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Gas-Phase HO'-Initiated Reactions of FElemental Mercury:
Kinetics, Product Studies, and Atmospheric Implications
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Abstract

Mercury is an environmentally volatile toxic fluid metal that is assumed to have a long atmospheric residence time
and hence is subject to long-range transport. The speciation and chemical transformation of mercury in the atmosphere
strongly influences its bioaccumulation potential in the human food chain as well as its global cycling. To investigate
the oxidation of Hg by HO", the dominant daytime atmospheric oxidant, we performed kinetic and product studies
over the temperature range 283—353 K under near atmospheric pressure (100 + 0.13 kPa) in air and N diluents.
Experiments were carried out by the relative rate method using five reference molecules and monitored by gas
chromatography with mass spectroscopic detection (GC-MS). The HO® were generated using UV photolysis of
isopropyl nitrite at 300 <A <400 nm in the presence of NO. The room-temperature rate constant was found to be (9.0
+1.3) x 104 cm® molecule s*. The temperature dependence of the reaction can be expressed as a simple Arrhenius
expression (in unit of 10-** cm® molecule™ s1) using ethane as the reference molecule: Kug+Ho = 3.55 x 1014 exp{(294
+ 16)/T}. The major reaction product, HgO, was identified in the gaseous form, as aerosols and as deposits on the
container walls, using chemical ionization mass spectrometry (CI-MS), electron impact mass spectrometry (EI-MS),
GC-MS, and cold vapor atomic fluorescence spectrometry (CVAFS). Experimental results reveal that ca. 6% of the
reaction products were collected on a 0.2 um filter as suspended aerosol, ca. 10% were in the gaseous form, and about
80% were deposited on the reaction vessel wall. The potential implications of our results in the understanding of
tropospheric mercury transformation are herein discussed.

Introduction

Among environmental pollutants, mercury is of particular concern because of its high-biological toxicity (1), complex
biogeochemistry (2, 3), and relatively long lifetime in the troposphere (4—6). The U.S. Environmental Protection
Agency (EPA) has noted that mercury is a highly dangerous element that persists and cycles in the environment and
biota as a result of natural and human activities (7, 8). The toxicity of mercury is mostly dependent on its chemical
form. Methyl mercury is the dominant mercury species in environment and biological materials, and the major known
mercury species that is biomagnified (9). Mercury is introduced into the environment primarily via the atmosphere,
which is a significant reservoir of mercury (10, 11). In the atmosphere, the cycling pathway in the global distribution
of mercury proceeds through chemical oxidation/reduction, deposition, and emission from natural and anthropogenic
sources (10).

It has been suggested that about 60—80% of the present mercury emissions to the atmosphere are of anthropogenic
origin, with about 50% of anthropogenic mercury entering the global cycle (12). Recent inventories of global
anthropogenic emissions of mercury from 1979 to 1980 to 1995 suggested that there is a substantial reduction in the
1980s and constant emission since then, indicating a concentration increase in the 1980s and a decrease in the 1990s
(13). Total gaseous mercury concentrations in the southern hemisphere are about 1/3 lower than those found in the
northern hemispheres with a mean around 1.49 + 0.11 (13). Rapid depletion of elemental mercury has been observed
in the high-Arctic region (at North America (14), Greenland (15), and Svalbard (16)), Arctic (17, 18), and sub-Arctic
(19) during polar sunrise, with concomitant tropospheric ozone depletion suggesting Hg® oxidation and thus formation
of reactive gaseous mercury. Experimental data from a number of studies (20—24) suggest that the chain reaction
leading to ozone depletion in the Arctic is initiated by halogen radicals (CI°, Br®) through the photolysis of gas-phase
halogen compounds. Several researchers have highlighted that BrO and other Br containing radicals are responsible
for the oxidation of Hg® and the formation of less volatile Hg" compounds (17, 25). In this laboratory, we have recently
(26) studied the gas-phase reaction of elemental mercury with atomic (Cl, Br), molecular halogens (Cl;, Br,), and BrO
(27, 28) and concluded that based on the presence of the radicals and their kinetics, Br atoms and BrO reactions can
explain mercury depletion in the Arctic spring (14). Interestingly, mercury depletion episodes have also been observed
in the Antarctic summer (29, 30). Recently it has been proposed (31, 32) that the HO" is the dominant atmospheric
oxidant apart from the reactive halogen species for Hg® removal in this case, as high HO" levels may result from
enhanced HONO concentrations due to photodenitrification process in the snowpack (30).
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A limited number of experimental studies have examined the rate of HgP loss in the presence of various oxidants under
atmospheric conditions. Some possible reactions of elemental mercury have been investigated with common
atmospheric species such as O3, HCI, H,0,, and O,. The major oxidation pathways of atmospheric Hg® are assumed
to be the gas-phase reaction with ozone (33—36) and the aqueous oxidation by ozone (37, 38). Hall and Bloom (39)
have investigated the reaction of Hg® with HCI by performing experiments in darkness and sunlight at different
temperatures. The oxida tion of Hg® by H,O has been performed by Tokos et al. (40), who suggest that the reaction
is thermodynamically favorable. The reaction of Hg® with O is unlikely to proceed at a significant rate (k<1 x 10-
23 ¢m® molecule™ s1), as Hg® was found to be the dominant form of mercury in the ambient atmosphere (41). Some
researchers (42—44) have measured the reaction kinetics between various mercury species and free radicals (e.g., HO",
HOy", and NO3").

