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The photochemistry of elemental mercury and oxygen was examined using quartz flow reactors.

Germicidd bulbswere usad asthe source of 253.7 nm ultraviolet radiation. The formation of mercuric
oxide, asvisudly detected by ydlow-brown stains on the quartz wals, was confirmed by both ICP-AES
and SEM-EDX andyses. In addition, ahigh surface areacacium slicate sorbent was used to capture the
mercuric oxidein one of the experiments. Theimplications of mercuric oxide formation with respect to
anayssof gasesfor mercury content, aamaospheric reactions, and direct ultraviolet irradiation of flue gas

for mercury sequestration are discussed.

I ntroduction



Thetherma oxidation of demental mercury in ar proceeds within the narrow temperature band between
350- 500EC.* However, ultraviolet light alows the oxidation to occur at much lower temperatures due
to theformation of ozone. Mercury isaknown photosenstizer for theformation of ozone from oxygen.

Ozoneisapowerful oxidizer that can rapidly react with elemental mercury to form mercuric oxide.

Thephotochemistry of mercury has been extensively studied?” Dickinson and Sherrill? found that 253.7
nmirradiation of oxygen in the presence of mercury vapor produced a decrease in pressure, which they

ascribed to the formation of ozone, viz:

30,4 6 2054 D

Dickinson and Sherrill dso noted ydlow-brown depositson thewalls of their quartz reactor, which they

attributed to the formation of mercuric oxide viatherma oxidation of mercury by ozone, as shown below:

HOgey + Osgeg 6 HIOgi) + Oz )

Mercury is usually detected by the absorption or emission of 253.7 nm ultraviolet radiation. The
measurement of mercury will be affected by the photosensitized ozone reaction, unless precautions are
implemented, eg., usng aninert carrier gas. Many of the proposed on-line detectors (continuous emissons
monitors) for mercury in flue gas are based upon atomic absorption (AAS) or atomic fluorescence

gpectrophotometry (AFS) utilizing 253.7 nm radiation® Excited mercury atoms can revert to the ground



state when colliding with apolyatomic species. Oxygen is among the most efficient quenching agents
known.** Mercury excited by the absorption of 253.7 nm ultraviolet light can initiate the formation of
ozonefrom oxygen. The ozone can then react with mercury to form mercuric oxide, which could deposit
onthe quartz detection cell. Furthermore, ozone is often measured by the absorption of 253.7 nm
ultraviolet radiation.” Thesetwo factors can greatly complicatethe ultraviolet determination of mercury in

carrier gases containing oxygen.

Ozone chemidry can effect thefate of mercury incod-fired utilities. Electrostatic precipitators are used
inavas mgority of cod-fired utilities. The coronadischarge will generate both ultraviol et radiation and
ozone."#Y" Ozone can potentially react with elemental mercury in flue gas to form mercuric oxide,
although it mogt likely reactswith other flue gas components whose concentrations are orders of magnitude

larger than mercury.

Additionaly, mercury has an impact upon ozone chemistry in the upper levels of the aamosphere. Mercuric
oxide, associated with fine particul ates, has been detected recently in the tropopause and is specul ated to
form by oxidation of dementa mercury by ozone.™®® Ground level mercury concentrations in the Arctic
have aso been found to vary with seasond changesin sunlight, temperature, and upper amosphere ozone
level. @ Ground level mercury could aso impact theleve of ground level ozone, where ozoneis aprime

constituent of smog.?



Experimental

The assembly used for sudying the photochemica oxidation of mercury conssts of an demental mercury
permestion tube, aquartz photoreactor, and an ultraviolet lamp. The reactor scheme is shown in Figure
1. A cetified Dynacd permestion tube from VICl Metronicsisused asthe source of elemental mercury.
The permesgtion tube hasbeen certified by the manufacturer to release 144 ng Hg/min at 212EF. The
permestion tubeislocated at the bottom of a Dynacd glass U-tube, whichismaintained at 212EF + 1.6EF
at dl timesby immerangitinaHaeke D8 ail bath. A flow (30 ml/min) of gas passes over the permeation
tubeandismaintained at dl timeswith athermal conductivity mass flow controller. The output of the
permestion tube and the flow rate of carrier gasyidldsacdculated concentration of mercury of 585 ppb.
The mercury output of the tube has been verified on aregular bassviaweight loss measurement and has

been found to be consistent (152 ng Hg/min) with the certified release.

