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Abstract

Mercury is a toxic chemical that can harm human health through exposure. In
aquatic systems, dissolved Hg** can be chemically reduced to elementary mercury Hg°
(DGM), which volatilizes across the water/air interface into the atmosphere. The
emission rate of Hg from water is the net result of mercury reduction and oxidation
reactions followed by diffusion of the DGM to the surface. Mercury reduction and
oxidation reactions are controlled by two factors: 1) the quality and quantity of incoming
light and 2) the photo-reactivity of dissolved organic carbon (DOC). This study uses
optical bandpass filters to select narrow wavebands of light to determine the wavelength
dependence of DGM production. The results show that the photoefficiency (DGM per
unit of absorbed light intensity) increases with decreasing wavelength of light. Two DOC
sources (Suwannee River NOM and Nordic Reservoir NOM) were used to characterize
the effect that DOC type would have on the emission reaction. Both DOC source and
concentration influence DGM production, with the Nordic Reservoir producing more
mercury. Using excitation emission matrices (EEMSs) helps identify the different
fluorescent moieties between the two DOC types. A model combining the
photoefficiency curves with solar information was used to predict DGM emissions in the
natural environment. These predictions compare favorably with existing measured

emission values.



Chapter 1: Introduction to the factors influencing mercury

photoreactions in fresh waters

Mercury is a toxic chemical that can harm human health through exposure. At
25°C and 1 atm pressure, mercury exists in different physical states and chemical forms
and readily moves between the atmosphere, water, soil, sediment and living organisms.
Different forms of mercury have different toxicity levels. The most toxic form is
methylmercury (CHsHg), which exists in natural ecosystems. Severe human diseases
were reported in wide-ranged places around the world and considerable research has been
conducted to investigate the methylmercury problem in fish. Elemental mercury (Hg®)
can be found in thermometers or in coal-burning power plants. Because elemental
mercury can travel in the vapor phase through the atmospheric circulation for up to a few
years, it affects areas up to thousands of miles away from sources of emission. Inorganic
mercury salts exist in nature in the forms like mercuric sulphide (HgS) and mercuric
oxide (HgO). Inorganic mercury would dissolve into water, soil, and sediments and affect
aquatic system (USEPA, 1997). Characterizing where and how potentially dangerous
mercury travels enables scientists to more effectively manage mercury in the

environment.

When studying the mercury cycle, it is helpful to understand how the varying
chemical forms and the influencing factors control transportation and transformation
mechanisms. This research focuses on aquatic systems, especially freshwater systems. In
aquatic systems, mercury exists in ionic forms, primarily as oxidized Hg®* complexes and

has two main transporting paths. When Hg** is chemically reduced to elementary



mercury Hg®in water column, it forms dissolved gaseous mercury (DGM). The relatively
insoluble DGM volatilizes across the water/air interface into the atmosphere. When
bacteria methylate ionic  mercury Hg?* to  methylmercury  [CH3Hg]", the
methylmercury can be absorbed by living organisms. Since methylmercury can
biomagnify up the food web in living organisms, it can affect the whole ecosystem

(Clarkson, 2002).

The process of mercury emission from water to the atmosphere is the main focus
of this research. The emission rate of Hg from water is governed by the production of
DGM, which is the net result of mercury reduction and oxidation reactions (Figure 1).
Mercury reduction and oxidation reactions are highly influenced by light, although the

precise nature of how intensity and wavelength influence this reaction is still unclear.

Atmosphere
Reduction
H? Hg2+ (g)
Oxidation
Evasion Tl Dissolution lDeposition
Reduction Demethylation
HgO0 _,4— Hg2+ «— [CH3Hg]*
(DGM)  Oxidation Methylation
Water

Figure 1. Mercury formation and transport cycles.



Mercury reduction and oxidation reaction are mostly control by two factors: 1) the
quality and quantity of incoming light and 2) dissolved organic carbon (DOC). This study
used optical bandpass filters to select narrow wavebands of light to determine the
wavelength dependence of DGM production. The results showed photoefficiency (DGM
per unit of absorbed light intensity) increases with decreasing wavelength of light. Two
DOC sources (Suwannee River Natural Organic Material and Nordic Reservoir Natural
Organic Material) were used to characterize the effect that DOC type would have on the
emission reaction. The result provides a foundation to later analyze the mercury emission
at different water columns around the world. By investigating mercury reduction in a
freshwater system, we not only can understand better the global mercury cycle but also
can more precisely estimate the amount of mercury available for methylation to

methylmercury.



Chapter 2: The wavelength dependence of coupled DOC-mercury

photoreduction

1. Background and Introduction

Mercury flux from aquatic systems has long been regarded as an important issue
since it greatly influences the global mercury cycle. When mercury emits from the
aqueous to atmospheric environments, it can move long distances from its original
pollution source. When mercury methylates into methylmercury, it accumulates in the
food chain and can severely damage human health. Understanding the fate and transport
of mercury can provide a better idea of how to avoid potential environmental exposure.

Most previous research has been focused on how methylmercury bioaccumulates in
the food web and influences the ecosystem. Fewer studies investigate the mercury
transition from water into the atmosphere, which is crucial to knowing how much
mercury remains behind the in aquatic system and is available for methylation. Since
methylmercury has the highest toxic effect out of all mercury forms and impairs human
health the greatest, there is a crucial need to understand the factors that control mercury
emission rates.

Mercury emission from water into the atmosphere is believed to be highly
influenced by three main factors: 1) light intensity and wavelength, 2) the quality and
quantity of dissolved organic carbon (DOC), and 3) the abundance of mercury bound to
DOC and not complexed with other ligands (Vost et al., 2012). Light appears to
dominate the mercury emission mechanism. For example, the dissolved gaseous mercury

(DGM) emission in several lakes was lowest during nighttime and highest around noon



(Amyot et al., 1994, Krabbenhoft et al., 1998). Since then, scientists have been trying to
understand how mercury emission relates to specific properties of light. DGM formation
was found to be influenced by light intensity and other factors in temperate and arctic
lakes. (Amyot et al., 1997a and 1997b).

The emission of DGM is proportional primarily to light intensity along with other
factors in temperate and arctic lakes. (Amyot et al., 1997a and 1997b). Decreasing light
penetration into water decreases DGM production rates, confirming the importance of
light intensity (Wollenberg and Peters, 2009).

In aquatic environments, mercury is usually bound to dissolved organic carbon
(DOC, Figure 2). Among all the functional groups, mercury would bind to thiol or sulfur-
containing groups more easily (Xia et al., 1999, Hesterberg et al., 2001, Ravichandran
2004, and Skyllborg et al., 2006). DOC also contains numerous chromophores that
interact with photons. When light penetrates into water, light would interact with the
chromophore, and can break bonds to “photobleach” the DOC. The photobleaching
reaction liberates some electrons, which can be donated to mercury and the mercury is
thus reduced from Hg?** to Hg’. Since Hg (DGM) does not bind to DOC nor is it soluble

in water, it would escape into the atmosphere very quickly.



Figure 2. Mercury and DOC reaction in the water columns. The DOC listed here
is humic acid.

Despite our current understanding of how light interacts with DOC and mercury,
one item remains unclear - How does light affect mercury emission? Natural sunlight
consists of mostly visible light (400 — 700 nm) and only a small portion of ultraviolet
radiation (UV). UV light consists or more than 95% UVA (320 — 400 nm), and the
remaining UVB (280- 320 nm). However, the most effective photobleaching wavelengths
are in the UV bands (Kirk 1994). There are three possible determining factors for how
incident light might affect mercury emission: light quantity (abundance), light quality
(energy per photon), or specific wavelength (Figure 3). Overall light quantity is positively

correlates with DGM production (Amyot et al. 1997a and 1997b). However, shorter



wavelengths of light may be more important at lower intensity while we can’t rule out the

possibility of most effective DGM production at specific wavelengths.
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Figure 3. Possible mercury emission mechanism under different light
characteristics. Natural sunlight contains mostly visible light, but UV lights have
stronger energy per photon. Specific wavelength might also be crucial for the

mercury duction reaction.