HO" are widely implicated as a major damaging species in free radical pathology (45). They are formed in the aquatic
environment by several photolytic pathways, and the dominant source of HO"in the atmosphere is generally
considered to be ozone photolysis followed by reactions with water vapor:

03(+hv; 2 < 320nm) - 0('D) + 0, (R1)
0('D) + H,0 - 2HO (R2)

The kinetics of aqueous phase oxidation of Hg® by HO" were determined by Lin and Pehkonen (42) using a steady-
state approach to control the HO® concentration in the presence of excess benzene. In another study (46), the aqueous
phase rate constant of Hg® + HO" was determined to be (2.4 + 0.3) x 10° M s using the relative rate technique with
methyl mercury as the reference compound, where the reaction proceeds via the molecular Hg' radical which is
oxidized to Hg" by dissolved O,. There is only limited experimental information available for gas-phase HO -initiated
reactions of elemental Hg. However, there is a major discrepancy of the reported data for this reaction ranging from
8.7 x 104 (at 298 K) to 1.6 x 10! (at 343 K) cm® molecule s* (31, 32, 47), and the reaction products have never
been experimentally identified.

The first objective of our present study was to provide kinetic data on the reaction of Hg® + HO" at room temperature
and over a wide range of temperatures applicable to the atmospheric conditions. Our other objectives included to
provide the first experimental product studies of this reaction. Kinetic studies were performed by gas chromatography
with mass spectroscopic detection (GC-MS), using a relative rate method over the temperature range 283—353 K under
near tropospheric conditions. The reaction products were identi fied using chemical ionization mass spectrometry (Cl-
MS), electron impact mass spectrometry (EI-MS), GC-MS, and cold vapor atomic fluorescence spectrometry
(CVAFS). The results were employed to assess the direct contribution of the HO" to the mercury transformation in the
troposphere, including mercury depletion in the Arctic boundary layer.

Experimental Section

Relative Rate Kinetic Technique. The relative rate technique was used to determine the rate constant of

the HO-induced oxidation of elemental Hg. Since this method has already been described several times (26, 36), we

only briefly present its principle here. The relative rate coefficients of the Hg®-HO" reaction were determined by
comparing their rates of decay with the reference molecules.

HO + Hg" - products (R3)

HO + reference — products (R4)

If both mercury and reference molecules are removed solely by the reaction with HO®, and there is no reformation of
the reactants, the integrated relative rate equation is expressed as

[Hg"],
[Hg"],

D

In

_ ng [Ref]o
‘mJ%mmJ

where [ Joand [ ]:are the corresponding initial concentrations and the concentrations after time t of Hg® and the
reference compounds, kug and krer, are the rate constants for reactions R3 and R4, respectively. A plot of
In{[Hg1o/[Hg"]} vs In{[Reflo/[Ref]:} should yield a straight line of slope kug/krer and zero intercept.
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The kinetic experiments were performed at near atmospheric pressure (100 £ 0.13 kPa) over the temperature range of
283-353 K in the presence of a reference molecule using isopropyl nitrite as the HO* precursor. A GC-MS was used
to determine the rate loss of HgP and the reference compounds upon HO" photolysis.

Experimental Procedures. Kinetic experiments were carried out at atmospheric pressure using thermostated
2 to 5-L double walled reaction chambers equipped with a stopper and double-wall quartz window (2-in. diameter).
The outer jacket of the flask was connected to a Neslab RTE 111 circulator, and water was circulated between the
walls, which controlled the constant temperature inside the reaction flask during the experiment. Water temperature
was held constant to + 1 K over the temperature range of 283—353 K. A vacuum system was used to prepare the
gaseous reactants for all the experiments. Reaction chambers were evacuated to a pres sure of ca. 0.013 Pa. Gaseous
reactants were transferred to the reaction chamber either using a gastight syringe (Hamilton series 1800 Gaztight) or
the vacuum system. Liquid reactants were initially injected into a 140 mL reference flask using a microsyringe
(Hamilton series). The reference flask, which was held at 6.67—13.3 kPa pressures, connected to the reaction flask and
the vacuum system manifold through Teflon valves. Finally, a calculated amount of evaporated liquid substrates (in
some cases after dilution into the manifold) were transferred to the reaction chamber from the reference flask. Air or
N2 nearly saturated with mercury vapor at 295-298 K was transferred to the reaction flask at approximately 53.3 kPa.
The total pressure was then brought to 100 kPa by the addition of N or air. To prevent undesired reactions of reagents
on the walls of the flask, the reaction chamber was coated with halocarbon wax (Supelco) or covered with
dimethyldichlorosilane (DMDCS) (Supelco) (26, 48).

Kinetic studies were carried out using repeated pulse irradiation and sampling into the GC-MS with a gastight syringe.
Cyclohexane, n-butane, 2-methylpropane, ethane, and cyclopropane were employed as reference compounds since
they have known reaction rate constants toward HO". Experiments were conducted with typical initial concentra tions
of 0.5-1.0 ppm (part per million volume; 1 ppm = 2.46 x 10** molecule cm) for Hg®, 2—10 ppm for the reference
compounds, 50—100 ppm for isopropyl nitrite, and 5—10 ppm for NO. To ensure the absence of NO, impurities, NO
was passed through a silica gel trap held at =78 °C. NO; could not be identified outside the instrumental detection
limit. The detection limit for NO, was 6 ppb (parts per billion volume; 1 ppb = 2.46 x 10%° molecule cm3). The diluent
gas used was air or nitrogen.