Two quartz photoreactors were used to sudy the oxidation of demental mercury. The first photoreactor
isa20inchlong by 1/4inch outer diameter cylindrical quartz tube. The second photoreactor isa 1-3/4
inchlong by 1/2 inch wide rectangular clear flow-through quartz cuvette from Brooks Rand. Quartz, unlike
glass, issufficently transparent towards 253.7 nm ultraviolet radiation. All of the plumbing and valves
which comeinto contact with mercury are constructed from ether gainlesssted or teflon. These materias
have been demongrated to have good chemical resstance and inertnesstowards mercury. A Raytech LS
7 Ultraviolet lamp was used as the source of 253.7 nm light for the 20 inch quartz photoreactor. Four watt
mercury germicidal bulbs (SW-6) were used as the source of 253.7 nm radiation. Similar four watt

unfiltered mercury germicidal lamps (Bulbtronics bulb G4T5) were used as the source of 253.7 nm
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radiation when the quartz cuvette photoreactor wasused. Eighty percent of the output radiation is 253.7
nmlight.? All of the experiments were done at ambient temperature, at near ambient pressure, and with

acarrier gas flow-rate of 30 cm*/sec and amercury concentration of 585 ppb.

The quartz cuvette cdll was part of adetector (Brooks Rand CVAFS-2 cold vapor atomic fluorescence
spectrophotometer (AFS)) for determining dementd mercury. When used as a continuous on-line monitor
for dementd mercury in argon, the detection limitisaround 1 ppb. The AFSis a ultraviolet detector for
elemental mercury; mercury atoms absorb 253.7 nm light and re-emit (fluoresce) thiswavelength. A
mercury bulb serves as the ultraviolet source, and a photomultiplier tube serves as the ultraviol et
fluorescence detector. Any gas can be used asacarier, athough sengtivity can vary dramatically, due to
guenching of the excited Hg atoms by collisonswith polyatomic species. Therefore, maximum sensitivity
isachieved with high purity argon or helium carrier gases. 1n comparison to argon, nitrogen was found to
reduce the rlaive response of the AFSto dementa mercury by afactor of 10. In comparison to argon,
air wasfound to reducethe rdaive response of the AFS to elemental mercury by afactor of 100. This
isin good agreement with the data provided by the manufacturer of the detector.® However, the response
of the detector decayed rapidly in oxygen containing carrier gases, dueto the deposition of mercuric oxide

upon the quartz cell walls.

K ey process parameters were recorded with a data acquisition system. This on-line data acquisition
system was used to take and store the various voltage sgnds from the thermocouples, flowmeters, and the

atomic fluorescence spectrophotometer. Data sampling occurred every 15 seconds.
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Scanning dectron microscopy with energy-dipersve x-ray methods (SEM-EDX) was used to confirm
theformation of mercuric oxide (HgO) onthewadls of the quartz photoreactor. A Leica 360i scanning
electron microscope was used with a Kevex Delta EDX spectrometer. The Kevex spectrometer is
equipped with a Quantum Superdry light element detector. Inductively coupled argon plasma atomic
emission spectroscopy (ICP-AES) was used to quantitatively determine the mass of mercury converted
tomercuricoxide. Theingrument isaPerkin-Elmer Optima 3000 Radid View Spectrometer. The yellow
stainson the quartz wall were extracted with warm nitricacid. A small quantity of the solution was then
aspirated into the argon torch, and mercury was quantitetively determined by theintengity of the 253.7 nm

emission line.