Visible light accounts for the highest portion of natural sunlight. However, by the
Planck—Einstein equation, the light intensity can be calculated by E= hc/A, where h is the
Planck constant, c is the speed of light and A is the light wavelength. From the equation,

ultraviolet light with shorter wavelength would have higher energy per photon than



longer wavelengths of light. Some researchers claim that UV light is more important in
mercury reduction in aquatic system, however, opinions differ on whether it’s UVA or
UVB that’s the key. The majority of researchers argue that UVB is the most effective
driver for mercury photoreduction (Oh et al. 2011, Qureshi et al. 2010, O’Driscoll et al.
2006), while some said it is UVA under high DOC concentration (Garcia and Amyot,
2005, Amyot et al. 1994). Nevertheless, all these studies share a common flaw: that is,
the light source they used- the UV lamp- had a broad band spectrum, meaning the UVB
source contained UVA while UVA source also contained UVB. The overlapping light
makes the conclusions questionable. A more accurate and precise way of examining the
influence of light is needed to fully explain the mercury emission mechanism.

In this study, | utilize optical bandpass filters to select a specific wavelength of
light to expose lab-incubated solutions, and | also measure each solution’s light
irradiance with a calibrated spectroradiometer. The spectral absorbance of the experiment
solution is also measured to calculate absorbed energy. By directly studying the
relationship between certain wavelengths of light and mercury photoreduction along with
the solution absorbed energy, this study may be able to answer a long-standing problem
in mercury photoreaction kinetics. Two DOC sources (Suwannee River NOM and Nordic
Reservoir NOM) were also used to characterize the effect that DOC type would have on
the mercury emission. By realizing the main factors controlling mercury emission in
water systems, we could better understand the global mercury cycle and reduce the risk

for possible mercury exposure.



2. Method

2.1 Light sources

Sunlight contains a broad spectrum of electromagnetic energy. The spectrum that
reaches the earth’s surface consists primarily of wavelengths between 280nm and 1 mm.
To generate these wavelengths for laboratory experiments, Visible (Kodak Medalist 11
Carousel Projector, Tungsten halogen 35W lamp), UV-A (Q-Panel Co.UVA-340) and
UV-B (Spectroline XX-15B) were chosen to mimic natural. The intensity and wavelength
of each light source is measured by a calibrated spectroradiometer (Ocean Optics, Inc.

USB 2000+ Spectrometer, 3nm bandwidth, 220-890nm with Spectrasuite 1.4.2_09).

The spectroradiometer’s irradiance calibration uses a cosine response UV-VIS
collector on the input fiber and a lowpass hot mirror filter to prevent longer wavelengths
from creating stray light. This instrument has been corrected for nonlinearity and uses the
software nonlinear correction feature. Using the calibrated lamp source and Spectrasuite
software to create a UV calibration curve and VIS calibration curve, | then merged those
into a UV-VIS calibration curve as the measurement reference. The spectroradiometer is
installed in a small temperature controlled chamber to reduce variations in response due

to temperature fluctuations.

Optical bandpass filters at 510 nm, 460 nm, and 410 nm were chosen for visible
light, 390 nm, 370 nm, and 330 nm for UVA light, and 289 nm for UVB light. The
number represents the bandpass filter’s central wavelength and the measured spectrum
for bandpass filter showed the filter has a bandwidth of ~15 nm. The measured width for

the passing light is wider than the 10 nm claimed by the Edmund Optics Inc. The
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specification for bandwidth is to measure width at 50% of maximum (=Full Width at
Half Maximum or FWHM). Through the rest of the document, each treatment is named
according to a filter’s nominal bandpass wavelength (e.g. visible light passing through

510 nm filter will be called 510 nm solution).

2.2 Experimental Design

Experimental solutions are equilibrated and exposed in cylindrical quartz vessels
[40ml, 2cm (diameter) x 15cm (height)]. The top of the quartz vessel is sealed with a
Teflon lined cap and two transfer ports. The inlet transfer port is attached to a constant
flow air inlet system with an air purifier (DRIERITE, Laboratory Gas Drying Unit L68
NP 303 filled with activated carbon). All quartz vessels are pre-cleaned with 10%
hydrochloric acid and rinsed 5 times with deionized water before experiment. The vessel
outer sides are covered with aluminum foil and installed in plastic chambers with optical

bandpass filters (Edmund Optics Inc.) mounted to the bottom as indicated in Figure 4.
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air trap
| —©

Figure 4. Experimental apparatus for light exposure using optical bandpass
fiilter.
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Mercury solutions are diluted from mercury standard (High-Purity Standards,
Mercury) and mixed with DOC (IHSS Suwannee River Natural Organic Material
(NOM), IHSS No. 1R101N, FL, USA or Nordic Reservoir NOM, Skarnes, Norway,
IHSS NO. 1R108N) solution. The mix solutions would be leaved idle to equilibrate for
24 hours before light exposure. The total mercury is 4 ug/L (ppb) while DOC
concentration is 6.34 mg/L (ppm) for Suwannee River solution and 11.1 mg/L (ppm) for
Nordic Reservoir solution (measured by a Shimadzu Total Organic Carbon Analyzer).
The mixed solution is then purged with Hg-free purge gas in an environmental chamber
at a temperature of 25°C for two hours in the dark to remove existing DGM before light
exposure.

After purging in the dark, the mixture solutions are continuously exposed to the
light sources. During the light exposure, any DGM that forms in the solution is purged
out onto a gold trap by bubbling air at a constant flow rate of 30 ml min™ (Figure 4). The
gaseous mercury samples are collected every 120 minutes. After collecting the DGM, the
gold trap is then heated to 45°C with air flow rate of 40 ml min™ for 10 minutes to
evaporate any moisture that may have condensed inside the trap during exposure.
Moisture was never observed in the gold coated sand section of the trap — only
occasionally at the inlet end of the glass tube. The mercury adsorbed on the gold trap is
then purged and trapped on an analytical trap and measured using a cold vapor atomic
fluorescence detector (CVAFS) (Tekran 2500) (Figure 5). Light spectra are measured
before and after exposure above the optical bandpass filters using a calibrated

spectroradiometer. Absorbance of the test solutions are also measured before and after

13



exposure with a spectrophotometer (Shimadzu UV-1601). The reaction vessels are placed

in the constant-temperature chamber for the entire incubation time.

Figure 5. Tekran 2500 cold vapour atomic fluorescence spectroscopy (CVAFS)
with mercury injection system and Labview controlling program.

2.3 Absorbed energy over experiment time

Absorbance of the experimental solutions was measured before and after each
experiment from 200 to 800 nm in 1nm interval by spectrophotometer. The incident light
intensity (lp) and transmitted light after the solution (1) is calculated for absorbance:

Absorbance (OD) = logio (lo/ 1)

The absorbance can be converted to transmittance by the equation

Transmittance,l =1 (10 absorbance 4 (OD)* optical path length in solution (m))

14



where the optical path length in the experimental chamber is 15 cm. After calculating

transmittance for each wavelength, absorptance can be acquired by
Absorptance; = 1- Transmittance,

The rate of absorbed energy was calculated using the incident light intensity multiplied

by the absorptance at the same waveband using

Rate of absorbed energy re. (mMW/cm?® s) = Absorptance,* Incident light intensity

(mW/cm?s)

Finally, the absorbed energy for each solution was calculated using the following
equation:
Absorbed energy Ea (mW) = rg. (mW/cm? s)* T (s) * exposure area (cm?)