HO- Source and Irradiation technique. HO" were gener ated by photolysis of isopropyl nitrite (R5—R7)
in the presence of air and NO (49). UV—Black lamps (F15T8/BL) were used for photolysis in the range 300 < A <400

nm with a maximum intensity at ~365 nm. NO was added to the reaction mixture to convert peroxy radicals to
HO" (R7) (49).

CH;CH(ONO)CHs + hv(300 < A < 400nm) — CH3CH(0')CHs + NO (R5)
CHsCH(0')CHs + 0, — CHC(0)CHs + HO (R6)
HO, + NO - NO, + HO (k = 8.2 X 10~ 2cm3molecule 1s72(50)) (R7)

Before each kinetic run, the reactants in the reaction chamber were left to homogenize for 20—30 min prior to
irradiation. During that time, the reaction chamber was kept in the dark to prevent photolysis of isopropyl nitrite. After
homogeneity of the reaction mixture was achieved, photolysis was carried out through a quartz window of the reaction
chamber by repeated irradiation technique, where an individual irradiation period ranged from 2 to 5 min long steps
of light. Total irradiation times for a particular kinetic study ranged from 20 to 45 min. A digital timer monitored the
irradiation time, and an electric fan was positioned inside the photolysis box to maintain a uniform reaction temper
ature during the irradiation period.

After each irradiation section, the gas samples were injected into the GC-MS using a gastight syringe, and the
concentrations of mercury and the reference molecule were monitored. For each run, the volume of the samples
injected was 200 pL. Between each irradiation period, two kinetic runs were monitored by GC-MS as soon as the light
was turned off to ensure that no secondary reaction was taking place. We did not observe any evidence for such
reactions.

Analytical Procedure for the Kinetic Experiment. Quantitative concentration measurements of
mercury and the reference molecules were monitored by MS detection (quadrupole MSD HP 5973) after separation
on a gas chromatograph (HP 6890). The GC was equipped with a 0.25 mm i.d. x 30 m cross-linked phenyl-methyl-
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siloxane column (HP 5-MS). The column was operated at a constant flow (1.5 mL min™) of helium and was kept
isothermal at 40 °C for 1 min, after which oven temperature was increased at 25 °C min* from 35 to 160 °C. The
analysis of the reactant gas mixture of each experiment was monitored initially in the scanning mode of the MSD, and
then the corresponding kinetic run was followed by the single ion-monitoring (SIM) mode. The mass spectrometer
was set to monitor several masses (m/z values) of the reactants and reference compounds. These m/z values were
selected in an effort to avoid overlaps with each other and with masses of potential transformation products. m/z values
of 199, 200, 201, and 202 were monitored for mercury in the SIM, and the observed isotopic ratios of the corresponding
ions are in good agreement with the results 56:78:44:100, obtained from theoretical calculation. The detection limit
of was determined to be 10 ppb. Each compound's retention time was determined by direct injection of that particular
compound into the GC.

Analytical Procedure for the Product Analysis. For identification and quantification of the products
of the Hg®-HO" reaction, the preconcentrated reaction products were collected either in a trap cooled by liquid nitrogen
or dissolved in a small volume of solvent and then analyzed by different analytical methods as described below. The
other volatile products coming from the photochemical decomposition of the HO* source were directly identified by
injecting the gaseous sample into the GC-MS, as described in the previous section.

Direct Probe Mass Spectrometry. The collection and analysis of the reaction products was performed in
two different ways. In the first, after completion of the reaction, the reaction flask was heated to 363 K, and volatile
products were collected by slowly passing the gas mixture using a vacuum system from the reaction chamber through
aPyrextube (1.1 mmi.d. x 10 cm length) immersed in liquid nitrogen. In the second, the walls of the reaction chamber
were washed with 20 mL of 36% HCI, of which 0.4 mL was then transferred to a Pyrex tube (1.1 mm i.d. x 10 cm
length). Immediately after collection excess HCI inside the tube was evaporated by slow heating at 90 °C in a water
bath. Products collected by these methods were evaporated at stepwise-elevated temperatures from the tube into a
chemical and electron impact ion source of a Karatos MS25RFA mass spectrometer using direct probe.

Derivatization. This method is aimed to selectively identify Hg2* in the form of a volatile organomercury
compound, n-Bu;Hg, as described in our previous work (36). In the first step, the wall of the reaction flask was treated
with 20 mL of 36% HCI, which resulted in the formation of HgCl,. Excess HCI was evaporated from the sample by
slow heating, and it became a white residue. Derivatization of the resulting residue was then carried out according to
the procedure reported earlier (51, 52). Two milliliters of toluene and 0.4 mL of 2 M n-butylmagnesium chloride in
tetrahydrofuran were added to the white residue, and the mixture was centrifuged at 273 K for 10 min with occasional
shaking. Subsequently, 0.4 mL of 0.6 M HCI was added to quench the excess derivatizing agent. Finally, the mixture
was centrifuged, and the organic phase was collected for analysis by GC-MS.

Hg*" + 2HCl - HgCl, + 2H* (R8)
HgCl, + 2n — BuMgCl - n — Bu,Hg + 2MgCl, (R9)

CV-AFS. For quantitative estimation of the oxidized product in the reaction chamber, reaction samples were
prepared by treating the reaction flask walls, Teflon filters (0.22 um), and coiled Pyrex trap with a mixture of 20 mL
of 40% HNOs and 0.5 mL of 30% H»0,. The samples were diluted to 100 mL and then heated to 350 K for 30 min to
decompose H,0,. The samples were analyzed with cold vapor atomic fluorescence spectrometer (CV-AFS) (Tekran
2600) using NaBHsas a reducing agent. Calibration was accomplished using standard solutions prepared by
appropriate dilution from a stock solution of mercuric nitrate. The ionic Hg in the experimental solution was
determined after NaBH, reduction and then purging of the Hg® to an Au-trap, which led to the CVAFS detector.

