 exp[(6804 400)Ur — Yaeg)] 87 i. 20 st Ineach case the error representsrarﬂaasqre of
expression precision only. The difference between the pseudo-first-order

decay rates obtained in the two determinations was2} s ™.
ficients, ki, are listed in Table 2 and plotted in Arrhenius form  On the basis of our measured rate coefficient at 293 K and 200
in Figure 7. The Arrhenius expression for reaction 1 is given Torrin N, and the measured Hg concentration, we would expect
by eq VI reported with 2 errors of precision only. However,  an increase in the pseudo-first-order rate of 7.6 .43 x

101310 5.3 x 10'). Hence this measurement, which does not

kl,N2(243_ 298 K) = depend on a calculated chlorine atom concentration, is in
_an 1 1 excellent agreement with the value obtained with chlorine atoms
(2.2 0.5) x 10 exp{(680j: 400’(? - @)] V) o cess.

Measurements of Cl+ Cl + M — Cl, + M (M = He, Ny).
due to uncertainty in the calculation of absolute Cl atom The determination of temporal profiles of Cl atom concentration
concentrations, which are discussed below; we conservativelywas a critical component in measuring the rate coefficient for
estimate the error in the rate coefficient to #50%. The  the mercury and chlorine recombination reaction. The relative
observed behavior is consistent with a three-body recombinaﬂon,Concentration prof"e was determined with good precision using
demonstrating a positive pressure dependence, an inverse |F. However, the initial Cl atom concentration was calculated
temperature dependence, and a slower rate coefficient in heliumgng was, we believe, the largest source of systematic error in

than in nitrogen. . . the reported rate coefficient for reaction 1. We can, however,
Measurements with Mercury in Excess.To confirm the make some assessment of the accuracy of this calculation by
reported mercury chlorine recombination rate coefficiéa!,  comparing our measured chlorine atom recombination rate

measurements were done with mercury in pseudo-first-order coefficients, which also depends on the accuracy of the Cl atom
excess over chlorine atoms, [Hg] 60[CI]. Experiments were  concentration calibration, with literature values. As shown in

conducted at 298 K and 200 Torr. A heated permeation tube rjg,re 4, chiorine atom temporal profiles were monitored by

generated Hg concentrations close to the vapor pressure of | with the concentration typically followed to-520% of the

mercury at 298 K. Merc_ury datohm and _m0|||ECL_JIlf].I’ _chl_orlmel original chlorine atom signal. Under each set of experimental
concentrations were monitored photometrically. The initial C conditions, i.e., a fixed pressure, temperature, and initial chlorine

i 2 3 3 . ..
atom concentration was kept below xQ.0'2 molecules cm®, atom concentration, the effective second-order rate coefficient,

B B een e e o e recombiaton of G stoms was clcaid o e
P P Cl temporal profile using eq IX, again assuming a negligible

simple first-order exponential behavior given by first-order loss due to reaction with impurities or diffusion.

[CI],=[Cl], exp(—kit) (Vi 1 1

——— =2kt + =~ (IX)

In the third-order low-pressure limik' is equal tok;[Hg][M] [CI; [Cl]o

+ kq, whereky was the background loss of chlorine atoms by

self-reaction, reaction with impurities, and loss due to diffusion. Linear fits of plots of 1/[CI] vs time give the effective second-
The average of three experiments with no mercury in the cell order recombination rate coefficiel;. Figure 9 shows a series

gave a background chlorine decay ratgof 794 14 s™1. Four of plots for the reciprocal of absolute chlorine atom concentra-
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TABLE 3: Second-Order Rate Coefficients for the Figure 10. Variation of the effective second-order rate coefficients
Recombination of Chlorine Atoms, k, for the recombination of Cl atomg;', with pressure.
10%%;' + 20 30 -
gas T(K) P (Torr) (cm?® molecule®s™)
N2 243 200 9.30 1.97 el
400 22.0+5.1 201 -
600 38.7+ 25.8 W[
263 200 6.20t 1.22 i l
400 20.9+ 5.8 2 |
600 30.4+ 6.9 8
293 200 4.4H0.85 g 191
400 11.3+ 2.0 € gl A
600 17.1+ 1.7 = 7]
He 293 200 2.65 1.32 2N
400 6.65+ 1.20 . 5 ? In Helium In Nitrogen
600 10.6+ 1.1 &5 % ® Hippler 1976 | O Hippler 1976
44 L e Widman 1973 ----- Widman 1973
tion versus time. This plot provides an indication of the precision A Bader1964 | 4 Weng 1987
. ¢ This Work —O— This Work
of the data, because all data series under the same temperature 3 — — —
and pressure conditions should have the same slope irrespective 30 32 34 36 3-31 4.0 4.2
of initial Cl atom concentration. The data shown in Figure 9 1000/Temperature (K™)
were taken at 293 K in 600 Torr nitrogen buffer gas with initial  Figure 11. Arrhenius plot of the third-order rate coefficients for the
Cl atom concentrations ranging from 18105 to 9.9 x 105, recombination of Cl atom&;, in N, and He. Literature values are shown

