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Abstract

Influence of the Composition and Character of Dissolved Organic

Matter (DOM) on the Removal of Mercury from Surface Water in

Metal Based-Coagulation Systems

Farith Adilson Diaz, Ph.D.

The University of Texas at Austin, 2018

Supervisor: Desmond F. Lawler

Co-supervisor: Lynn E. Katz

According to The United Nations Environment Programme (UNEP),
mercury pollution still represents a major threat to human health and the
environment, mainly in regions where metallic mercury (Hg®) is used to extract
gold or where coal burning increases the emissions of mercury in the atmosphere.
In the particular case of the metallic mercury used in artisanal and small-scale gold
mining (ASGM), there is substantial evidence about the direct impact of mercury
on human health, mainly due to the inhalation of vapor mercury and the intake of
fish with high levels of methylmercury (MeHg). Once metallic mercury is dumped
into rivers and soils, this pollutant can react with sulfur reduced ligands in
sediments or can be converted to Hg(Il) and it will interact with dissolved organic
matter (DOM) in aquatic environments. Such interaction will control the fate of this
pollutant in water, as well as its toxicity and mobility downstream rivers.
Accordingly, these Hg-DOM interactions will also control the ability to remove
this pollutant during water treatment.

This research shows that out, of the different functional groups present in
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dissolved organic matter, reduced sulfur ligands (Sreq) play a key role in removing
mercury from waters with low Hg/DOM ratio. This trend is particularly evident in
waters with low in aromatic content (which translate to low DOC removal) and
high concentrations of Sreq ligands. At much higher mercury concentrations, once
the Sreq ligands are saturated with mercury, the carboxylic ligands control the
removal of mercury from solution. Under these conditions, the removal of
mercury is a function of the removal of carbon (~1:1 ratio) as all the Hg(II) ions
are bound to the all the functional groups available for Hg(II) complexation, even
binding weak ligands such as carboxylic acids. In all cases, it is necessary to
provide optimal coagulation conditions (pH and coagulant dose) to effectively

remove dissolved organic matter, and therefore associated mercury, from solution.
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CHAPTER 1. INTRODUCTION

1.1 Background

Mercury (Hg) contamination can enter water bodies from several natural and
anthropogenic sources. Of the total Hg emissions to the atmosphere, 30% comes from
anthropogenic sources, 10% from natural geological sources, and 60% are re-emissions
from soil and oceans [1]. In surface water, besides atmospheric deposition from biomass
burning [2]-[4], fossil fuel combustion [5], [6], deforestation [5], [7]-[9], forest fires
[10], and volcanism phenomena [11], other important sources of mercury include soil
weathering of mercury-bearing minerals [12], [13], soil erosion (most significant during
rainy season) [7], [11], [13], and artisanal and small-scale gold mining (ASGM) [3], [7],
[10], [14]{17]. One of the main contributors to mercury pollution in surface waters in
developing countries is from the Hg used illegally to extract gold [5], [18]-[22].

Gold mining pollution is particularly critical in Colombia, where it was reported
that more than 80% of the gold production comes from illegal mining [23]. This activity
has affected natural ecosystems in 17 of the 32 Colombian states including more than 80
municipalities [21]. A 2014 governmental study indicated that a least 20 rivers are
polluted with mercury [24], although a newer publication claims that more than 80 rivers
are impacted by this contaminant [25]. Similar Hg pollution problems can also be found
in countries like China, Peru, Ecuador, Brazil, Indonesia, The Philippines, Tanzania, and
Ghana, where tons of metallic mercury have being released to the environment as a result
of ASGM [26], [27].

While the exposure to Hg(0) vapor at ASGM sites and ingestion of fish
contaminated with methylmercury (MeHg) are the primary threats to human health in
communities affected by ASGM, the continuous consumption of food with low levels of
Hg(IT) may also contribute to the total burden that impacts human health [5], [18], [28]-

[32]. As conventional water treatment processes (i.e., coagulation, filtration, and



sedimentation) are typically employed in developing countries, it is important to evaluate
their potential for reducing Hg from drinking water sources. In these processes,
adsorption and co-precipitation are the primary removal mechanisms for heavy metals
like Hg.

In 2006, the World Health Organization (WHO) changed the guideline value for
mercury in drinking water from 1.0 pg/L of total mercury (THg) to 6.0 ug/L of inorganic
mercury (IHg) based on the effect of the inorganic mercury on the renal system in rats
[33]. This decision was also supported by the fact that organic mercury concentrations in
drinking water are expected to be negligible, and that the information available at that
time indicated that Hg contamination as a result of ingestion of drinking water was
unlikely. To date, no guidelines for organic mercury in drinking water exist, despite the
fact that the previous guideline was based on the toxicity of methylmercury [34]. A
decade later, with new information about the impact of low-level Hg exposure on human
health [29]-[32], and new techniques available to quantify Hg traces in water, it may be
necessary to review the mercury guidelines in drinking water [34], particularly in
countries where Hg pollution is already an environmental and public health concern.