Chemicals and Materials. All the chemicals were obtained from commercial sources and were used as
supplied. Mercury (99.99% purity), ethane (99%), n-butane (99%), 2-methylpropane (99%), cyclopropane (99+%),
nitric oxide (98.5%), silica gel, sodium nitrite (99.99%), sodium borohydride (99.99%), and n-butylmagnesium
chloride (2 M solution in tetrahydrofuran) were purchased from Aldrich Chemical Co., Inc. Cyclohexane (99.7%),
toluene (99.9%), hydrogen peroxide (30%), hydrochloric acid (Trace Metal grade), nitric acid (Trace Metal grade),
mercuric nitrate (98+%), sodium chloride (99.6%), sodium hydroxide (99%), and sodium sulfate (99.9%) were
supplied by Fisher. Sodium bicarbonate (99.7%) was purchased from Merck. Isopropyl alcohol (USP grade) was


javascript:void(0);
javascript:void(0);

https://pubs.acs.org/doi/full/10.1021/es0494353

received from ACP Chemicals Inc. The UHP nitrogen (certified oxygen content <5 ppmv), Ultrapure air (total
hydrocarbons content < 0.1 ppm), and helium were purchased from Matheson. Millipore MQ-water of 18.2 MQ cm
resistance was used throughout the experiment. Isopropyl nitrite used as HO® precursor was prepared and purified
according to the procedure described below.

Isopropyl alcohol (i-prOH) and sodium nitrite (NaNO>) in solution were cooled to —5 °C to 0 °C and slowly added to
hydrochloric acid, which was maintained at the same temperature. The reaction mixture was maintained at —5 to 0 °C
until the reaction was completed. Two phases were separated, the organic phase containing isopropyl nitrite. The final
product was washed twice with saturated NaHCOj3 and twice with water and then dried over anhydrous Na;SO4. The
isopropy! nitrite purity (96%) was verified by MS detection (quadrupole MSD HP 5973) after separation on a gas
chromatograph (HP 6890) and stored at 0 °C in the dark.

Results and Discussion

Wall L0sS. To see the loss of reactants to the walls and their possible effect on the reaction kinetics, several wall
loss experiments were performed, by letting Hg®, reference compounds, and isopropyl nitrite stay in the reaction flask
during the equilibrium. Blank experiments in a Pyrex flask with nontreated walls revealed that there was a decrease
of gas phase concentration immediately after the addition of the reactant gas mixture. To decrease the wall loss of the
compounds, the walls of the reaction flask were treated with halocarbon wax or coated with a silylating agent,
DMDCS. In addition, the reaction mixture was given sufficient time to equilibrate with the walls before starting the
reaction to minimize the effect of adsorption on the reaction kinetics. As reported in our earlier work (26), the rate of
adsorption of the substrates on the halocarbon wax coating is less significant in comparison with the DMDCS coating
or with noncoated flasks. Halocarbon wax, therefore, was chosen for the kinetic experiments. Wall loss measurements
showed that the rate of wall loss of Hg® at 298 K in ca. 0.4 cm surface-to-volume ratio (s/v) is ~2.6 x 107 min-
1 (where [Hg] = 0.5 ppm). The decrease in concentration is about 4% over the 30 min period immediately after the
addition of reactants to the flask and did not exceed 2% over the equilibrium time (2 h). In our experiment, relative
rate studies of Hg’-HO" were mostly performed using cyclopropane as the reference molecule. The rate loss of
cyclopropane was estimated to be (4.6—5.2) x 103 min! in the concentration range of 2—10 ppm at 298 K in ca. 0.4
cm? s/v ratio. However, the decrease in concentration is ~5% over a 30 min period immediately after the addition of
the reactants to the flask and never showed a decrease greater than 2.5% over 2 h time. A similar wall loss trend was
observed in the case of ethane, as a reference molecule. In the case of isopropyl nitrite, the rate of wall loss at 298 K
in ca. 0.4 cm s/v ratio was 9.3 x 103 min* (where [isopropyl nitrite] = 50 ppm) with a decrease in concentration of
~7% in 30 min period and did not exceed 4% over the several hours.
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FIGURE 1. Relative rate plots for the reaction of HO* with Hg® using
cyclohexane, n-butane, and 2-methylpropane as reference com-

pounds in air at 298 K.
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FIGURE 2. Plots of In([Hg]o/[Hg]y) vs In([Ref]o/[Ref]y) for the reaction
of HO* with Hg® using ethane and cyclopropane as reference
compounds in air at 298 K.
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FIGURE 3. (a) Relative concentration of mercury and cyclopropane
with different photolysis time at 298 K in air and (b) their
corresponding relative rate plot.