Where T is the exposure time for light exposure.

2.4 Mercury kinetic equation

The overall production of DGM can be described in the following way (O’Driscoll

et al., 2004):
Hg(ll) + photoreductants <-> DGM + photooxidants

Because DGM is being removed immediately after production in this experiment, the

reaction can be rewritten as:
Hg(ll) + photoreductants - DGM

Assuming this reaction is pseudo first order reaction, the equation for mercury flux is

15



d[DGM]/dt = kr [ Hg(11)]

where Kr is the rate constant for photoreduction.

2.5 Excitation Emission Matrices (EEMSs)

Dissolved organic carbon is ubiquitous in aquatic systems since it is formed by a
wide array of biogeochemical reactions. Understanding the composition, structure, and
origin of DOC can help us to explain the chemical reaction involving DOC more clearly.
Absorbance properties are one method of characterizing the DOC in the solution and can
be easily measured using a spectrophotometer. Fluorescence also provides a way to
examine how the molecules in DOC behave when excited by specific wavelengths of
light. When an electron of molecule absorbs energy and is excited to higher quantum
state, because the electron is not stable in the excited state, it then relaxes to its ground
state quickly, emitting fluorescence. Because the excitation and emission wavelength are
specific for particular molecule, it’s easy to characterize the composition by the
fluorescence information. Fluorescence is measured by spectrofluorometer (Shimadzu
PC-5301), and three dimensional excitation emission matrices (EEMs) can be acquired
by adding a series of fluorescence emission spectra by continuously varying excitation
wavelengths (Lochmuller et al. 1986; Coble et al 1990). All the EEMs were corrected for
inner filter effects and standardized to quinine sulfate equivalent intensity following the
methods of Osburn et al. 2011. Different peak areas in the EEMs can be identified and
characterized by comparing the excitation/ emission value. We use parallel factor
analysis (PARAFAC), one of the popular methods to identify DOC origin, functional

groups, complexation with other molecules, etc. Overall, we can use EEMs to identify

16



fluorescent moieties that would interact at wavelengths of interest, and also use EEMs to

examine any changes over time during experiment.

3. Results

3.1 DGM production under different light sources and optical bandpass filters by

using Suwannee River NOM

Cumulative DGM production as a function of both wavelength and time are shown
in Figure 6. With two hours dark purging, the solution demonstrated nearly zero DGM
formation for 20 minutes, indicating that all the existing DGM in the solution had been
purged out of solution and there was little or no mercury reduction at the beginning of the
light exposure. All three sets of data collected over 8 hours of irradiation showed stable
and continuous increase in DGM formation over time. Of the 8 different wavelengths
tested, the 289 nm solution generated the highest DGM production at almost all times.
The average production over 8 hours was 4000 pg (n=3) for the 289 nm solution, which
accounts for about 2.9 % of total 140 ng Hg contained in each 35 mL experimental
vessel. The 330 nm solution produced the second highest DGM, in which the 8-hour
average was 3000 pg and accounts for 2.1 % release of all the mercury in solution. The
370 nm and 390 nm solutions produced 2100 and 1400 pg over the incubation time and
accounts for 1.5 % and 1 %, respectively, of total mercury in solution. For visible light
data, the DGM production was smaller than UV light data. The 410 nm and 460 nm
solutions showed a similar pattern with both average 1000 pg mercury production over

the experiment time. The 510 nm solution showed almost identical results as the dark

17



solution in three rounds of experiments with the average of 700 pg DGM production. The

cumulative DGM showed that DGM production increases with decreasing wavelength.
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Figure 6. Cumulative DGM production over 8 hours light exposure using
different optical bandpass filter with Suwanee River NOM (DOC 6.34mg/L) and
Hg 3.96 ug/L.(A), (B), and (C) represent 3 rounds of experiments under the
same condition settings. Red line represents the solution underwent the shortest
wavelength of light exposure and grey line represents the solution in dark control.
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The averaged transmitted light intensity measured after the optical bandpass
filters ranges from 115 mW/cm? s to 11400 mW/cm? s (Figure 7) with 289 nm filter
having the lowest transmitted light intensity and visible light with 510 nm filter having
the highest transmitted light intensity. UVA with different filters have about the same
range of energy with UVB with 289 nm filter. Visible light passing through filters has
much higher transmitted light intensities than UV lights. On the other hand, absorbed
energy, ranges from 16 W to 455 W over 8 hours exposure, doesn’t show as much
difference as transmitted light between visible and UV light. Generally speaking, the
absorbed energy increase as the filter wavelength increases. However, the 460 nm

solution is an exception, it absorbs the greatest energy at all times.
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Figure 7. Suwanee River DOC solutions’ (A) transmitted light irradiance measured for
UVB, UVA, or VIS lamps through bandpass vilters, and (B) absorbed light intensities
calculated by values in “A” times absorptance, fraction absorbed, and exposure time.
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3.2 DGM production under different light sources and optical bandpass filters
using Nordic Reservoir NOM

Two rounds of experiments using Nordic Reservoir NOM were collected and
exhibited in Figure 8. Similar to Suwannee River DOC solution, both sets of data
revealed DGM formation continuously increasing over 8 hours of the experiment. The
289 nm solution again generated the highest DGM at all times with the 8-hour average of
8200 pg (5.9 % of total 140 ng Hg in solution). The other solutions showed almost the
same trend as the Suwannee River solution, but only 460 nm solution is an exception
(Table 1). The 460 nm solution produced 4100 pg and 5600 pg DGM for each round of
experiment and the DGM were higher than 410 nm, 390 nm, and 370 nm solutions. The
possible reason why DGM production for 460 nm solutions are higher than UVA
solutions will be discussed in next section. Dark solution showed consistently the lowest
DGM production for both rounds. The cumulative DGM showed that DGM production
increases with decreasing wavelength over time (with only 1 exception- 460 nm filter

solution).
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Table 1. DGM production and percentage of total mercury
in the solution.

DOC type and Total Hg Light Filter central Cumulative DGM DGM production over
concentration (ng/L) source wavelength DGM (pg) Standard total mercury in the

(mg/L) (nm) Error solution (%)
Suwannee 4000 Dark®er=e 700 60 0.5
634 Visibleavsrage 51 O 700 55 05

Visible®re* 460 1000 48 07
Visible®erse 410 1000 110 0.7
UVA=ersze 390 1400 46 1
UVA=ersoe 370 2100 120 1.5
UVA=verace 330 3000 130 2.1
UVBeese 289 4000 420 29
Nordic 4000  Dark" 2200 270 16
11 1 Vlsible]sl round 510 2200 1 6
Visiple'ems 460 4100 2.9
Visible's o 410 3400 24
Visib|e2nd round 51 O 3200 23
Visiblg2 eund 460 5600 4
Visiblg2™ round 410 3800 27
UVA=ersce 390 4400 300 3.1
UVA=verace 370 4900 210 35
UVA=ersoe 330 6700 310 48
UVB=ereoe 289 8200 730 59

By using different DOC sources, we can observe that UV wavelengths produce
higher DGM compared to visible wavelengths. The averaged transmitted light intensity
measured after the optical bandpass filters are about the same for UVA and UVB light. A
replacement lamp installed before Nordic Reservoir DOC’s 2™ round experiment
produces a higher intensity of visible light than the previous lamp. The transmitted and
absorbed energy for each light source and solution are shown in Figure 9. The transmitted
light ranges from 112 mW/cm? s to 40000 mW/cm? s, and absorbed energy ranges from
15 W to 910 W over 8 hours exposure. Absorbed energy show that UVA solutions have
almost identical absorbed energy with 289nm solution. The 460 nm solution, like
previously results observed for the Suwannee River solutions, still absorbs about the
largest absorbed energy among all the solutions. Generally speaking, the absorbed energy

increases as the filter wavelength increases.
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Figure 8. Cumulative DGM production over 8 hours light exposure using
different optical bandpass filter with Nordic Reservoir NOM (DOC 11.1mg/L)
and Hg 3.96 ug/L. (A) and (B) represent 2 rounds of experiments under

the same condition settings. Red line represents the solution underwent the
shortest wavelength of light exposure and grey line represents the solution in
dark control.
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Figure 9. Nordic Reservoir DOC solutions’ (A) transmitted light irradiance measured for
UVB, UVA, or VIS lamps through bandpass vilters, and (B) absorbed light intensities
calculated by values in “A” times absorptance, fraction absorbed, and exposure time.
Visible light was changed before the second round and thus had two values.
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3.3 DGM production over absorbed light