Mercury removal is essential in water treatment plants serving communities in
which the only drinking water sources are rivers or lakes that are contaminated.
Certainly, this condition applies to many communities around the world, primarily those
affected by ASGM, an activity that poses a risk to the public health and to natural
ecosystems. In such communities, cost-effective and low maintenance treatment
technologies such as chemical coagulation are desired. Therefore, optimization of water

treatment processes for Hg(II) removal is necessary.



1.2 Problem Statement and Research Objectives

The fate of Hg in a given ecosystem is highly dependent on the numerous
biogeochemical reactions that control Hg speciation in natural waters. Of particular
interest with respect to drinking water sources and water treatment are the reactions
between Hg and dissolved organic matter (DOM). Although the interactions between Hg
and DOM in aquatic environments have been studied by different authors [10], [35]-[42],
the effects of such interactions in water treatment processes have not been extensively
evaluated. Considering that the character, composition, and concentration of DOM in
water sources may differ from one ecosystem to another depending on the biochemical
processes that take place in the ecosystem [43]-[45]; the behavior of Hg in the presence
of DOM appears to follow a similar pattern: Hg(II) is strongly reactive with the humic
fraction of the DOM. The humic fraction of DOM, which comprises humic and fulvic
acids, is richer in aromatic and aliphatic carbon compared to the non-humic fraction
which includes proteins, amino acids, and carbohydrates [35], [43], [46]-[49]. The humic
substances are the most hydrophobic fraction of the DOM, have a higher SUV Axs4
(defined as UV254/DOC (mg/L)) and are more amenable to removal through conventional
coagulation with metal salts [47], [48], [50]-[53].

In natural environments, it has been found that metal ions like Ni(IT), Cu(II),
Pb(II), and Hg(II) have a preferential affinity for the hydrophobic fraction of soil or
DOM [35], [52], [54]-[57]. Metal ions in water form complexes with acidic functional
groups in DOM like carboxylic acids, phenols, ammonia, alcohol, and thiols [35], but
little information is known about the distribution of these functional groups in the
structure of DOM. In soil humic substances, the molar ration between oxygen ligands and
reduced sulfur ligands was determined to be ~200:1 [58], while in aquatic
environments, carboxylic acids and phenols account for up to 90% of the acidic

functional groups in DOM [59].



In aquatic environments, it was determined that the hydrophobic fraction of
DOM is more effective in releasing Hg(II) ions from cinnabar (red HgS, Ks, = 1073¢%),
compared to the hydrophilic fraction [35], [60]. Previous studies shown that the
dissolution of cinnabar by DOM is possible due to the complexation of mercury with
reduced sulfur functional groups in DOM [35]. These reduced sulfur ligands are then
strong enough to compete with inorganic sulfide in equilibration reactions [35]. However,
the interaction between Hg and DOM also depends on the Hg/DOM ratio [35]-[37]. It
was found that at low Hg/DOM ratios (<< 1.0 pg Hg/mg DOM) Hg bound reduced sulfur
ligands in DOM, while at high ratios (e.g., > 1.0 pg Hg/mg DOM), Hg also bound
oxygen functional groups like carboxylic acids, which is more abundant than the sulfur
ligands [35], [37], [61].

Both the concentration of Hg and the composition of the DOM play an important
role in determining the mobility of Hg(II) in aquatic environments and these factors
might also influence the potential for removal of mercury in water treatment. It is not
clear, however, how the functional groups in the DOM influence the removal of this
pollutant from water. Consequently, the hypothesis of this work is that the removal of
Hg(II) from drinking water treatment with metal-based coagulants depends on the
interactions between Hg(Il) ions and those functional groups located in the fraction of
DOM more reactive to metal coagulants rather than merely to the hydrophobicity of the

DOM. To test this hypothesis, an experimental plan has been developed to:

1. Evaluate the removal of dissolved organic carbon (DOC) by alum coagulation
as a function of the aromatic carbon content in natural organic matter (NOM)
from different sources.

2. Evaluate the influence of the composition and character of dissolved organic
matter (DOM) on the removal of Hg(Il) in metal-based coagulation systems at

optimal coagulation conditions of pH and coagulant dose.



3. Analyze the interactions between Hg(II) and reactive functional groups in
dissolved organic matter (DOM) through statistical analysis, equilibrium
dialysis ligand exchange (EDLE), fluorescence spectroscopy, and jar tests

with and without a modified DOM.