Relative Rate Study. Separate experiments were carried out with Hg® or an individual reference molecule in
air and in nitrogen under photolysis to ensure that no decrease of the GC-MS signal took place in the absence of a
HO" source. Losses of Hg® were also insignificant (<5%) in a system containing gaseous mercury in air and in nitrogen
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with the reference in the absence of HO". Our targeted experiments showed that there was no observable dark reaction
between isopropyl nitrite with Hg® or the reference molecule. Therefore, the loss of mercury and the reference
molecule is assumed to be entirely due to reaction with HO". Average concentrations of HO® were measured to be (1.0
+0.5) x 108 radicals cm™ from the decay rates of n-butane and 2-methylpropane. A few experiments were performed
by irradiation of the reaction mixture for 5—6 h to verify possible desorption reactions. However, in all cases no
increase in the concentration of reactants was observed at any degree of conversion, which nullify the possibilities of
desorption reactions. Given the rate constant value of (2.8 + 0.5) x 10-% ¢cmf molecule? s for the Hg®-NO, reaction
(53) in N2 diluent under experimental conditions this reaction is unlikely to influence our measured data. The most
probable gaseous nitrating agent is HNO3 formed in the reaction HO® + NO; (+M) — HNO3 (+M). However, we did
not detect HNOjs in the photooxidation of the Hg°—(CH3),CHONO—-NO mixture.

TABLE 2. Rate Coefficients of Mercury at 298 K for the
HO--Initiated Reactions of Gaseous Nlercury Relative to
Different Reference Compounds at 101.32 kPa Total Pressure?

Vq, diluent [ref], kugino x 10M
L gas reference ppm Kingl Kger cm?® molecule—"s-1
3 air cyclohexane 5 0.019 £ 0.002 13.7+1.44
3 air cyclohexane 10 0.015 £+ 0.001 13.0+£0.72
3 air n-butane 6 0.056 £ 0.001 13.6 £0.24
3 air 2-methylpropane 5 0.060 + 0.002 13.1+0.44
3 air cyclopropane 2 1.114 £ 0.057 9.36 £0.48
3 air cyclopropane 4 1.110+0.028 9.32+0.24
3 air cyclopropane 6 1.117+£0.035 9.384+0.29
3 air ethane 4 0.374+0.015 9.49+0.38
3 air ethane 8 0.375+0.019 9524 0.48
3 N2 cyclopropane 6 1.105+0.058 9.28+0.48
3 Nz cyclopropane 4 1.102+0.049 9.25+0.41
2 air ethane? 4 0377+0.018 958+0.46
2 air cyclopropane® 4 1.125 4 0.041 9.45+0.34

ZInitial concentration of mercury was 0.5—1.0 ppm. The reaction
flask was coated with halocarbon wax unless stated otherwise. The
errors correspond to two least-squares standard deviations (+20).
2 DMDCS coating. < Data obtained by Atkinson (54).

TABLE 3. Effect of the Wall of the Reaction Container on the
Rate Constants for the Reaction of Mercury with HO* Using
Ethane and Cyclopropane as References in" Air at 298 K2

Vo, [ref], Kg+no x 10" cm?
reference L  ppm Kigl Kres molecule1s™!
ethane 0.14 8 0.378 £ 0.015 9.60 + 0.38
200 8 0.376+0.017 9.55 + 0.43
3.00 8 0.375+0.019 9.52 +£0.48
500 8 0.374+0.018 9.50 + 0.46
cyclopropane 0.14 4  1.123 £0.046 9.43+0.38
200 4 1.119+0.061 9.40 + 0.51
300 4 1.110%0.028 9.32+0.24
500 4 1.1151+0.047 9.37 £ 0.39

2 Initial concentration of mercury was 0.5—1.0 ppm. The wall of the
reaction container was treated with halocarbon wax. The errors
correspond to two least-squares standard deviations (£20). ? Data
obtained bv Atkinson (54).

The relative rate technique assumes that both the reactant and the reference compounds are solely removed by
the reaction with HO". To verify this assumption we performed a series of control experiments. Five reference
molecules were used with different reactivities toward HO" ranging from 7.38 x 101 to 7.21 x 10"*2 ¢cm® molecule™ s
! (54, 55) to obtain a more accurate estimate of the Hg® + HO" rate coefficient. The rate coefficient values of the
reference compound with HO" are given in Table 1 (54, 55).

Plots of some typical kinetic results are displayed in Figures 1 and 2 using cylopropane and ethane as reference
compounds. As depicted in Figures 1 and 2, plots of the relative loss of mercury and reference compound upon reaction
led to straight lines with near zero intercepts. Figure 3 illustrates the relative concentration of mercury and
cyclopropane of their relative rate plot at different irradiation time. Rate coefficients for the reaction of HO* with
HgP were calculated from the rate coefficient ratios, kng/krer, Using the value of krer (Table 1). All experimental rate
coefficients are shown in Table 2, along with the kug/krer ratios. The errors quoted in the kinetic data are twice the
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standard deviation arising from the least-squares fits (+2c) and do not include an estimate of the error in the reference
rate coefficients, krer. However, the errors of the final rate coefficient given in the text reflect an estimate of the
accumulative uncertainties from the least-squares fits (2—10%), concentration measurements (<5%), instrumental
(<10%), and due to adsorption (<8%). Good linearity of relative rate plots was observed for all reference molecules.
It is well acknowledged that, in the relative rate technique, the result is more reliable when the rate coefficient of the
investigated and reference molecules are of the same magnitude. This may not be the case if cyclohexane, n-butane,
and 2-methylpropane are used as reference compounds. We thus selected ethane and cyclopropane to better estimate
the rate constant value of the Hg®-HO" reaction, and experiments were performed accordingly. The rate constants for
the HgP-HO" reaction were estimated to be (9.32 + 0.24) x 10" and (9.49 + 0.38) x 10'* cm® molecule s (+20) at
298 K using Atkinson's rate constant data (54) for cyclopropane and ethane, respectively. However, rate constant
values of (8.19 + 0.21) x 104 and (9.37 + 0.47) x 10" cm® molecule? s (+26) at 298 K were obtained using Clarke
et al.'s data (55) for cyclopropane and ethane. The rate constant obtained using a recommended value for the rate
constant for ethane (k(ethane + HO") = 2.4 x 1013 cm® molecule s* at 298 K) reported by NASA/JPL (50) is (9.0 =
0.4) x 10 cm3 molecule? s (+20) at 298 K. The rate constants of the reaction of other reference compounds with
HO" were not reported in the NASA/JPL data set (50). Since the recommended rate constant value of the HO"-ethane
reaction from the NASA/JPL data set is obtained by averaging the results of the recent investigations (50), we reported
our final kinetic rate coefficients ((9.0 = 1.3) x 10" cm® molecule® s (uncertainty represents accumulative errors) at
298 K) for the Hg-HO" reaction calculated from the rate coefficient ratios, Kpg/Ketnane, Using the value of Keane from
the above-mentioned data. The rate coefficients obtained using ethane and cyclopropane as reference compounds were
identical within experimental uncertainties, implying that the results are constant and independent of the reference
compound. It was also shown that relative rate constants are independent of change in concentration of the reference
compound (Table 2).