Since the transmitted and absorbed energy are different for all solutions, it would
be inadequate to compare different DGM production without considering how the
solution interacts with the light. Therefore, we normalize the cumulative DGM data by
calculating the phonetically generated DGM emission per unit of absorbed energy. The
DGM production of each solution minus DGM production of dark experiment is divided
by the absorbed energy, and thus we got the photoefficiency for all the samples (Table 2).
Among all solutions, because the 289 nm solution was able to produce the highest DGM
of 4000 and 8200 pg over the 8 hours with the smallest absorbed light, and therefore, its
photoefficiency is the highest. Generally, as the wavelength increases, the
photoefficiency decreases (Figure 10). This result provides us a stepping-stone for future

research to predict mercury emission given a set of optical conditions.
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Figure 10. The average photoefficiency (mercury emission over absorbed light)
under different filters with (A) Suwannee River DOC solutions and (B) Nordic
Reservoir DOC solutions.
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3.4 Excitation Emission Matrices (EEMS)

The EEMs for both DOC solutions before and after adding mercury (Figure 11)
show two main peaks regions for both solution are near excitation/emission = 250/460
nm (the highest peak) and 325/450 nm (moderate peak). Suwannee River solution had
higher peak height than Nordic Reservoir solution while Suwannee River solution’s DOC
concentration is lower than that of Nordic Reservoir solution. After adding the mercury,
both solutions demonstrated the decreasing of both peak heights. Mercury complexation

seems to quench the fluorescence in both DOC solutions.
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Figure 11. The Excitation Emission Matrices (EEMs) for Suwannee River DOC

solution (A) before and (B) after adding mercury. Nordic Reservoir DOC solution
(C) before and (D) after adding mercury.
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After light exposure, all solutions were measured and displayed in Figure 12 and 13. For
Suwannee River solutions, the EEMs seems to increase in 325/450 nm peak area (except
410 nm solution), and the 250/460 nm peak shifted a little to higher emission wavelength
and the peak area became a little smaller after light exposure. For Nordic Reservoir
solutions, the 250/460 nm peak shifted a little and increased to higher emission
wavelength for solutions after experiment. The 289 nm solution exhibited increase in

both two main peaks, but all other solutions seems to decrease in the 325/450 nm peak.
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Figure 12. The Excitation Emission Matrices (EEMs) for Suwannee River DOC
solution before and after light exposure.
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Figure 13. The Excitation Emission Matrices (EEMs) for Nordic Reservoir DOC
solution before and after light exposure.

4. Discussion

4.1 DGM emission over time and DGM emission over absorbed energy under

different types of light, filters, and DOC sources.

The influence of light on mercury photoreaction can be examined through mercury
emission over time (DGM emission rate) and mercury emission over absorbed light,
photoefficiency. The total results of all the experiments are shown in Table 2. | shall
analyze the data in the following ways (1) DOC role in mercury photoreduction, (2)

different light intensities, (3) DGM production rate, and (4) DGM light efficiency.
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Table 2. Comparison of cumulative DGM production, DGM production rate and

Photoefficiency.

DOC type and Total Hg Light Filter central Cumulative Absorbed DGM Photo-

concentration (ng/L) source wavelength DGM (pg) light production efficiency

(mg/L) (nm) (W) rate (pg/L min) (pg/W)

Suwannee 4000 Dark®ere® 700 42

6.34 Visible**2e 510 700 460 42 0
Visiblg?eee 460 1000 570 59 0.53
Visible®®e® 410 1000 92 59 3.3
UVAzwerage 390 1400 29 84 24
UVA=ereee 370 2100 23 120 61
UVAzwerae 330 3000 18 180 130
uvpB#eee 289 4000 16 240 210

Nordic 4000 Dark?e=e® 2200 130
11 Visiblg'st ™ 510 2200 290 130 0.12

Visiblg = 460 4100 330 240 57
Visibleg = 410 3400 57 180 13
Visible®™ ™™ 510 3200 910 190 0.79
Visible®™ ™™ 460 5600 900 330 3.5
Visible>™ ™™ 410 3800 400 230 33
UVAzverase 390 4400 19 270 130
UVA?zverase 370 4900 17 290 170
UVAzereee 330 6700 15 400 300
uvBereee 289 8200 15 490 400

(1) DOC role in mercury photoreduction

Contrary to O’Driscoll’s results in 2003, my testing data showed that there was no
lag-time between light exposure and mercury photoreduction. For both DOC solutions,
the data showed DGM production for dark solutions are not zero, which means the
solution itself reduces mercury without invoking photochemistry. Previous research
showed that Hg(I1) can be reduced by humic substances in the water (Allard and Arsenie
1991) and oxidation was not obvious in dark solution (Lalonde et al. 2004).

Suwannee River DOC solutions, with lower DOC concentration, had generally
lower cumulative DGM production over 8 hours experiment than that of Nordic
Reservoir solutions. The DOC concentration of Nordic Reservoir solution is about 75%
higher than that of Suwannee River’s solution, however, the DGM production are about 2

to 4 times higher. The DOC in the solution should have enough bonding site for mercury
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to complex with because DOC concentration are at least 20000 times higher than
mercury concentration (DOC is 0.53 mM for Suwannee River NOM and 0.93 for Nordic
Reservoir NOM while mercury is 0.02 uM). Among all the functional groups in DOC,
previous research showed that mercury prefers to complex with DOC’s thiol group first
(Xia et al. 1999, Hesterberg et al. 2001, Ravichandran 2004, and Skyllborg et al. 2006)
and then other functional groups like carboxyl group. Mercury complexed with thiol
group would also exhibit higher reduction rate for mercury than the other functional
group in DOC (Xia et al., 1999, Hesterberg et al., 2001, Ravichandran 2004, and
Skyllborg et al., 2006).

Other researchers report that mercury would mostly bind to the carboxylic
functional groups or phenolic groups because these groups are the most abundant in
DOC. The thiol group, although has the highest bonding preference for mercury,
accounts to very small portion in DOC (Suwannee River NOM has 0.65% (w/w) sulfur
content), and thus may not be the most important factor in reducing mercury. The
stability constant measured for mercury to complex with the whole humic substance is
much lower than the stability constant of mercury to complex with thiol or sulfur
containing group (Chai et al. 2012) If this is true, then we can consider all the difference
between two DOC solution are mainly from the concentration difference and the most
abundant groups’ characteristics in the DOC.