The plots demonstrated excellent linearity and gave an averager comparison.

secong-order recomblln:iltllon rate coeff|C|ent_ of (_1:!?1).17) TABLE 4: Third-Order Rate Coefficients for the

x 10° .c.m3 molecule™ s™* where the uncertainty is az2rror Recombination of Chlorine Atoms, k;, Determined in This
of precision. To ensure that the addition of mercury did not Work at 293 K in He and 243, 263, and 293 K in N, with
affect the observed Cl atom decay, experiments were conductedhe Resulting Arrhenius Expression for N,

in the presence and absence of mercury. The temporal profiles 103%;, + 20

and derived rate coefficients were identical, within the precision gas T(K) (cmP molecule?s™)

of the measurements. This was expected because the HgHe 293 5.1 0.49

concentration was at least 2 orders of magnitude smaller thanN: 243 15.2£2.0

the initial Cl atom concentration. The values of the effective %gg 12'%:5607 L

second-order rate coefficients together with 2rrors are Arrhenius (8.4 2.3) x 10-3 exp[(850- 470)¢r — Yog)]
summarized in Table 3. expression

The third-order recombination rate coefficients were then
determined from linear fits of the plot of second-order rate
coefficients ko', versus concentration ofNr He, as shown in
Figure 10. As is the case for the Hg Cl recombination, the k2vN2(243_ 298 K) =
data show a good linear dependence of the effective second-
order rate coefficient on pressure. However, we again see a
consistent, negative offset. As for reaction 1, the third-order
rate coefficients were obtained by forcing all fits through the In eq X the uncertainties are measures ofe2ror of precision
origin. The forced plots pass through most of the error bars only. As we discuss in detail below, we estimate an uncertainty
associated with each data point, and the difference in the slopesf +50% in the accuracy of the rate coefficient, due principally
of the forced and unforced fits varies from 12% to 17%. The to the uncertainty in the calculation of absolute Cl atom
third-order recombination rate coefficienks, are listed in Table concentrations. Overall, the data showed the expected behavior
4 and plotted in Arrhenius form in Figure 11. For the data in for a three-body recombination, a positive pressure dependence,

nitrogen the resulting Arrhenius expression is given by

(8.4+2.3)x 10 exp{(SSOi 470*% — %] (X)
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an inverse temperature dependence, and a higher deactivatioroefficient for reaction 7, is determined by
efficiency for nitrogen relative to helium.

Measurements in Air. We observed a large increase in the [CI], = [Cl], exp(—k,'t) (X1
chlorine atom decay rate in air buffer gas as compared with

measurements in NIf this loss were solely due to Cl atom wherek;' = ki[CaH¢] + ke, andkg was the background loss of

recomg!nat!on, it woulc]i(f_h_ave l;esul:ed n afmzln(_:realse in the ohjorine atoms by diffusion, self-reaction, and reaction with
regom |rf1at|on r.att(ej coefficient by ﬁ a:jctor 0 5 |m][c3f.y!ng az2 impurities. The pseudo-first-order rate coefficient for reaction
orders of magnitude increase in the deactivation efficiency of 7 was determined at five ethane concentrations ranging from 5
O relative to N. This is not consistent with the expected relative | 131315 11 x 1012 We determined a rate coefficient with a
threle. body efficiencies of nitrogen and oxygen, sug.gesting an o, error of (5.2+ 0.6) x 101 c® molecule’® s, which is
additional loss of Cl atoms due to secondary chemistry. in good agreement with the literature valdief (5.7 + 1.1) x