In onetes, ten milligrams of asorbent wasplaced in the cylindrical reactor and irradiated. The sorbent
(ManvilleMicro-Cd) isasynthetic cdlcum slicate with aBET surface area given by the manufacturer as
between 100 - 200 m?/gram. The sorbent was exposed for 350 minutes to 30 mi/min of 585 ppb Hgin
air whilebeingirradiated by 253.7 nm light. The used sorbent wasdigested in aqua regia and the capacity

was determined by ICP-AES analysis.

Results and Discussion

Thereaults of theremovd of dementa mercury in the presence of oxygen as mercuric oxideis shownin
Tablel. Mercury removasare defined asthe mass of mercury depodited in the reactor divided by the inlet
massof mercury. Themass of mercury withinthereactor is determined by the analysis of the mercury

depogts, theinlet mass of mercury was calculated from the known rate of mercury release from the



permeetion tube and thetota time of thetest. Ascanbe seenin Table 1, ahigh level of removal for the
empty quartz reactorswas achieved by photoxidation. The empty cuvettereactor was part of the Brooks
Rand AFS. Thevoltagesgnd from the AFS decayed rapidly in oxygen containing carrier gases. For the
4% oxygen carier gas, the voltage sgnd decayed by over 56% dueto the mercuric oxide film that formed
within the quartz cuvette. Thus the tracking of mercury concentration with the AFS could not be

conducted.

It should be noted that the recovery of mercury was accomplished by extraction withwarm nitricacid. This
may not bethe optima recovery method, but it wasimproved for the sorbent experiment. It is also noted
that ICP-AESisnot the optima method for the quantitative determination of mercury. Neverthdess, SEM-
EDX andyssdearly confirmstheformation of mercuric oxide on the quartz walls. The formation of

mercuric oxide on quartz wallsin similar experiments was first noted by Dickinson.?

Theremovd of mercury as mercuric oxide captured on Micro-Cel was examined at room temperature.
In this experiment, 585 ppb of demental mercury inar was exposed to 253.7 nm radiation while passing
over ahigh surface areacacium slicate sorbent for Sx hours. The massof mercury cgptured onthe silicate
wasfound to be 22.5 micrograms out of the 53.2 micrograms passed over the sorbent. Animproved
procedure was used for the extraction of mercury from the used sorbent by soaking in aguaregia.
However, some of the mercury appears to have adhered upon the quartz walls as mercuric oxide, as

evidenced by areddish-brown stain.



The mechanism for theremova of mercury as mercuric oxide was deduced by Dickinson and Sherrill? and

Bamford and Tipper® and is shown below:

Hg + 253.7 nmlight 6 Hg* 3
Hg* + O, 6 Hg + O,* 4
O +0,6 0;+0 ©)
Hg+ O; 6 HO + O, 2
0,+0 60; (6)

Reaction (3) isthe excitation of demental mercury by 253.7 nm uv radiation. Reaction (4) isthe quenching
of the excited mercury atom by oxygen, with the formation of an excited oxygen molecule. Step (5) isthe
guenching of an excited oxygen molecule, with the formation of ozone and an oxygen atom. Reaction step
(2) isthethermd reaction of demental mercury and ozone, with the formation of mercuric oxide and

oxygen. Reaction (6) isthe combination of an oxygen moleculewith areactive oxygen atlom to form ozone

The overal reaction isthe sum of reaction steps (3), (4), (5), (2), and (6):



Hg+20,+253.7nmlight 6 HgO + O, )

Biswas“**found that thelonger 360 nm uv light doneisineffective at oxidizing mercury in air. The 360
nm wavd ength was highly effective when used with atitanium oxide photooxidation catalyst, capturing
mercury as mercuric oxidein aheterogeneous oxidation reaction.**>  The experiments described in the
present research note involve gas phase oxidation to convert elemental mercury to mercuric oxide, with

subsequent deposition of the oxide on a quartz or silicate surface.