According to Haitzer 2002, if Hg/DOC ratio is approximately lower than 1 ug of
Hg/1 mg of DOC, mercury will be bond to DOC strongly. If Hg/DOC ratio is more than
10 ug of Hg/1 mg of DOC, mercury boding would be weaker. Both sets of Hg/DOC

ratios in Table 2 are below lug of Hg/mg of DOC, but Suwannee solutions” Hg/DOC
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ratio was much closer to 1ug of Hg/lmg of DOC ratio, which mean Suwannee solutions
should form stronger Hg-DOC boding and thus should have stronger mercury
photoreduction. Nevertheless, the two DOC solutions have about the same order of
Hg/DOC ratio, which would probably have similar concentration effect for mercury
reduction.
(2) Different light intensities

Because we happened to change the visible light bulb for the last round of
experiment, it provided us with a chance to examine the influence of light intensity in the
reaction. The new visible light bulb’s transmitted light intensities were higher than those
of old one. As a result, the absorbed light intensities and cumulative DGM were higher.
The transmitted light increase 3 to 7 times higher and the absorbed light increase almost
correspondingly, but the cumulative DGM production increased only 12% to 45% more.
In 2011, Oh and Kim measured the DGM production rate under three different UVA and
UVB light intensity. Oh’s data showed that the rise in light intensity would also increase
the DGM. In their research, the rise of their UVA light intensity from 0.5 to 3 mW/cm?
resulted in cumulative DGM production increment from 4.41 to 7.99 ng/L under 6 hours
exposure. Their UVB light intensities rise from 0.02 to 0.2 mW/cm?® and their cumulative
DGM production increment from 9.78 to 24.79 ng/L for the same period of time
exposure.

Therefore, both our data and Oh’s showed the stronger intensity of light, the higher
the DGM production, but the cumulative DGM production won’t increase linearly with
light intensity (Figure 14). Our absorbed light intensity provides us a good way to explore

this issue. For all three visible light solutions, if we use the old light bulbs of
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absorbed/transmitted light intensity ratio to expect the absorbed light intensity using new
light bulb, the absorbed light intensity should be higher. The result means that the
increasing transmitted light couldn’t be absorbed at the same proportion by the solution.
Further studies may be conducted to check if all other the small wavelength of light in

UV range would follow the same trend showed in Figure 14.
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Figure 14. DGM production increase ratio with the increase of light intensity.

(3) DGM production rate

Calculating the cumulative DGM production over solution volume and then
dividing the result by 8 hours of exposure time, we can calculate a DGM production rate
(Figure 15). As wavelength increases, DGM production rate decreases. The 460 nm

solution rate was higher than we would anticipate in the overall trend. From table 2, we
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observed that 460 nm solution absorbs almost the highest energy even though 510nm
received the highest transmitted light. A previous study found that organic material’s
light absorption is largely independent of concentration (Stevenson 1994) and the
absorption of long wavelength of light (> 350nm) would increase because of
intramolecular charge transfer interaction within DOC’s hydroxyl-aromatic donors and
quinoid acceptors (Del Vecchio and Blough 2004). Del Vecchio used laser light 460 nm
and 532 nm and found these lights would results in the solution absorption loss and
photobleaching, not only at the laser wavelength but also at 300 nm. From their research,
absorption change for SRFA and SRHA (Suwannee River fulvic acid and humic acid,
which are the main composition for our Suwannee solution) were similar for 460 nm
laser light and 510 nm laser light even the 460 nm light is much weaker than 510 nm light
(460nm is 10 mJ/pulse and 510 nm is 532mJ/pulse). This research helps us explain why
the 460 nm solutions can absorb the highest light (even though the 510 nm has the
highest transmitted light). In addition, it also help us explain why 460nm solutions have
higher DGM production and higher DGM production rate than 410 nm, 390 nm and 370
nm solutions in our Nordic solution results. Intramolecular charge transfer interaction
enable the DOC to transfer the light energy from the chromophores that are far away
from the mercury along with the long carbon chain to mercury binding area and then

reduce mercury.
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Figure 15. DGM production rate for all data sets.
(4) DGM photoefficiency

DGM photoefficiency increases with the decreasing of light wavelength for both
Suwannee and Nordic solution. Our results showed 289 nm solutions have 1-3 orders of
magnitude higher DGM photoefficiency than visible light solutions and have about the
same or 1 order of magnitude higher than UVA solutions. The Suwannee 510 nm
solution doesn’t show significant DGM production compared to the dark solution and
thus the photoefficiency is 0. It doesn’t mean visible light at 510 nm range will not
photoreduce mercury, but just because we couldn’t differentiate it under the constraint of
our detection limits. Nordic Reservoir solutions have a few times higher photoefficiency

than that of Suwannee River solutions, which is not proportional to the DOC
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concentration difference (75 % increase from Suwannee solution) (Figure 16). The
photoefficiency difference between the two DOC solutions becomes larger with the
increasing wavelength. Since UVB 289 nm light has the highest photoefficiency and
triggers mercury photoreduction most effectively, it might decrease the influence from
DOC concentration. On the other hand, the longer the wavelength lights are not as strong
as UVB in reducing mercury, and the DOC structure and concentration would be a more
important controlling factor. Other possibilities include the stronger absorbtion of UVB
or the binding site of mercury compared to chromophore.

Increasing the light intensity for Nordic Reservoir solutions results in the decrease
of 460 nm and 410 nm solutions’ photoefficiency but increase of 510 nm solution’s
photoefficiency. Apparently, increased light intensity should decrease the photoefficiency
from our previous discussion that the higher transmitted and absorbed light won’t reveal
in the increase of DGM production accordingly. For the 510 nm solution, a possible
explanation might be because the original 510 nm photoefficiency is too low and the
increase of light finally increases the DGM production enough to be measurably higher
than the dark solution.

Oh’s data also showed that UVB has a higher light efficiency than UVA
(calculating the DGM production over light intensity). Because Oh’s water samples were
collected from South Korean field sites, it would be inappropriate to use our absorbance
to calculate absorbed energy for them. Amyot et al. (1997a and b) concluded that UVB
accounts for 64-97% of total DGM production in Arctic lakes under low DOC
concentration. Both of these results agree with our conclusion that UVB has higher

photoefficiency than UV A and visible light.
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Figure 16. Photoefficiency for all data sets.

4.2 Relationship between DGM production and DOC absorbance change

Since mercury binds to DOC in the water and undergoes photoreduction,
measuring DOC absorbance can provide more clues for DOC characteristics and light’s
influence. Figure 17 compares the pre-exposure DOC solution and post-exposure 289 nm
solution to examine the difference due to light exposure. The DOC absorbance remains
almost constant above spectrum of 400 nm and increases at wavelengths in the UV range.
DOC absorbs UV light more effectively than the visible light spectrum and thus has
larger capability to transfer energy to the sorbed mercury. This explains despite the low
intensities of UV lights, UV light can still produce more DGM than visible lights. On the

other hand, even though 510 nm solutions absorb 2 orders of magnitude higher energy
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than UVB, most of the absorbed energy is not sufficiently transmitted to regions where
the photobleaching occurs, and thus where the mercury reduction occurs. From Figure
17, we can also observe two things: first, the Suwannee River solution absorbance is
higher than Nordic solution. Because Suwannee DOC concentration is lower, we then
know Suwannee NOM can absorb considerably more light per unit of carbon and
Suwannee might have higher densities of chromophores per unit of carbon. Secondy, the
Nordic Reservoir solution underwent greater absorbance change than Suwannee River
solution, which hinted that Nordic Reservoir is more susceptible to photobleaching.
There is no research that proves the bleaching would result in the mercury reduction, but
the electron release when bond breakage then reduce the mercury can be thought as a
possible way to connect the greater absorbance change in Nordic Reservoir samples and
mercury reduction. The absorbance change helps us explain why Nordic Reservoir can
have higher DGM production and photoefficiency per unit of DOC concentration of

Suwannee River DOC.
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Figure 17. Absorbance change for two DOC solutions. (A) in normal scale and
(B) in logarithm scale in y-axis.
Calculating the change in absorbance due to the light exposure, we can explore the
magnitude of absorbance change as a function of exposure wavelength (Figure 18). The

289 nm and 330 nm solutions had the highest absorbance change for both DOC solutions.