1.3 Research Approach

The objectives described in section 1.2 were achieved through bench scale
experiments; measurements of Hg(Il), Al(III), DOC concentratios, SUV A»s4 values, and
fluorescence spectra; DOM and floc characterization; and statistical analysis. The

description of each objective is presented next:

Objective 1: Evaluate the removal of dissolved organic carbon (DOC) by
alum coagulation as a function of the carbon aromaticity in natural organic matters

(NOM) from different sources

The first goal of this research was to evaluate the relationship between the
aromatic content of natural organic matter (NOM) and the DOC removal efficiencies in
simulated drinking water treatment. Dissolved organic matter (DOM) solutions were
prepared from NOM with marked differences in carbon distribution and acidic functional
groups. In this research, the term NOM also includes extracted humic substances such as
humic acids and fulvic acids. The NOMs used for experimentation were obtained from
the International Humic Substances Society (IHSS) who extracted them from the
Suwannee River in the Okefenokee National Wildlife Refuge (ONWR) in southeastern
Georgia; Pony Lake — an eutrophic saline coastal pond in the Antarctica- rich in NOM of
microbial origin (no presence of terrestrial plants nearby); Upper Mississippi River in

Minneapolis; and from the Lake Hellrudmyra, a small tarn located in Oslo (Norway)



[62]. DOM solutions were characterized based on their specific ultraviolet absorbance at
254 nm (SUV Azsa), spectral slope (Se), and carbon content. The spectral slope is another
optical parameter used as a proxy for the aromatic content of water samples. A
correlation between SUV Azs4 and the aromatic content of the different DOM samples
will be analyzed, as well as the relationship between SUV A»s4 and the DOC removal
efficiencies based on the guidelines provided by Edzwald and Tobiason (1999). The
analysis of changes in SUV A»s4 after alum-coagulation will provide some insight into the
character of the DOM removed from solution. The analysis of the residual SUVA2s4
values can also provide valuable information on the most likely composition of the
residual carbon and the potential interactions between Hg(II) and functional groups

available for mercury complexation in the DOM.

Objective 2: Evaluate the influence of the character and composition of
dissolved organic matter (DOM) on the removal of Hg(II) in metal-based

coagulation systems at optimal coagulation conditions of pH and coagulant dose

Natural organic matter (NOM) from different sources were also used for this
purpose. Jar test experiments were conducted at different mercury concentrations, ionic
strength of 0.01 M, pH 6.7, and 30 mg/L of alum dose (2.6 mg/L as AI(III)) to ensure the
formation of amorphous Al(OH)3(s) precipitates. Although these NOMs were collected
from different sources, the amount of carbon is practically the same regardless of the
source of the NOM. Nevertheless, based on the source of the NOM, remarkable
differences are expected in the percentage of aromatic and aliphatic carbon present in the
NOM structure, as well as in the specific ultraviolet absorbance (SUVAxs4) values, an
indicator of the hydrophobicity of the sample. The removal of DOC and the removal of
Hg(II) will be compared based on the SUVAss4 values of the different NOMs tested.

Experiments at low Hg/DOM ratios help to evaluate the influence of Sreq ligands on the



removal of Hg from solution, and experiments at high Hg/DOM ratios help to evaluate
the role of both Seq and carboxylic acid on the removal of Hg. Analysis of the
precipitates by X-ray photoelectron spectroscopy (XPS) will provide visual evidence of

the incorporation of Hg-DOM complexes onto alum flocs.

Objective 3. Analyze the interactions between Hg(II) and reactive functional
groups in dissolved organic matter (DOM) through statistical analysis, equilibrium
dialysis ligand exchange (EDLE), fluorescence spectroscopy, and jar tests with and

without a modified DOM

An esterification process will be performed aiming to modify the properties of
selected DOMs by converting the carboxylic acids into esters. Jar test will be performed
with and without a modified DOM to analyze the effectiveness of the esterification
process and the removal of mercury in the absence of carboxylic functional groups. An
equilibrium dialysis ligand exchange (EDLE) experiment will be performed to analyze
the interactions between Hg(II) and DOM at low Hg/DOM ratios and fluorescence
spectroscopy will be used to analyze the quenching of the emission spectra of different

DOMs at high Hg/DOM ratio.



CHAPTER 2. LITERATURE REVIEW

2.1 Natural organic matter in aquatic ecosystems

Natural organic matter (NOM) in the environment is said to originate from
allochthonous and autochtonous inputs [45], [63], [64]. Pedogenic organic matter
(allochthonous) is produced by the incomplete decomposition of higher order plants and
animals by bacteria and fungi in terrestrial sources. The resultant products of this
decomposition are later leached to water sources by rainwater. Aquogenic organic
matter (autochthonous) is directly produced in water bodies through the process of
photosynthesis and decompositions of detritus (plankton, aquatic bacteria, and animal
bodies).