In([Hgly[Hgl,)

0.0 7

0.0 0:2 014 015 0.8
In([Cyclopropane]/[Cyclopropane],)
FIGURE 4. Plots of In{[Hgo/[Hgly) vs In([Cyclopropane]y/[Cyclopro-

panel]) as a function of temperatures for the reaction of Hg? and HO*
using cyclopropane as reference compound in air.
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FIGURE 5. Arrhenius plots of kinetic data obtained for the reaction

of HO" with Hg® using ethane and cyclopropane as reference

compounds in air.

TABLE 4. Absolute Rate Coefficient for the Reaction of HO*
with Mercury Using Ethane and Cyclopropane as References
as a Function of Temperature and the Associated Arrhenius

Parameters?
temp, KPug+no x 10" cm? A, cm?
reference K molecule~'s~" molecule—1 s E/R
ethane 283 10.1 £ 0.66 355 x10-" —(294 £ 16)

288 9.85 + 0.53
298 9.37 £ 0.47
313 9.06 £ 0.47
323 8.85 + 0.49
343 8.45 £ 0.67
353 8.12+0.24
cyclopropane 283 8.95+0.35 2.83 x107* —(322 + 24)
288 8.60 + 0.34
298 8.19 +0.21
313 8.02 £0.20
323 7.52 +0.31
343 7.29 +£0.27
353 7.05 + 0.33

2 Initial concentration of mercury was 0.5—1.0 ppm. Wall of the
reaction container was treated with halocarbon wax. The errors
correspond to two least-squares standard deviations (+2g). ¥ Data
obtained by Clarke et al. (55).
It is noteworthy that in the course of the reaction, radicals such as HO® and HO;" can be generated through secondary

reactions, as discussed by Logan et al. (56):

RH+HO - R + H,0 (R10)

R + 0, > RO, (R11)

RO, + NO - RONO, (R12)
RO, + NO - RO + NO, (R13)
RO + 0, - RyR,C = 0 + HO; (R14)

HO, + NO - HO + NO, (R15)
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FIGURE 6. Gas chromatogram with mass spectra of the reactant mixture of Hg%y-HO" reaction before irradiation.

In our carrier gas, the oxygen concentration never falls below roughly 10%*> molecule cm. At this oxygen level, alkyl
radicals produced by the initial abstraction will react very rapidly to form organo peroxy radicals (RO2"). The
RO>" may in turn react with NO to form organic nitrates or alkoxy radicals, leading to the eventual formation of
HO-" and RO>", which can complicate the reaction of interest. However, the very good linearity of the plots passing
through the origin (shown in Figures 1 and 2) suggests that the secondary reactions are insignificant. Moreover, simple
chemical modeling of the above reaction scheme (ACCUCHEM (57)) indicated that the extent of secondary reactions
over the course of experi ments is negligible.

No substantial differences were observed between the experiments in N2 and in air (Table 2). We also aged the samples
between irradiation to investigate any significant secondary reactions induced by the reaction products; however, we
did not observe such phenomena under our experimental conditions.

Preliminary experiments were carried out in order to examine the effect of surface-to-volume ratios (s/v) by
performing the reaction in flasks ranging from 0.14 to 5-L (where s/v ratios range from 0.932 to 0.282 cm™), using
ethane and cyclopropane as reference compounds. The results are presented in Table 3, indicating that the relative
reaction rates of the compounds of interest were not affected by the different surface-to-volume ratios under
experimental conditions, as the Hg®-HO" reaction proceeds rapidly.

A number of studies have reported (31, 32, 47,58) a very large discrepancy of the rate constant of the Hg° +
HO" reaction ranging from 8.7 x 1024 (at 298 K) to 1.6 x 10! (at 343 K) cm® molecule* s*. The rate constant value
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obtained at 298 K using ethane, (9.0 + 1.3) x 10" cm® molecule s (uncertainty represents accumulative errors), is
in good agreement with that obtained in the work of Sommar et al. (k= (8.7  2.8) x 10 cm® molecule™ s* at 298
K) (31), who also employed a relative rate technique. Bauer et al. (32) have obtained an upper limit for rate coefficient
(1.2 x 10 cm® molecule? s) at 298 K using the pulsed laser photolysis-pulsed laser-induced fluorescence
(PLP-PLIF) technique under pseudo-first-order condition, which is consistent with our observation error limits. A
very recent theoretical paper (58) has calculated a somewhat higher rate constant (3.2 x 10°*3 ¢cm® molecule™ s?) at
298 K than that determined here. It is noted that the rate coefficient (1.6 x 10-** cm® molecule™ s at 343 K) measured
by Miller et al. (47) is approximately a factor of 2 larger than that obtained in this study, although the experimental
procedures were similar to those in our studies and Sommar et al.'s studies (31).
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FIGURE 7. Gas chromatogram with mass spectra of the product formed of Hg%-HO" reaction after 20 min of irradiation.