The 460 nm solutions had the 2" or 3" highest absorbance change, that supports why 460
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nm solutions would have higher DGM production than 410 nm and 390 nm solution. The
higher absorbance change indicates 460 nm was bleached more by higher absorbed

energy and intramolecular charge-transfer interaction.
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Figure 18. Absorbance change (1-fraction of original absorption). (A) Suwannee
River DOC solutions. (B) Nordic Reservoir DOC solutions.
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4.3 Excitation Emission Matrices (EEMs)

Parallel factor analysis (PARAFAC) is used to identify the fluorescent component
in the DOC. Research has identified the positions of the most common fluorescent
moieties in the DOC on an EEM (Ishii et al. 2012, Fellman et al. 2010, Stedmon 2003,
and Coble 1996). Table 3 lists the related peak location in the EEMs that were confirmed
in the previous studies. Comparing the component peak location, Suwannee River and
Nordic solutions are dominated by A and C peaks, which represent terrestrial humic
substances originating from vascular plants. The Nordic Reservoir solution before
experiment showed a very small B peak (aromatic amino acid) but the peak disappeared
after light exposure for all solutions. Since the initial peak is very small, we can’t be sure

that the Nordic Reservoir contains amino acid.
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Table 3. Major fluorescent peaks of aquatic DOC in the EEMs.

Peak Excitaion Emission
(nm) (nm)
A 260 380-460 UVC terrestrial humic. High molecular
weight and aromatic humic.
B 275 310 Tyrosine (aromatic amino acid)
C 320-360 420-460 UVA terrestrial humic. High molecular
weight humic.
M 312 370-410 UVA marine humic.
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Suwannee River humic acid (SRHA) has two main peaks at 261/457 nm and
325/452 nm while Suwannee River fulvic acid (SRFA) has two main peaks at 245/445
nm and 320/443 nm (Her et al. 2003). The DOC composition will have positive
correlation with the EEMs’ peaks existence, however, we don’t know if the concentration
of certain functional group would also have linear relation with the peak values. For the
following discussion, we assumed the function group would influence the peak height in
proportion with their quantity in the DOC. Because our Suwannee River NOM seems to
have a higher peak at the emission wavelengths for humic acid (261/457nm), we suspect

that Suwannee River NOM has higher portion of humic acid than fulvic acid (Figure 19).
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Other studies have also presented EEMs pattern for Nordic Reservoir fulvic acid and
humic acid (Mobed et al 1996). Their EEMs demonstrate Nordic Reservoir fulvic acid
would have peak at 320/450 nm and 360/470 nm and Nordic humic acid would have peak
at 300/470 and 370-410/470-490 nm, and our Nordic Reservoir NOM seems to be more
similar with their fulvic acid. Hence, our Nordic Reservoir NOM contains more fulvic

acid than humic acic, and Suwannee River NOM is the opposite.
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Figure 19. Suwannee River NOM solution EEM compared with Suwannee River
Humic Acid (SRHA) and Suwannee River Fulvic Acid (SRFA).
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Figure 20. Nordic Reservoir NOM solution EEM compared with Nordic Reservoir
Humic Acid reference (NAHAR) and Nordic Reservoir Fulvic Acid reference
(NAFAR).

The functional group’s difference might contribute a portion effect other than DOC
concentration in DGM production. Significant fluorescence decreases in the EEMs were
observed when mercury complex with the DOC (Chai et al. 2012), and our EEMs also
showed a fluorescence decrease after adding mercury to the two DOC solutions. Chai
pointed out that fulvic acid, having higher carboxylic group ratio, has much higher
mercury complexing capacity and stability constant than humic acid. Combining Chai’s

conclusion that fulvic acid is more important in complex with mercury and our finding
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that Nordic Reservoir solution has higher fulvic acid while Suwannee has higher humic
acid, we hypothesize that the reason why our Nordic solution increase DOC
concentration 75% but can increase DGM 2 to 4 times higher is because Nordic
Reservoir NOM contains higher fulvic acid content. The explanation for DOC
composition by examining the EEMs should later be evaluated by other methods to test

this hypothesis.
4.4 DGM Kkinetic rate constant

Both Qureshi et al. 2010 and O’Driscoll et al. 2006 had DGM pseudo first order
rate constant kr values for around 0.15- 0.93 h™. Our results show kr ranges from 2.19*
10° to 2.7*10* h™. The reason why our kr values are 3 to 4 orders of magnitude lower
than previous data might have two explanations. First of all, our original reducible
mercury is 3 orders of magnitude higher than their natural ocean, river, or lake waters.
Previous research observed DGM production plateau in DGM production graph, but our
DGM emission seemed still to increase steadily. During our experiment time, we only
photoreduced a small portion of mercury in the solution, and thus our kr are all small.
Secondly, the lights they use are all wide band of UVA and UVB light while we are using
a small fraction of UVA and UVB light. Our testing experiments (see supporting
information) demonstrate that UVA and UVB light without filter would produce higher
DGM. The rate constant kr, which doesn’t take into account the light intensity but only
calculating the total mercury in solution and DGM production over time. Thus, rate
constant would be higher for wider band spectrum of light than narrow wavebands of

light.

47



4.5 Predicting natural condition by using photoefficiency calculations

From the experimental results, we obtained photoefficiency values for light ranges
from 289 nm to 510 nm. It would be an exciting test if we can use our result and apply it
to predict natural water mercury emission by combining a best fit for photoefficiency
trend with incident solar information. The two DOC solutions we used are natural organic
material (NOM), which are derived from natural waters and thus the characteristics
should not be too different than other DOC existing in other water bodies. There were
two fit curves for Nordic Reservoir solutions because Nordic Reservoir solutions’ visible
lights were different. We originally used power and exponential trendline to fit the
photoefficiency curve because the light absorption by DOC is believed to have
exponential increase when decreasing wavelength. However, the photoefficiency values
differ greatly in UV and visible light range might suggest the photoefficiency would not
behave similarly in these two regions. We can observe in the exponential and power fit
curve light near 200 nm would have 5 orders of magnitude higher photoefficiency than
light near 400 nm, and these discrepancy among the different spectrum might not reveal
the real condition. Therefore, two separate linear treadlines were applied to the
photoefficiency in UV and visible range. RTBasic (Biospherical Instruments Inc.) was
used to model the specific date’s solar irradiation. The ozone layer information for certain
date in the model is obtained from NASA Total Ozone Mapping Spectrometer website.
The estimated DGM production is calculated by solar irradiance intensity at that date

times the fitted photoefficiency curve (Figure 21).
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Figure 21. Photoefficiency fit curve and predicting DGM production.

There are three main factors that would influence DGM production when we

collected data: mercury concentration, light source type and intensity, and DOC type and

concentration. To make our model easy to compare with previous data, | simplified the

situation by the following assumption. First, 1 assume all types of the DOC behave

similarly for different water columns and the DGM production is proportionally related to

the DOC concentration. Second,

49

I assume the DGM production would have linear



relation with the mercury concentration in solution. The first assumption is created
because we haven’t had a good way to quantify different DOC in the model at this point.
The second assumption is necessary since the mercury concentration in our solutions was
considerably higher than natural waters. I compared our predicting DGM values with
measured DGM values from Lake Giles, PA (Peters et al. 2007). Since our solutions
have extreme high mercury and DOC, linear adjustment for our predicted data are shown
in Table 4. Peters showed 1.5 mg/L DOC treatment solution had DGM emission values
ranged from 0.8 to 2.3 ng/m?h, while our prediction ranges from 1.37 to 4.42 ng/m? h for
exponential fit model, 1.23 to 2.19 ng/m? h for power fit model, and 1.11 to 1.81 ng/m® h
for linear fit model. For 2.5 mg/L DOC treatment, their data ranged from 0.19 to 2.5
ng/m®h and our prediction ranges from 2.28 to 7.37 ng/m?h for exponential fit model,
2.05 to 3.65 ng/m*h for power fit model, and 1.85 to 3.02 for linear fit model.