One possible explanation of the observed increase in the 15711 ¢ molecule s, The good agreement of the rate
recombination rate coefficient in air is the following reaction .geofficient determined for reaction 7 by this work and the

sequence (4)(6): reference value confirms the viability of the two photon PLP
PLIF system employed in this work to measure Cl atom
Cl+0O,+M=CIO, + M 4 temporal profiles.
Cl+ClO,—Cl, + 0, (5) Potential Squrges of Syste_matic ErrorAs we have no'Feq
above, the variation of effective second-order rate coefficients
— 2CIO (6) with pressure should show a liner dependence that passes

through the origin. In fact, the data consistently show slight

To determine if this additional ClOchemistry could account  negative offsets, which may be indicative of a systematic error
for the observed increased loss of Cl atoms, we performed in the calculation of the chlorine atom concentration. It should
simulations in ACUCHEM! using a simplified reaction system  be noted that these offsets were relatively small; in the case of
consisting of reactions 2 and-4%. The JPL panel recommended the N, data all the intercepts lie within as4error of the origin.
rate coefficient® were used for reactions—6, and the rate The fits also passed within the2rrors of precision associated
coefficient determined in nitrogen during this work was used with each data point in most cases.
for reaction 2. Simulations were also performed using a more  To calculate the initial chlorine atom concentration, eq | was
complex reaction system, which included the secondary reac-employed using the absorption cross-section of chlorine mol-
tions of the products, CIO and CjOHowever, these reactions ecules at 355 nm, the molecular chlorine concentration, the
were not fast enough to influence the chlorine atom decay and average laser power, and the laser diameter. The error associated
the simplified system was an adequate mechanism. The fits werewith the first two parameters in eq | should be less than 5%.
able to reproduce the increased decay rate within the error rangelhere was some uncertainty in the laser diameter because the
of the rate coefficients and equilibrium constant for reaction 4. laser beam has a nominally Gaussian intensity profile. As
Therefore, the proposed Cl@hemistry can account for the discussed previously, the laser diameter was determined by
observed increased loss of chlorine atoms. measuring the laser power through a pinhole across the width

A significant enhancement in the apparent recombination rate of the beam. We estimate the maximum error in the diameter
coefficient of mercury and chlorine atoms was also observed determination to be less than 15%. Finally, we have the error
in the presence of air. If this loss were solely due to the mercury associated with the calibration of the laser power meter,
chlorine recombination reaction, it would have resulted in an homogeneity within the beam profile, and shot to shot vari-
increase in the recombination rate coefficient by a factor of 4 ability, which we estimate gives an uncertainty in the fluence
relative to the rate coefficient obtained in.Mgain this is not in the range of 25%. We believe thdt50% represents a
consistent with the expected relative three-body efficiencies of conservative overall estimate of the uncertainty in the initial Cl
nitrogen and oxygen and we have chosen not to report aatom concentration. As we discuss below, a comparison of our
recombination rate coefficient for #0,. This observation measured Cl atom recombination rates in He, with literature
suggests an additional loss of mercury atoms due to thevalues, suggests that this estimate is reasonable.
secondary chemistry described above. Based on this chemistry,
the only plausible candidates for reaction with Hg(0) are CIO Discussion and Comparison with Previous Work

or ClO,, and we plan to investigate the reactivity of elemental  cpjorine Atom Recombination. The chiorine atom recom-

Hg with these species. - _ bination reaction rate coefficienkp, has been determined in
Measurement of the Rate Coefficient for the Reaction Cl 41 heljum and nitrogen in several studi&2’ The results of

+ CoHe — Products. Two photon LIF has not been used in - haqe studies, including the specific pressure and temperature

this laboratory to monitor Cl atom temporal profiles in kinetics regimes used are outlined in Table 5 and Figure 11. The

experiments. Therefore, the experimental configuration was 5greement between the rate coefficients obtained in this experi-

tested by measuring the rate coefficient for the reaction of .ont and previous measurements in helium is good. Our

chlorine atoms with ethane. reported rates lie between the most recently reported measure-
ments but agree within the respective error limits. The difference
Cl+ CHg— CHs + HCI (7 between our rate coefficient and the most recent rate coefficient

reported by Hippler et &8 is less than 10%, and our results
The rate coefficientk;, was determined at 298 K and 200 Torr, are about 20% lower than the value reported by Widman et al.
using two-photon LIF detection of chlorine atoms with ethane The good agreement between the measurements suggests that
molecules in pseudo-first-order excess concentratiof{dIC our calculation of the initial Cl atom concentration is accurate
500[Cl]. and the uncertainty estimate is conservative.
Chlorine atom temporal profiles were analyzed assuming The discrepancy between the rate coefficients determined in
simple first-order exponential behavior, whekg the rate this work and the previous results in nitrogen is greater. In