NOM has also been classified with respect to its solubility in water as dissolved
organic matter (DOM) and undissolved organic matter (UOM) [45]. It has been estimated
that typically about 50% of the DOM is comprised of carbon [35], [43], [65], [66]. The
main elements found in NOM, from high to low proportion, are C, O, H, N, S, and P. The
amount of carbon found in organic compounds is often referred as total organic carbon
(TOC). TOC includes both the dissolved organic carbon (DOC) — for organic compounds
passing through a 0.45 pm filter- and the particulate organic carbon (POC) —for the
particles retained on a 0.45 pm filter-. A comprehensive classification of natural organic

matter is shown in Figure 2-1.
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Figure 2-1 Classification of natural organic matter (NOM) as usually found in aquatic
ecosystems. Adapted from Pagano, Bida, and Kenny (2014).

Regarding its chemical composition, dissolved organic matter (DOM) is usually

defined as a complex mixture of aromatic and aliphatic compounds containing functional

groups of different nature [67]. In aquatic environments, DOM consists mainly of fulvic

and humic acids (~80% by weight) and a mixture of other compounds such as

carbohydrates, amino acids, and hydrocarbons (~20%) [35] as can be seen in Figure 2-2 .

Hydrophobic and hydrophilic acids are estimated to be the main components of humic

substances.
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Figure 2-2. Estimated composition of DOM in aquatic environments. Adapted from

Ravichandran (2004)

Hypothetical structures of humic substances are shown in Figure 2-3. This model

includes both the hydrophobic and hydrophilic regions and shows the abundant

functional groups present in this particular portion of the DOM. Functional groups

present in NOM include carboxylic acids, enolic hydrogens, phenolic hydrogens,

quinones, alcoholic hydroxyls, ethers, ketones, aldehydes, esters, lactones, amide, amine

[35], [45], [68], [69], and sulfur [35], [37].
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00000

Carbon Oxygen Hydrogen Nitrogen Sulfur

Figure 2-3. Hypothetical structure of humic substances as expected in natural
environments showing the portion rich in aromatic carbon (a) and the
portion rich in aliphatic carbons (b) as well as the main functional groups for
metal complexation. Adapted from: Wandruska (2000) and Leita et al.
(2009).

Of particular note is that the fulvic and humic fractions, the most hydrophobic
portion of NOM, are more likely to be removed in water treatment and are more reactive
to heavy metals in aquatic ecosystems. As a result, DOM is often classified based on the
characteristics of the hydrophobic and hydrophilic fractions including their polarity and

acid-base character as can be seen in Figure 2-4.
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Figure 2-4. Classification of natural organic matter (NOM) based on its polarity and acid-
based character. Adapted from Bond et al. (2012)

The nature and concentration of DOM in surface water varies according to the
origin of the water, the hydrological cycles of the surroundings environment, and the
season [43], [44], [50]. The concentration of DOC in surface waters can be as low as 0.5
mg/L or as high as 50 mg/L, depending on the environmental conditions and the
biogeochemical characteristics of the water sources [70]. DOC concentrations can be
particularly high after rainfall events, snowmelt runoff, or floods; reaching water sources

used for drinking water purposes [43], [71].

2.2 Hg-DOM interactions in aquatic environments

The complexity of the structure of DOM and its ubiquity in aquatic environments
make this substance an important sorbent for dissolved metals in water. Hg in water is
expected to bind to the acid sites in the DOM, specifically to acidic functional groups

such as carboxylic acids, phenols, ammonia, alcohols, and thiols [35]. Although
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carboxylic acids and phenols comprise up to 90% of the acidic functional groups,
dissolved Hg and MeHg (CH3Hg") are expected to form the strongest complexes with
reduced sulfur ligands (S:eq), such as thiols [35], [37], [58], [61], [72]-[74]. However,
when the ratio Hg/DOM is high, the number of sulfur ligands may be insufficient to
complex a significant amount of Hg [35], [72]. In fact, in unpolluted ecosystems, where
the Hg/DOM ratio is expected to be low (<< 1.0 pg THg/mg DOM), Hg(II) and MeHg
will be strongly bound to sulfur reduced ligands in the DOM [35], [37], [74]. Conversely,
at high Hg/DOM ratios (e.g., > 1.0 ug THg/mg DOM), as could be the case in polluted
ecosystems such as those impacted by ASGM, Hg(Il) and MeHg may also be bound to
other functional groups such as carboxylic and phenolic ligands [37], [61].