Table 4. Photoefficiency model apply to the same situations with Peters et al.
2007 research.

Photoefficiency model prediction Adjustment Adjustment Adjustment
fit method (ng/m? h) [Mercury]  [DOC] [DOC]
to1.8 ng/L to1.5mg/L to 2.5 mg/L

Exponential
Suwannee 41500 18.7 442 7.37
Nordic (old) 22500 10.1 1.37 2.28
Nordic (new) 49900 224 3.02 5.04
Power
Suwannee 11500 5.19 1.23 2.05
Nordic (old) 36000 16.2 2.19 3.65
Nordic (new) 25000 1.2 1.52 2.53
Linear
Suwannee 10500 470 1.11 1.85
Nordic (old) 30000 13.4 1.81 3.02
Nordic (new) 27000 12.4 1.67 278
Peters et al. 2007 0.8-2.3 0.19-2.5
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The exponential fit model all seems to predict higher values than that of power fit
and linear fit model, but we can’t conclude the exponential fit curve is wrong since our
parameter to make the model are not comprehensive. We need more accurate adjustments
combining like mercury concentration, DOC structure and concentration. The linear fit
curve seems to reveal the true condition more precisely with only one data locates out of
the real value range. Consequently, with only a few conditions we possess to create the

model, linear fit model might be the best solution to predict the real situation.

Our model also showed that the DGM emission mostly originates from UVA range
while UVB produces very small portion of DGM. The reason is because ozone layer
attenuates most UVB, and thus almost no UVB reaches the ground. We know from our
previous results that UVB can produce the highest mercury emission, but in natural
condition, UVA, with the strong photoefficiency and relative bigger amount quantities,

accounts for the majority part of DGM production.

Overall, our predictions are very close to natural DGM production value, and the
reason would because we consider the two most important factors: light and DOC. More
parameters, like halogen, pH, other dissolved ions, temperature, will need be consider to
later making this model more accurate. All the model calculation will be provided in the

supporting information.

5. Conclusion

DGM productions from Suwannee and Nordic DOC solutions had been examined
by using three light sources with optical bandpass filter. The DGM production increases

as the wavelength decreases for most of the experiments (460 nm solution using Nordic
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DOC is the only exception). DGM production normalized by absorbed light showed the
photoefficiency, which increases at shorter wavelengths. This study provides the first
calculation of photoefficiency for discrete wavebands from 289 nm to 510 nm. The 289
nm solution possessed the highest photoefficiency and this result helps to solve the
existing question whether UVB is the most important trigger in mercury reduction.

Evaluation of light absorbance revealed that visible light passing through 460 nm
had the highest absorbed energy and 3™ highest absorbance change, which is the result of
intramolecular charge transfer interaction within DOC’s hydroxyl-aromatic donors and
quinoid acceptors. This finding explained why 460 nm light produces higher DGM than
smaller wavelength of visible light and some UVA lights. The excitation emission
matrices (EEMs) demonstrate that the DOC solutions are composed of terrestrial humic-
like material and the solutions underwent little changes over 8 hours light exposure.
Using parallel factor analysis (PARAFAC) to compare our EEMs with previous EEMs,
we recognize that Nordic Reservoir NOM contains higher concentration of fulvic acid
and thus have greater capability to complex with mercury. The structure difference, aside
from DOC concentration, makes Nordic Reservoir NOM have higher mercury reduction
ability than Suwannee River NOM.

Finally, utilizing the best fit of photoefficiency and solar irradiation information,
we can create a model to predict DGM production in certain date. The model can predict
values that are closed to the previous record values by only considering two factors.
However, our model is still too simplified and is just a stepping stone for future research.
More parameters and adjustment will need to be considered to make the model more

comprehensive and applicable to predict different natural water columns.
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Chapter 3. Supporting information

The results shown in the Chapter 2 are the most important emphasis of this
research. Nevertheless, lots of information such as light sources’ spectrum, DGM
production and photoefficiency for every two hours, Excitation Emission Matrices peaks
values, and model calculation would be presented here. Some testing DGM production
under different mercury and DOC concentration and the predicting model calculation

would also be included.
3.1 Light source spectrum

All the light sources were measure by USB 2000+ spectroradiometer, and all the
sources displayed a broad band of spectrum (Figure 20). If we didn’t utilize optical
bandpass filter, then we couldn’t make solid conclusion for each light since they all

contain a portion of other light sources.
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Figure 22. Light source spectrum for UVB, UVA, and visible light.

3.2 Detailed DGM production, absorbed energy, and photoefficiency discussed in

Chapter 2.

Four datasets for each round of DGM collected for each set of experiment were
listed in Table 5. DGM production would generally be highest in the first 2 hours and
then the emission would decrease over time. We only measured solution absorbance after
8 hours exposure, but since there is no large difference after light exposure, | used the end
absorbance to calculate the absorbed energy for 2 to 6 hours dataset. We also can observe
the photoefficiency is normally highest in the beginning two hour and would decrease

over time.
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Table 5. DGM production for all experiments.

DOC type and Light  Filter central Cumulative DGM production
concentration source wavelength 2hours 4hours 6hours 8 hours
(mg/L) (nm) (Pg) (g (P9  (pg)
Suwannee Dark 190 350 500 650
6.34 Visible 510 190 360 500 650
Visible 460 360 600 750 920
Visible 410 260 500 740 960
UVA 390 430 850 1200 1500
UVA 370 450 1200 1600 2100
UVA 330 880 1700 2800 3200
uvB 289 1280 2100 2700 3200
Dark 160 400 440 630
Visible 510 260 340 540 620
Visible 460 440 530 760 980
Visible 410 370 630 940 1200
UVA 390 490 940 1100 1500
UVA 370 660 1400 1700 2200
UVA 330 1300 2400 2700 3000
UVB 289 1800 3100 3800 4700
Dark 210 390 610 820
Visible 510 180 380 560 800
Visible 460 320 590 820 1100
Visible 410 220 430 620 830
UVA 390 340 670 1000 1300
UVA 370 480 1000 1400 1800
UVA 330 750 1600 2200 2800
uvB 289 1300 2400 3300 4000
Nordic Dark 640 1100 1600 1900
111 Visible 510 640 1300 1800 2200
Visible 460 1300 2500 3300 4100
Visible 410 880 1700 2400 3000
UVA 390 1600 2900 4000 4800
UVA 370 1500 2800 3800 4700
UVA 330 3000 3800 5200 6400
uvB 289 3300 5500 7400 8900
Dark 770 1400 2000 2500
Visible 510 1100 1900 2600 3200
Visible 460 2000 4000 5000 5600
Visible 410 1300 2300 3200 3800
UVA 390 1500 2500 3300 4200
UVA 370 1800 3100 4200 4100
UVA 330 3000 4600 6000 7000
UVB 289 2800 4600 6200 7500
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Table 6. Photoefficiency for all experiments.