Reactions of Hg with Cl and of CI with Cl J. Phys. Chem. A, Vol. 109, No. 34, 2006739

TABLE 5: Comparison of Literature Data for Third-Order Rate Coefficients for the Recombination Chlorine Atoms, k,

gas T (K) P (Torr) ko (cmP molecule? s™%)
N2 296 450-1280 (1.38+0.28) x 10732 a
298 7606-1520 (2.21+ 0.55) x 10°%2 b
293-373 760 1.6x 10733 exp(1.64 1987RT) c
243-293 200-600 (8.44 2.3) x 10733 exp[(850+ 470){+ — H208)] e
He 298 7606-1520 (4.68+ 0.55)x 1073 b
298 760 4.05¢< 1033 exp(0.26+ 9.94(kcal/mol)RT) c
298 1.6-0.4 8.27x 10738 d
293 2006-600 (5.174+ 0.49)x 10738 e
a Reference 272 Reference 25¢ Reference 269 Referenc 23¢ This work.
TABLE 6: Reported Rate Coefficients for the Recombination of Mercury and Chlorine Atoms, k;
gas T (K) P (Torr) ky
N2 298 760 6.4x 10711 cm® moleculet st a
298 760 (1.0 0.2) x 10°1* cm® moleculet st b
383-443 720 1.38< 10712 exp(208.021) cm® moleculet st c
243-293 206-600 (2.24 0.5) x 10732 exp[(6804 400){r — Ya99)] cm® molecule2s d
He 243-293 206-600 (9.3740.95) x 10733 cmf molecule?s™ d
CRCI 383-443 720 5.0x 107 cm® moleculet st e
Ar 383—-443 720 1.5< 1071t cm® moleculet st e

aReference 142 Reference 13¢ Reference 159 This work.® Reference 12.

nitrogen, all data agree within a factor of 3, with the rate by secondary loss processes of mercury. These complications
coefficient determined in this work being the slowest rate could lead to significant errors in the calculation of the absolute
coefficient. The most recently reported data from Weng &t al.  concentration.

is 60% faster than our determination; this is within the combined  Two more recent studies have utilized relative rate techniques

error limits. at pressures of one atmosphere and at room temperature. Ariya
We can identify one possible complication in our rate et alldreported a rate coefficient of (18 0.2) x 10711 cm?3

coefficient determination that might account for a systematic molecule’® s1. This study was conducted in a static 2 or 3 L
discrepancy between the results in He and N significant Pyrex flask. Five different reference molecules were used
impurity in the N> might result in additional loss of chlorine  obtaining results, which differed by a factor of 270 in the
atoms by reaction. However, any additional reaction that resulted measured relative rates together with a strong nonlinearity of
in the loss of chlorine atoms would increase the observed ratethe relative rate plot when determined in a bath gas of air. They
coefficient. Because the rate coefficient that we observed is concluded that the variation was caused by the presence of a
slower than that in previous studies, it seems unlikely that our secondary reaction between the reference molecules and OH.
system was influenced by this complication. Any other sys- The buffer gas was switched from air to nitrogen to eliminate

tematic errors should influence the results in He andriNa oxygen chemistry, giving an overall reduction in the observed
similar manner. rate. However, the variation in the measured relative rate
Mercury and Chlorine Atom Recombination. Three previ- between the reference molecules was still a factor of 30 and

ous experimental determinatidfs'4 and one theoretical stutfy ~ the nonlinearity remained. Ultimately, a series of 8 measure-

have reported values for reaction 1, and these results arements were made using 1,3-dichloropropane as the reference
compared with the current work in Table 6. Horne etZaised molecule, and the addition of 835 ppm of benzene, as an OH

flash photolysis combined with absorption spectroscopy to study scavenger. The reported rate coefficient was determined from
reaction 1 at temperatures 38843 K and 720 Torr. The Horne  this small subset of the data.

study reported a rate coefficient for the mercury chlorine  The second relative rate study, Spicer et&vas performed

recombination of 5.0< 10~ cm?® molecule* s~ in CRCl and on much more limited set of experiments monitoring mercury
1.5 x 107 cm® molecule’* st in Ar, with a reported error of  loss relative to that of dimethyl sulfide (DMS) in air. This work
a factor of 3. was performed in a 17.3%environmental chamber. Ultimately,