Carboxyl and phenol content in DOM can be quantified by titration [37], and
sulfur species can be identified and quantified using X-ray absorption near-edge structure
(XANES) spectroscopy[35], [58], [75]-[81]. Table 2-1 shows the most relevant acidic
functional groups in selected NOMs, where carboxylic groups are the most abundant

ligands for Hg complexation.

Table 2-1. Acidic functional groups in NOMs selected for experimentation

o 4. % Sred® Sred Sred Phen()lich Carboxylh
NOM Description (Sred/Stotar) (mg/g C) (meq/g C) (meq/g C) (meq/g C)
Suwannee River Fulvic Acid  53.5 4.70 0.294 2.8 11.2
Suwannee River Humic Acid 63.9 6.56 0.410 3.7 9.1
Nordic Aquatic Humic Acid 71.8 7.81 0.488 3.2 9.1
Pony Lake Fulvic Acid 68.2 394 2.461 1.8 7.1

*Manceau and Nagy (2012), Sred = Heterocyclic S + Exocyclic S. ®THSS (http:/humic-substances.org/)

In humic substances, the four major sulfur oxidation groups are sulfate ester,
sulfonate, sulfoxide, and thiol-sulfide [77]. Thiol-sulfide was lumped into a single
functional group because the Gaussian peaks resulting from the curve-fitting analysis for
thiol and sulfide groups from XANES spectroscopy were indistinguishable from each

other [77]. Nevertheless, total sulfur is a minor component of DOM. In general, it was
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determined that the total sulfur content in dissolved organic matter ranges from 0.5 to
2.0% (w/w), where reduced sulfur can make up to 70% of the total sulfur [35], [75].
Oxygen-functional groups are present at higher concentration than the S;eq ligands in
DOM (Table 2-1); therefore, it is possible that these oxygen-ligands also play a role in

complexing and mobilizing Hg from polluted ecosystems.

2.3 Mercury levels in surface water in regions impacted by ASGM

Approximately 800 tons of mercury are released annually to surface water
through the weathering of Hg-bearing minerals in igneous rocks [13]. Additionally, it was
estimated that 260 tons of this element were released to rivers in 2010 through extensive
erosion caused by deforestation [5], [13]. However, higher risk to water pollution persists
in countries affected by ASGM because the amount of mercury discharged during this
activity may easily surpass the environmental Hg released in such locations. ASGM
alone accounts for one-third of the anthropogenic Hg emissions globally [19], [82]. It is
clear that the combination of the legacy contamination associated with the tons of
metallic mercury historically discharged in soils, rivers, and streams, and the mercury
currently discharged by ASGM [9] represents a potentially large source of mercury
pollution to the communities in ASGM regions.

Mercury from ASGM can reach soil and water bodies in many ways: during the
amalgamation process and amalgam burning or purification, when it is spilled during
dredging operations, and when it is leached from inadequate tailings ponds. The latter is
possible when gold is extracted from soil and rocks [83]-[85]. Various forms of mercury
are released during ASGM operations. During the amalgamation process, the burning of
the Hg-Au complex releases several different species of mercury to the atmosphere: Hg®

(Hg vapor), Hg(I1), and particulate Hg(II) (i.e., HgO(s)) [8].
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In the case of metallic mercury (Hg?), once this pollutant reaches aquatic
ecosystems, its transformation to dissolved mercury (Hg(Il)) is a function of the physical,
chemical, and biogeochemical processes taking place primarily in bottom sediments [10],
[86]—[89]. Partitioning to sediments is a dominant process in the distribution of Hg
species into the particulate, colloidal, and dissolved phase [90]. In acidic environments,
mercury will be present as Hg(II) and therefore can be taken up by aquatic
microorganisms. At higher pH, functional groups in DOM, such as -OH and -COOH,
deprotonate allowing the complexation of Hg(Il) with DOM. As a result, the
bioavailability of free metal ions and mercury’s toxicity to aquatic organisms can be
reduced considerably, but the now formed Hg-DOM complexes will travel downstream
and thereby pollute water sources with mercury. Regardless of the mercury
concentrations in sediments, dissolved mercury levels are expected to be very low in the
water column, even during storms and wet seasons [91]. This fact suggests that, under
natural conditions (wet/dry season), the amount of dissolved mercury in the water column
is independent of the mercury concentration in bottom sediments [91], [92]. However, a
different situation might occur if dredging operations, mining activities, or any other
anthropogenic activity enhances physical erosion, because it will increase the suspended
sediments load and consequently the presence of mercury in the water column [93], [94].

Appendix A includes a literature review of some of the most relevant mercury
concentrations found in aquatic systems around the world located near gold mining
districts. Three clarifications are necessary regarding the information collected in
Appendix A. First, these concentrations were detected at specific times and locations, and
might change temporally as a function of the mining operations, the hydrologic season, or
any other physical or environmental factor. Second, with a few exceptions, for instance in
Colombia, the Philippines, Brazil, and Tanzania, it is not specified if the water bodies
listed in Appendix A are being used for drinking water intake, or any other purpose.