Onereason for conducting the above rudimentary testswas dueto previous attempts at using the on-line
AFSto measure dementa mercury in gases containing oxygen. It wasfound that the voltage signal from
the AFSrapidly decayed, presumably dueto the deposition of mercuric oxide on the quartz cdl walls. The
photosengtized formation of ozone can interfere with the ultraviolet measurement of dementa mercury by
severd ways absorption of ultraviolet radiation by 0zone; decreasein the population of mercury atoms by
formation of mercuric oxide; and atenuation in the detected intengity of absorbed (AAS) or emitted (AFS)
253.7 nm radiation by eementa mercury due to the deposition of mercuric oxide on the quartz cell walls.
Additiondly, a reduction of the population of excited mercury atoms via energy transfer to oxygen
(quenching) can influencethe ultraviolet measurement of dementa mercury. However, theformation and
depogition of mercuric oxide can beinhibited by heating the quartz photocell, dthough hesting will neither
stop the quenching of excited mercury atoms nor the absorption of 253.7 nm radiation by ozone. Itis

noted that severd prototype continuous emissons monitors for mercury in flue gas, based upon absorption



of 253.7 nm light, use quartz cells that are heated to over 500EC.2

Thedirect irradiation of flue gasby 253.7 nm light could beamethod for the remova of dementa mercury.
A typicd flue gas compaosition from acod-fired utility can contain the following: 4% O,, 16% CO,, 6%
H,0, 1000 ppm SO,, 500 ppm NO,, 10 ppm hydrocarbons, 1 ppb Hg,

andtheremainder N,. The concentration weighted quenching effect for each gas can be obtained from the
cross-sectiond areafor quenching given by Bamford and Tipper®. Oxygenwill beanimportant quenching
agent in flue gas, but carbon dioxide, nitrogen, and water are also significant quenching species. The
guenching of excited mercury atomsby carbon dioxide, nitrogen, and water could Sgnificantly reduce the
amount of ozone formed by reactions (5) and (6) by reducing the population of excited oxygen molecules.
Any ozone, apowerful oxidizer, formed through reactions (5) and (6) may dso oxidize other components
of theflue gas, such assulfur dioxide, nitric oxide, carbon monoxide, and unburned hydrocarbons. These
oxidationswill compete with the oxidation of mercury by ozone shown by reaction (2). It isaso noted
that these oxidizable species are present in flue gas & concentrationswhich are orders of magnitude greater
than the concentration of mercury. These factors could adversely impact the removal of mercury as

mercuric oxide from flue gas by direct 253.7 nm irradiation.

Conclusions

Based on the experimenta results presented in this research note and the experience of past researchers,
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certain concerns must be addressed in the devel opment of on-line ultraviol et continuous emissons monitors
for the measurement of mercury influegas. Theformation of mercuric oxide caninterferewith the on-line
continuous monitoring of e emental mercury in oxygen-containing gasstreams. Asother researchers have
speculated, ozone formation can impact results Snce ozone can a so absorb 253.7 nm radiation and can
interfere with the determination of mercury even in the abbsence of reaction to form mercuric oxide. The
guartz cells used in the ultraviol et detection of mercury could be heated above 500EC, the thermal

decomposition temperature of HgO, in order to prevent the formation of mercuric oxide.

The relaionship between the mercuric oxide and ozone formation through 253.7 nm irradiation warrents
further attention as atechniqueto remove mercury fromfluegas. Additionally, the presence of mercury
and ozone in the upper levels of the atmosphere may have an environmental impact. Before being
converted to mercuric oxide, as suggested by some researchers, elemental mercury could act asa
photosengtizer for the formation of ozonein the upper aamosphere. Halogensin the upper atmosphere are
known photosenstizersfor the decomposition of ozone. Elemental mercury in the upper levels of the
atmaosphere may help mitigate some of the damaging effects of ha ogens upon theozone layer. However,
elementd mercury in the lower leves of the atmosphere may contribute to smog formation by acting asa

photosensitizer for the formation of ground level ozone.
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Table 1. Photochemical Removal of Mercury asMercuric Oxide

Test Carrier Gas Time On-line (hr) % Hg Removal
Empty Cuvette 4% O, in N, 28 83

Reactor

Empty Cuvette Air 6 100

Reactor

Empty Cylindrical Air 21.3 100

Reactor

Packed Bed Sorbent | Air 6 42
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