The rate coefficients obtained are not directly comparable to Spicer et al. reported a value of 6:4 10-** cm® molecule'
those reported here, due to temperature and buffer gas differ-s™*.
ences. However, the large difference in the rate coefficients The large dependence of the measured relative rate coefficient
cannot be reasonably explained by the differences in experi- on the identity of the reference compound demonstrates clearly
mental conditions. Among the potential problems associated that the study of Ariya et al. was influenced by secondary
with this experiment, two appear to be particularly significant. chemistry. The large discrepancy observed between measure-
First, the system was a static system where a gas mixturement in air and nitrogen, and the nonlinearity observed in the
undergoes repeated flashes. This experimental approach intelative rate plots in both bath gases, are further confirmation
creases the possibility of secondary chemistry, product pho- of this. Ariya et al. attribute the secondary chemistry to the
tolysis, and interfering species. Second, to determine the rateformation of OH but offer no mechanism for OH formation in
coefficient for reaction 1, it was necessary to determine the nitrogen buffer. It should also be noted that an enhanced removal
absolute mercury chloride (HgCI) concentration. Horne et al. of the reference compound by secondary chemistry would
determined mercury chloride concentrations by determining the produce an under-estimate of the rate coefficient. However, the
loss of mercury and assuming that all the mercury that is lost rate coefficients obtained in both competitive rate studies exceed
in the system is converted to mercury chloride. This determi- any reasonable theoretical estimate of the rate coefficient. We
nation could have a large uncertainty and could be influenced feel that a more plausible explanation would be additional loss
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of mercury, either by heterogeneous reaction or possibly by a suggests that the determination of the initial chlorine atom

gas-phase reaction with an oxygenated species, like CIO. Anconcentration is not a source of significant error for either

additional process that removed mercury would generate thereaction 1 or reaction 2. We would also note that this is the

observed faster rate coefficient. first study of reaction 1 that has systematically varied the
Figure 8 shows the experimental temporal profiles of chlorine temperature, pressure, and buffer gases. The observed behavior

atoms in the presence and absence of mercury at its saturatiorwas entirely consistent with the behavior expected for a three-

vapor pressure. As we show above, the difference between thebody recombination.

pseudo-first-order decay rateA824 s'1, agrees well with that

calculated from our measured rate coefficient with Cl atoms in Conclusions

excess, 7.69. However the calculated pseudo-first-order decay

rates using the rate coefficients reported in the competitive rate

studies would be much larger. Assuming a linear dependenceself-reaction of chiorine atomss,. In both cases the rate

on pressure, the rate coefficient reported by Ariya et al. would - .

’ . . coefficients show pressure, temperature, and third-body deac-
produce an increase in the pseudo-first-order decay rate of 139tivation efficiencies that are consistent with three-body recom-
s1(2.63 x 1012 to 5.3 x 1019 in the presence of mercury. y

As shown in Figure 8, this would lead to an overall pseudo- bination. For reapt|on 1, the. rgcombmaﬂon of chlorine with
' _ . mercury, we obtain rate coefficients that are much smaller than
first-order decay rate of 2187% which would be clearly

distinguishable from the decay in the absence of mercury. The previously reported results. For this reaction measurements were

increase in pseudo-first-order decay rate calculated from the rateconducted in_two experimental configurations with either

coefficient of Spicer et al. would be even larger, 893 .68 mercury or chlorine atoms in excess; both methods obtained

« 101110 5.3 x 10%9). The temporal profiles calculated using similar results. The large discrepancy observed between this

- L o work and the previous studies questions the viability of using
these rate coefficients are shown in Figure 8, and it is clear . ; o .
. . : the relative rate method to determine kinetic rate coefficients
that they are not compatible with our experimental data.

; 15 . e . for mercury halogen reactions. For reaction 2, the self-reaction
Khalizov et al*> determined the recombination rate coefficient . . )
- . . . . of chlorine atoms, we obtain results that are in good agreement
for reaction 1 using electronic structure calculations to obtain

both molecular parameters and the capture rate or high-pressurgv'th literature values in helium buffer gas. The rate coefficient

limit. Once this high-pressure limit was obtained, Khalizov et gﬁ;g;ggd in nitrogen is smaller than those obtained in prior

al. determined a pressure dependent rate coefficient by assuming To evaluate the importance of the recombination of elemental

a strong collisional deactivation. To compare this with the mercurv and chlorine atoms. an effective second-order rate
observed data, it is essential to consider the mechanism of a y '

e 13 1a1
three-body recombination. A three-body recombination consists fCr(())?:]ﬂtﬂgnrteogr?t.ees dx Alrgheﬁzji r2>(<)|erggls?onsforv,\il\?cs:tii;a(lzcour:g?ﬁgns
of an initial collision that generates an excited complex, reaction P P '