Temperatu re Dependence Study. The temperature dependence of the rate coefficients was investigated
for the Hg°-HO" reaction over the temperature range of 283—353 K using ethane and cyclopropane as reference
molecules. This study represents the first investigation of the temperature dependence of the reaction of HO® with
elemental mercury at atmospheric pressure. It has been shown (54, 55) that the reaction of HO" with ethane and
cyclopropane exhibits a positive temperature dependence, so we used their corre sponding rate constant values over
the temperature range of 283—353 K. Figures 4 and 5 show temperature dependence plots. These figures depict that
the rate coefficients have small negative temperature dependence. The relative rate constants at different temperatures
using ethane and cyclopropane as well as the preexponential factor (A) and activation energy (E) are listed in Table 4.
We obtained similar values of preexponential factor (A) and activation energy (E) using cyclopropane and ethane,
within the uncertainty limits. Negative temperature dependence is frequently observed for the reaction of organic (59,
60) and inorganic substrates (6/—63) with HO", especially, when a reaction proceeds via formation of an association
complex. This behavior may be expected because the association complex is more readily stabilized at low
temperatures (6/—63). Analogously, one may expect to observe indications of the equilibrium process (Hg° +
HO* 2 "HgOH) in the absence of O,. We have attempted to probe *HgOH, but we were unable to observe any clear
evidence of the existence of stable *Hg-OH adducts with a long lifetime (>min) under our experimental condi tions.
However, due to the potential presence of O in the N2 system, one cannot rule out the presence of ‘HgOH in a more
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controlled environment with the use of a very fast detector. Recently, Bauer et al. (32) suggested the possibility of the
reversible reaction as well as the negative temperature dependence of the gas-phase reaction of Hg® with HO", although
it has not been performed experimentally. However, the negative temperature dependency of the same reaction
(k(Hg® + HO" — "HgOH, 180—400 K) = 3.2 x 1072 (T/298 K)3% cm?3 molecule’? s) estimated more recently by
Goodsite et al. (58) on the basis of theoretical calculation was due to smaller binding energy of HJOH (Do(Hg—OH)
= 39.4 kJ mol). Similar theoretical data was also reported (58) in the case of Hg® + Br and Hg® + | reactions. It is of
note that in chemical systems such as HO® and HlI, the negative temperature dependence was related to a temperature-
dependent preexponential factor (64). Such reaction ap peared to proceed via a low activation barrier due to the low
bond energy of H-I and its high polarizability.

100
90
30

70

Intensity (% age)
g &8 B
1 L L 1

o«
<
L Lo

20

(@)

60

74
|\

24

Hg(2+)
101

-

i) ||=|II|I:|I Iy \||||-= gy llm

128

N AP A

202

199

160

60

Abundance

1004

75

50+

254

0

(%)

212

1
80

2}3

100

120

140 160 = 1%0

Low Resolution M/Z

215

214

217

Ho(*)

219
/

(HgO + 1)(+)

220

221 222

Mass:

215

220

FIGURE 8. (a) Mass spectra of the product formed in the HO-initiated reaction Hg’y using chemical ionization mass spectrometer and
(b) theoretical mass spectra of HgO.

Potential Reactions Mechanism. The most likely reaction path for the oxidation of Hg® by the HO" is the
initial formation of "HgOH.

Hg’ + HO - HgOH

*HgOH may undergo oxidation via reactions R17, R18, or by R19.

-HgOH +- HgOH - Hg,(0H),

HgOH + 0, - HgO + HO,
-HgOH + HO' - Hg(OH),

(R16)

(R17)
(R18)
(R19)
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Since [O2] » [HO in the air saturated gas mixture, reaction R17 may dominate over reactions R18 and R19, as is the
case in the aqueous phase reaction of Hg® with HO* (46). Under the experimental conditions, we did not identify any
other mercury species except HgO, which indeed supports this hypothesis. Moreover, to avoid the oxidative
scavenging of "HgOH by oxygen, maintaining [O2] below [HO"] would have been required, which was not possible
under our experimental conditions. A very recent paper (32) has predicted that the reaction of HO" with Hg® proceeds
via a weakly bound intermediate, ‘"HgOH, which subsequently reacts with O, and the overall process is exothermic
(AH = —118 kJ mol?) with the exothermicity of the individual steps. Based on the AG%sg calculation of "HgOH by
Stromberg (65), Sommar et al. (31) suggested that the formation of "HgOH by the combination of Hg® and HO" is also
slightly exothermic (AH = ~ —6 kJ mol™). It can be consequently scavenged by oxygen to produce HgO (R17) due to
the low ratio of p(HO2")/p(O;) in the ambient air, although the reaction R17 is endothermic (AH = 30 kJ mol?) (31).
In a theoretical study by Goodsite et al. (58), the lifetime of ‘HgOH was found to be 280 ps, which indeed supports

the oxidative scavenging of Hg' (R17) and is consistent with our experimental observation.
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FIGURE 9. (a) Mass spectra of HgCl, obtained by electron impact mass spectrometer and (b) theoretical mass spectra of HgCl..