DOC type and Light  Filter central Photoefficiency

concentration source wavelength 5 poyrs 4 hours 6hours 8 hours

(mg/L) (nm) (PgW)  (pgW) (pg/W)  (pg/W)

Suwannee Visible 510 1.6 15 1.3 0.0042

6.34 Visible 460 23 1.9 1.6 0.44
Visible 410 10 10 10 3.2
UVA 390 58 57 53 27
UVA 370 77 100 91 63
UVA 330 190 180 200 140
UVB 289 320 260 220 160
Visible 510 2.2 14 1.5 -0.013
Visible 460 3.0 1.8 1.7 0.60
Visible 410 16 13 13 6.0
UVA 390 67 64 52 28
UVA 370 110 120 99 68
UVA 330 290 270 200 130
UVB 289 440 390 320 250
Visible 510 1.8 1.9 1.9 -0.047
Visible 460 2.6 2.4 2.2 0.54
Visible 410 10 10 10 0.17
UVA 390 50 50 50 19
UVA 370 88 92 85 46
UVA 330 169 180 170 110
UVB 289 330 300 280 200

Nordic Visible 510 8.7 8.6 8.1 1.0

111 Visible 460 16 15 13 6.4
Visible 410 62 59 55 18
UVA 390 340 310 277 150
UVA 370 350 330 300 162
UVA 330 800 510 460 300
UVB 289 870 740 660 470
Visible 510 1.3 0.99 0.86 0.79
Visible 460 55 56 4.5 3.5
Visible 410 56 4.6 4.0 3.3
UVA 390 160 120 97 92
UVA 370 250 200 180 160
UVA 330 600 430 360 310
UvB 289 540 430 380 340

3.3 More DGM production data from different mercury and DOC concentration

Numerous round of experiment were conducted under different mercury and DOC
condition, light intensity, and exposure time (Table 7). Two rounds of experiment were
conducted by collecting DGM every 15 to 20 minutes, and beside the collecting time,

DGM would just released to the environmental chamber. Overall, these data still showed
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photoefficiency increased with decreasing wavelength. Another finding is that narrow
band wavelength of light would have higher photoefficiency than wide band wavelength
of light. UV lights without filters can produced the highest DGM but because UV without
filter can transmit very high intensity energy, UV lights would have the lowest
photoefficiency. We didn’t take these data into the main chapter because at that time we
didn’t understand sometimes the background signal would be as high as dark and the gold
traps we used sometimes had extremely high/low concentrations. The reader is cautioned
that the recorded values might not be accurate for discussion. We later increased the
mercury concentration in solution so the background signals won’t affect the true DGM

values and we also fabricated new sets of gold traps to collect more accurate data.

Table 7 DGM production under different DOC and mercury concentration.

DOC type and Total Hg Light Filter central Cumulative Absorbed DGM Photo-
concentration (ng/L) source wavelength DGM (pg) light production efficiency
(mg/L) (nm) (W) rate (pg/L min) (pg/W)
Suwannee 100 Dark 170 9.1
2.49 Visible 510 220 15 12 33
Visible 460 210 23 11 1.8
Collecting DGM Visible 410 210 46 1 9.5
every 75 minutes. UVA 370 260 11 14 8.1
Light exposure UVA 330 240 11 13 7.0
525 mins uvB 289 420 19 23 140
Suwannee 100 Dark 910 140
2.49 Fluorescence 460 940 83 150 7.3
Fluorescence 410 1100 1.7 170 140
Collecting DGM UVA 370 1100 4.1 160 34
every 20 minutes. uvB 289 1200 0.68 190 490
Light exposure UVA none 2600 990 390 1.6
450 mins UVB none 4800 1600 730 2.4
Suwannee 0.1 Dark 910 43
2.68 UVA 330 1000 7.9 47 11
UVB 289 1100 9.8 53 20
Collecting DGM UVA none 1300 260 63 2.0
every 15 minutes. uvB none 2100 200 99 7.0
Light exposure
600 mins
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3.4 Excitation Emission Matrices (EEMS) detalil

We can obtain useful information by studying the peak values from the EEMs. The
A, B, C, M peaks are discussed in the Chapter 2, and the HIX (humification index), BIX
(biological index), M/C (carbon degraded level) etc. can also help us understand the DOC
more (Table 8). From Table 8, we can also know that all the solution after light exposure

didn’t show large difference compared to each other.
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3.5 Mercury predicting model calculation

Exponential, power, and linear fit curves for photoefficiency are shown in Table 9.
The parameters entering the RTbasic model are as follows: 41°22° N, 75°05°W, July 19,
2005 18:00:00 GMT, Ozone layer 275 DU, Surface air pressure 1000 millibars, surface
albedo at >325 nm 0.12, surface albedo at <325 nm 0.08. Total column SO, Column air
temperature offset, and total cloud optical depth are set to be 0. The reconstructed solar
irradiance (Figure 23) is then times with the photoefficiency curve at each wavelength

from 200 nm to 800 nm to obtain DGM prediction value.

Table 9. Fit curves used for photoefficiency

Trendline  DOC Trendline R2
type source equation
Exponential Suwannee y=2E+08e0-043x 0.932

Nordic (old) y=3E+06e0-029x  0.928
Nordic (new)  y=7E+06e0-032x 0.850

Power Suwannee y=4E+43x16.51 0.884
Nordic (old) y=7E+29x"10.89 0.886
Nordic (new)  y=7E+32x"12.13 0.827

Linear Suwannee
Visible y=-0.031x + 1546 0.869
uv y=-1.792x + 722.4 0.999
Nordic (old)
Visible y=-0.171x +87.29 0.955
uv y=-2.889x + 1242 0.992

Nordic (new)
Visible y=-0.0254x + 14.22 0.713
uv y=-2.889x + 1242 0.992
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Figure 23. Reconstruced solar irradiance for Lake Gile
at 1pm EST on July 19 2005.

3.6 Photoefficiency under different mercury concentration

Several rounds of experiments under different mercury concentration (with similar
DOC concentration) were conducted, which might provide another way to examine the
mercury concentration effect (Figure 24). We can observe that generally the
photoefficiency seems to increase with increasing mercury concentration, but the trend is
not very strong among the visible lights. Photoefficiency for UV lights below 390 nm

demonstrates stronger positive correlation with mercury concentration.

61



pg/W

60 1
50 1
40 1
30 1

20 1

350 1
300 1
250 1
200 1
150 1
100 1
50 1

800 1
700 1
600 1
500 1
400 1
300 1
200 1
100 1

N W e o N

[Mercury] (ng/L)

62

W
510nm P9 460nm
y = 0.0004x + 0.5494 + 11 y=00009x +0.9104
R2 = 0.19766 12 1 R2 = 0.20644 ¢
10 1
8 e
6 |
1. 4 ]
1, S .
» . . . SR L
0 1000 2000 3000 4000 o 1000 2000 3000 4000
410nm 390nm
300
y =0.0017x + 9.554 y = 0.0219x + 18.94 .
R2=0.05515 + 250 R2=0.21119
200 1
150 1
*
100 -
/
T s 507, 1
*
r r . y 0+ r . . .
0 1000 2000 3000 4000 O 1000 2000 3000 4000
370nm 330nm
y =0.033x + 18.382 6001y~ 0.0737x + 8.7053
R2 = 0.54053 . 500 1 R2 = 0.66166 .
L J
400
*
300 -
L
, 2001 .
kd
100 A
L )
- . . - . 0 . . r \
0 1000 2000 3000 4000 0 1000 2000 3000 4000
289nm [Mercury] (ng/L)
y = 0.0661x + 133.63
Re = 0.36853 . o
Figure 24. Photoefficiency under
. different mercury concentration.
*
*
L
* *
»
.. T T T 1
0 1000 2000 3000 4000



3.7 Absorbance change over 105 hours under UVA and UVB exposure.

Suwannee River NOM solutions were exposed to UVA and UVB light with or
without filter for 105 hours. Absorbance changes were measured (Figure 25-26) and
show that the change increases as a function of exposure time and that UVB can cause
more absorbance loss than UVA. Both UV light solutions with filters caused smaller
absorbance changes than light without filters. From this testing experiment, we conclude
that the DOC in solution won’t undergo too much change if the solution is exposed to
filtered light. Therefore, it’s safe to discuss our result without considering changes of the

solution’s physical and chemical properties after 8 hours light exposure.
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Figure 25. Absorbance change at specific wavelength for Suwannee River DOC
solutions after 105 hours light exposure using UVA with/without filter.
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Figure 26. Absorbance change at specific wavelength for Suwannee River DOC
solution after 105 hours light exposure using UVB with/without filter.
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