However, because ASGM takes place in regions where poverty is the common
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denominator, it is not surprising that miners, along with riverine villagers living around
these ecosystems, use the surface water for recreation, agriculture, fishing, and domestic
consumption. And finally, most samples were taken at depths not greater than 30 cm. As
a result, mercury concentrations at deeper levels, where intake systems are usually
located, are unknown.

Regarding ASGM, under specific circumstances, total mercury concentrations in
water have been reported as high as 5.0 pg/L in Colombia [95], 6.78 pg/L in Tanzania
[84], 7.0 pg/L in the Philippines [96], and approximately 10 pg/L in the Brazilian
Amazon [14]. In the case of Colombia, legislation establishes a maximum mercury value
of 2.0 ng/L for water bodies intended to be used as domestic water supplies [21]. Within
the United States, relatively high dissolved mercury concentrations have been reported in
areas of California (i.e., Mugu Lagoon, which is listed as impaired for mercury, and the
San Francisco Bay which is an important case of estuarine mercury contamination),
Nevada (the Carson River), Wisconsin, Minnesota, and the Northeastern United States;
these high mercury concentrations are thought to be a consequence of anthropogenic

sources (i.e., agricultural, industrial, military, and urban runoff) [52], [97]-[100].

2.4 Mercury in Colombian rivers

In the particular case of Colombia, most gold production comes from informal
and illegal mining [23], [101]. According to the Colombian government, 86% of the 58
tons of gold annually produced by the country comes from illegal mining, and 232 out of
the 1,150 rivers of the country cross heavily mercury polluted ecosystems [23]. In June
2017, water samples were retrieved from five different rivers, one swamp, and one creek
in Colombia, to determine the levels of mercury downstream of different gold mining
districts. The water bodies selected were the Magdalena River (Bolivar), the Nechi River

(Antioquia), the Atrato River (Choc0), the Quito river (Chocd), the Tutunendo River
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(Choco), the Ayapel Swamp (Cordoba), and the Villa Creek (Antioquia). Stream water
samples were collected at locations near water intake structures and other sites of
interests for dissolved total mercury (THgd) analysis following the “clean hands, dirty
hands” technique (US EPA Method 1669). The sites were selected considering the
information provided by the Colombian government related to historic discharges of
metallic mercury in gold mining [24]. These locations were also selected considering
accessibility and security concerns due to the presence of armed groups that control an
important part of the gold mining industry in the country.

Samples for THgd analysis were collected in acid-precleaned 250-mL Teflon®
bottles and filtered using a polyethersulfone (PES) filter (0.45-um) prior to preservation
with BrCl. Samples for DOC and UV absorbance were collected in 50-mL polypropylene
tubes and were filtered using cellulose acetate membrane filters (0.45-um) prior to
preservation with HCI analytical grade (only for DOC determination). According to
the Standard Methods for measurement of UV absorbance, samples should not be
acidified to pH values below 4. All samples were stored in coolers with ice packs and
express-mailed to The University of Texas at Austin (Austin, TX) for THgd and DOC
analysis and stored in a dark cold room at 4°C.

Water samples were analyzed for THgd using cold-vapor atomic fluorescence
spectrometry (CVAFS) (Tekran 2600; Tekran, Toronto, ON) following US EPA method
1631, revision E (US EPA, 2002). QA procedures for THgd analysis were maintained
through blanks (field and method blanks). DOC was determined on a TOC Lcpr/cpn
analyzer (Shimadzu) using high-temperature (680 °C) catalytic oxidation. UV absorbance
was measured at the Universidad de Medellin (Antioquia, Colombia) using a
Spectroquant® Pharo 300 (Merck). Physicochemical parameters in the water column
such as pH, total dissolved solids (TDS), and temperature were recorded in situ with a

multiparameter probe (HANNA® HI 9813-6).
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During the sampling period, an unusual rainy season was present across the
country. Therefore, the areas around most of the sampled water bodies were flooded,
especially on the Magdalena River, the Nechi River, and the Ayapel Swamp. Table 2-2
includes the results for THgd at each location, together with parameters such as DOC,
pH, and TDS. The Tutunendo River (Choco) was used as a reference site because this
river is used for tourism, and no gold-mining activity has been reported around its
watershed. Levels of THg in Table 2-2 correspond to grab samples, i.e., they reflect the

Hg pollution in the water sources at a given time and at a specific location.