8. A portion of the excited complex will directly decompose ZSIO riljl antd nZGO f-l—l%_r'lo";‘ssmugmtﬂ Eﬁifp(;?nk ccfm;e:ntrefﬁogf
back into reactants, reaction 9, whereas the other portionC orine atoms o cm'=, the filelime of mercury due

undergoes an collision and is stabilized, reaction 10. to reaction with chlorine atoms is bgtwe_en 4.2 years and 152
days. This suggests that the recombination reaction of mercury
Hg + Cl — HgClI* (8) with chlorine atoms does not contribute significantly to the
chemistry of mercury depletion events.

We have reported recombination rate coefficients for the
reaction of mercury and chlorine atonig, together with the

HgCl* — Hg + ClI (9)
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The calculated pressure dependent rate coefficient reportedi© Achieve Results (STAR) program.

by Khalizov et al. assumed that every collision of the buffer
gas with the initially formed energized HgCI* complex deac-
tivated the complex to produce a stable HgCl molecule that (1) Facemire, C.; Augspurger, T.; Bateman, D.; Brim, M.; Conzelmann,
cannot dissociate to products. This typically unrealistic assump- P.; Delchamps, S.; Douglas, E.; Inmon, L.; Looney, K.; Lopez, F.; Masson,
tion should produce the maximum possible recombination rate g('); g/lz%r.rlson, D.; Morse, N.; Robison, AVater Air Soil Pollution1995
coefficient at any particular pressure. The value they obtained, 2y Meyer, M. W.; Evers, D. C.: Daulton, T.; Braselton, W.\Rater

2.8 x 102 cm® molecule* s™ at 298 K, 760 Torr, is a factor  Air Soil Pollution 1995 80, 871,

of 3 smaller than the rate coefficient reported by Ariya et al. (3) Keating, M.; Mahaffey, K.; Schoeny, R.; Rice, G.; Bullock, O. R.;
and a factorof 20 smaler than that reported by Spicer ot al. On &10165E, . Suariout ) Nohol, ) Mercury Sty Report o Congress
the other hand, this rate coefficient is a factor of 5 faster that pjanning & Standards and Office of Research and Development, 1997.
the rate coefficient report in this work. This difference can be (4) Lin, C. J.; Pehkonen, S. @tmos. Emiron. 1999 33, 2067.
attributed to the fact that not all collisions with the buffer gas (5) Schroeder, W. H.; Anlauf, K. G.; Barrie, L. A.; Lu, J. Y.; Steffen,

will transfer sufficient energy to stabilize the molecule, resulting A" “?’g)h’l?rfggé?ger'sDER'ézi% nguﬂﬁ 189§ ?giotstﬂk 3 Landis. M. S..

in a slower rate coefficient. Stevens, R. K.; Goodsite, M.; Richter, Environ. Sci. Technol2002 36,

In this work the measurement &f, was performed under  1245.
two experimental configurations at room temperature. First, the  (7) Ebinghaus, R.; Kock, H. H.; Temme, C.; Einax, J. W.; Lowe, A.
rate coefficients were obtained with chlorine in excess, where %bg'ggte{’zg' Burrows, J. P.; Schroeder, W. Biwiron. Sci. Technol.
an absolute determination of the chlorine atom concentration (g) Temme, C.; Einax, J. W.: Ebinghaus, R.; Schroeder, WErkdiron.
was necessary. For confirmation, a limited set of experiments Sci. Technol2003 37, 22.
were performed in a second configuration with mercury in (9) Skov, H.; Christensen, J. H.; Goodsite, M. E.; Heidam, N. Z;

. . ensen, B.; Wahlin, P.; Geernaert,Eswiron. Sci. Technol2004 38, 2373.
excess, where it was not necessary to determine the absomtg (10) Berg, T.; Bartnicki, J.; Munthe, J.; Lattila, H.; Hrehoruk, J.; Mazur,

chlorine atom concentration. There is good agreement betweena Atmos. Eniron. 2001, 35, 2569.
these two rate coefficient determinations. This agreement (11) Vogt, R.; Crutzen, P. J.; Sander, Rature 1996 383 327.
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