Product Studies. Mechanistic information on the HO*-initiated oxidation of Hg® was obtained from product
studies on the photolysis of the Hg°—(CH3),CHONO-NO mixture under experimental conditions using GC-MS.
Typical gas chromatograms with mass spectral data are shown in Figures 6 and 7. Figure 6 corresponds to the
composite gas chromatogram with mass spectra of air, Hg® and (CH3);CHONO before irradiation. Air and NO had
similar retention times and were often poorly separated. Upon UV irradiation of this sample for 20 min, the formation
of the photochemical products NO; (R7), CH3COCH3; (R6), and (CH3),CH(ONO;) were observed (Figure 7). One
possible source of (CH3).CH(ONO:>) is that the alkoxy radical produced in reaction R5 could react, under high
NO; concentrations, to also produce isopropyl nitrate, as shown in reaction R20:

CH3CH(O)CH; + NO, - (CH3),CH(ONO,) (R20)
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Similar observations in various organic reactions have already been reported (e.g., ref 66). Under our experimental
condi tions, conversion of the reactant Hg® to oxidized mercury (R16 and R17) was too low to be identified in GC-
MS through syringe sampling. Low vapor pressure of the oxidized mercury and lower sensitivity of the mass
spectrometer contributed to the negative detection of the oxidized mercury in the low concentration range. In previous
experimental studies by Sommar et al. (31), Bauer et al. (32), and Miller et al. (47), it was suggested that HgO is the
only reaction product of the gas phase reaction of the HO® with elemental mercury. However, this product has not
been previously identified experimentally. In this work, we provided evidence for HgO, as a reaction product in the
gas phase, from suspended aerosols, and on the wall of the reaction flask, as per three different analytical methods
described in the Experimental Section.

In the first method, the chemical structure of the collected gas and aerosol samples in the Pyrex tube were identified
by placing it in the direct probe of the MS instrument equipped with a chemical ionization ion source. The probe
temperature was elevated to 350 K. In the chemical ionization ion source, NH3 was used as the reagent gas, so the
observed mass spectra of the ion (M*) should be incremented by one i.e., (M + 1)*ion. Therefore, Figure 8(a)
represents the mass spectra of HgO, with the m/z ratio of each peak shifted by one. Moreover, the observed isotopic
ratio 33.5:56.3:77.4:44.4:100:23 corresponded well with those for the m/z ratios of 214, 215, 216, 217, 218, and 220
of theoretically calculated HgO, as represented in Figure 8(b). The presence of Hg?* on the wall of the reaction flask
was confirmed in the form of HgCl,, by analyzing the sample using direct MS with an electron impact ion source
(Figure 9).
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In the second method, reaction products were converted to the more volatile di(n-butyl) mercury, as described in the
Experimental Section. The derivatized sample was analyzed by GC-MS (Figure 10), which also confirmed the
presence of Hg?* (here as HgO) on the wall of the reaction flask.

For quantification of the reaction product from gas, aerosol, and wall deposit, we performed three different sets of
CVAFS studies. After completion of the reaction, the reaction flask was evacuated through a 0.22 micron Teflon filter
to a residual pressure of ca. 66.7 Pa. The collected sample on the filter was washed with HNO3/H,0, mixture
and analyzed by CVAFS. The result implies that (5.7 £ 1.2)% (number of experiments, n = 3, +2¢) of mercury relative
to the amount of HgP introduced before the reaction was converted into a mercury compound in the aerosol phase.
However, in the second set of experiments, the CVAFS analysis of the collected samples from the Pyrex trap after
washing with the HNO3z/H»0, mixture recovered (17 * 2.0)% (n= 3, £20) of the mercury that was originally
introduced in the gas and aerosol phases. Thus, the amount of mercury recovered in the gas phase is the difference of
(5.7 1.2)% and (17 £ 2)%, which is (11.3 £ 2.3)% (uncertainty represents weighted cumulative errors). Similarly, in
the final set, the walls of the reaction flask were treated with HNO3s/H,O, mixture, collected, and analyzed in CVAFS.
Recovery of mercury on the reaction wall was (83 +2.1)% (n = 3, +2c). However, the adsorption of Hg? on halocarbon
wax coating was about (4.5 £ 1.4)% (n = 3, £20), as described in the wall section. Hence, the recovery of mercury
from the wall was (78.5 + 2.5)% (uncertainty represents weighed cumulative errors), obtained by subtraction of (4.5
+ 1.4)% from (83 + 2.1)%. Considering all the CVAFS studies, we conclude that the majority of reaction products
were deposited on the reaction container wall, although there was a significant amount of reaction products in the gas-
aerosol phase.

We have studied the kinetics and products of Hg°-HO" reaction in nitrogen and in air under the temperature range
283—253 K at near tropospheric pressure. For the first time, we have positively identified HgO as the reaction product
in the gas, aerosol, and wall deposits and provided temperature dependence for the kinetics of HO-initiated oxidation
of Hg®. The room-temperature kinetic part of our work confirms a previous study (32, 57) and is in contrast with other
studies (47). Hence, assuming a typical daily tropospheric HO" concentration of 1 x 10° radicals cm? (67), the
tropospheric lifetime of mercury against reaction with HO* was calculated to be 124 days using the measured rate
constant at 298 K. This calculated lifetime hints to the importance of HO" as an effective oxidant of tropospheric
mercury. However it sug gests that observed rapid Arctic mercury depletion cannot be explained by HO* chemistry
(68).
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