18



Table 2-2. Mercury levels in water samples from Colombian rivers

Municipality i . o TDS DOC Hg
(State) Description Location T (°C) pH (me/L) (me/L) (ng/L)
. . WTP Water Intake 9°13” 30.7082” N
Magangué (Bolivar) Magdalena River 740 44> 43 277" W 30.2 7.0 103 1.38 54.543.3
8°17°59.43” N
WTP Water Intake 750 8° 45.75” W 32.8 8.6 71 1.74 85.0+£3.5
Ayapel (Cordoba) Boca de Caiio Barro ,
. 8° 18’ 47.688” N
entering to the Ayapel 750 7 7 757 W 32.2 7.5 80 2.47 473.5+16.9
Swamp
Tutunendo River (Site
S 5°44°31.6” N
Re.fe?ence- No mining 76° 32° 0.29” W 253 7.6 18 - <0.80
activity)
s . ~300 m u/s Hospital water . , -, "
Quibdo (Chocs) intake on the >4l 42968 N 25.4 6.3 14 i 147.0£9.9
. 76° 39’ 42.887° W
Atrato River
Quito River, ~200 m d/s 5°31°46.782” N "
dredging operation 76° 45 2.328” W 26.9 >:2 52 2.05 208.0£17.2
WTP Water intake 7°35%27.522” N
El Bagre (Antioquia) (Quebrada Villa) 74° 47 11.592” W 279 6.3 19 1.03 40.2+3.2
Nechi River 7036 5.378" N 28.5 6.4 39 1.58 485.0445.2

74° 48' 51.516" W
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Values of Hg from Table 2-2 are also included in Figure 2-5, which shows the
estimated discharge of metallic mercury (Ton/yr) in soil and water during gold extraction. As
Figure 2-5 shows, Hg pollution is widely extended across the country, particularly in the
states of Antioquia, Choco, Bolivar, Cauca, Cérdoba, Sucre, and Narifio. Relatively high
mercury concentrations were detected in water sources from these states, particularly in
regions heavily polluted with metallic mercury. Some of these samples were taken in
municipalities located more than 10 miles away from known mining districts. Although
many other municipalities are located closer to the mining district, it was not possible to visit
them for security reasons. Nevertheless, Figure 2-5 clearly indicates that mercury used in
gold mining is the most likely cause of these atypical mercury concentrations in surface

water.
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Figure 2-5. Map of the estimated discharge of metallic mercury in soil and water during gold
extraction in Colombia showing dissolved THg concentrations in nearby water
sources. Map source: Instituto de Hidrologia, Meteorologia y Estudios
Ambientales-IDEAM, Estudio Nacional del Agua 2014 (map version: 1.0, 03-
Feb-2018).

Dissolved mercury concentrations reported in Table 2-2, although atypical, are much
lower than the total Hg levels measured in different mining sites by the Institute of
Hydrology, Meteorology and Environmental Studies (abbreviated IDEAM in Spanish), a
government agency, as part of an extensive study (Water National Study-2014) to evaluate
the state and dynamics of the water resources in the country (see Table 2-3) [24]. Such
results correspond to samples retrieved from different mining sites and at different times, but
they are a consequence of the use of metallic Hg in ASGM. The use of metallic Hg in ASGM
pollute water sources near to the mining sites where this activity is practiced. For instance,
extremely high total Hg concentrations were detected at the Marmato stream’s mouth (11.20
pg/L) in the state of Caldas and at the Magdalena River (6.35 pg/L) in the state of Bolivar,

which will affect aquatic life and inhabitants living nearby these mining districts. ASGM is
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the main reason that high mercury concentrations are found in many aquatic ecosystems [22]
These high levels of mercury in water should raise some concern because they are above the
concentrations expected to be found in unpolluted environments where the range of Hg has
been measured between 0.2-15 ng/L[102] or 0.2-100 ng/L,[ 1] as is the case of the Tutunendo
River (<0.80 ng/L).
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Table 2-3. Mercury concentration discharged to Colombian rivers as measured by the

IDEAM (2014)
State Municipality Stream/River Longitude Latitude Total Hg
(ng/L)
Caldas Marmato Marmato -75.58027778 5.461666667 11,180
Bolivar Regidor Magdalena -73.82080556  8.666333333 6,350
Tolima Venadillo Totare -74.81802778 4.612027778 1,383
Santander Puerto Wilches Sogamoso -73.91583333  7.211111111 1,020
Cundinamarca  Guaduas Magdalena -74.70911111  5.200722222 1,000
Magdalena El Banco Cesar -73.97877778  8.985722222 982
Bolivar Magangue San Jorge -74.73527778  9.150833333 973
Cundinamarca  Narifio Magdalena -74.83816667 4.387861111 923
Huila Villavieja Cabrera -75.12075000 3.433611111 888
Tolima Ambalema Recio -74.77255556  4.773416667 865
Tolima Venadillo Magdalena -74.80844444  4.559638889 829
Cundinamarca  Girardot Bogota -74.83333333  4.300000000 827
Bolivar Cordoba Magdalena -74.81538889  9.493583333 814
Tolima Prado Prado -74.93625000 3.804638889 766
Tolima Saldafia Saldafia -74.89105556  3.994555556 722
Caldas La Dorada La Miel -74.66497222  5.772194444 715
Tolima Melgar Sumapaz -74.74444444  4.248055556 710
Santander Puerto Parra Carare -74.10333333  6.778055556 675
Antioquia Pto Nare Nare 7458611111 6.206944444 670
(Lamagdalena)
Tolima Purificacion Magdalena -74.93573333  3.849450000 659
Tolima Coello Coello -74.89402778 4.288527778 636
Cundinamarca Puerto Salgar Rio Negro -74.65130556  5.740916667 628
Cesar Aguachica Lebrija -73.77305556  8.131111111 612
Bolivar Magangue Magdalena (Loba)  -74.60563889 9.016527778 583
Risaralda La Virginia Risaralda -75.87416667 4.892611111 576
Cundinamarca Puerto Salgar Magdalena -74.66191667 5.469222222 546

Source: Mesa N. A., Grupo Laboratorio de Calidad Ambiental (IDEAM) (personal communication, September 28, 2017)

2.5 Mercury treatment technologies and efficiency

In 2007, the U.S. Environmental Protection Agency (EPA) published a report called

Treatment Technologies For Mercury in Soil, Waste, and Water in part to “help managers at

sites with mercury-contaminated media and generators of mercury-contaminated waste and

wastewater to identify proven and effective mercury treatment technologies” [103]. This

report established that processes to reduce mercury concentrations to less than 2.0 pg/L from

water include a combination of precipitation/coprecipitation, adsorption, and membrane

filtration processes (Microfiltration, Ultrafiltration, Nanofiltration, Reverse osmosis).
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Research focused on new technologies to remove mercury from water includes
“modified nanometer sized adsorbents, ion exchangers or systems that can also be of interest
for bio-applications.”[104] Some of the materials that have been investigated are “carbon
nanotubes, inorganic nanoparticles, zeolites, biopolymers and dendrimers.” [104]. However,
as reported, “most of the published work deals with relatively high and environmentally
unrealistic mercury concentrations (>20 mg/L) considering that mercury is very toxic to
aquatic organisms in trace levels.” [104].

Table 2-4 compares the removal efficiency of Hg from different water sources using
adsorption processes [105]. With the exception of metal-based coagulant used as an
absorbent, the concentration range examined in these studies is above the values expected in
surface waters. Of equal importance is that this summary does not provide information
regarding the presence of organic matter in the waters tested. Thus, there is a dearth of
information regarding water treatment for mercury contamination at realistic concentrations.

Nevertheless, the removal efficiencies reported in Table 2-4 indicate that low mercury
concentrations are possible in finished water when using adsorbents like 1,3-
Benzendiamidoethanethiol, iron sulfide nanoparticles, DNA-condensation, chitosan-based
ceramic, or modified magnetic iron oxide nanoparticles (M-MIONPs). However, the cost of
these technologies would hinder their implementation in developing regions, where the most
common water treatment is conventional coagulation with metal-based salts. A recent paper
evaluated the use of metal-based coagulants to remove inorganic mercury (IHg) and MeHg
from natural waters [52]. Researchers were able to remove up to 97% of [Hg and 80% of
MeHg from surface water through coagulation; in that study the initial THg concentration
was 2.06 ng/L, and the DOC concentration was 2.61 mmol/L (~63 mg/L DOM) [28]. As can
be noticed, this water had a very low Hg/DOM molar ratio of approximately 3.3x10” ug

Hg/mg DOM which can explain the high mercury removal efficiencies achieved.
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Table 2-4. Comparison of the removal efficiency of Hg among different absorbent types

Adsorbent type Conc. range Contact time ~ Removal
examined (min) efficiency (%)
2-Mercaptobenzimidazole-clay 25-100 mg/L 480 >99
Polyacrylamide-iron(III) oxide 50-200 mg/L 240 95
1,3-Benzendiamidoethanethiol 65-188 ng/L 15 99.99
Sulfuric acid treated rice husk 200 mg/L >1000 >95
Metal-based coagulants 0.002 pg/L 60 97
Silica coated magnetite 50 ug/L 1200 74
Polyaniline/humic acid 50 mg/L 200 95
Ti02 nanoparticles 100 mg/L 30 65
Papain immobilized-alginate 10 mg/L 8 99
DNA condensation 0.02-100 mg/L 15 95
Dithiocarbamate-anchored 50 mg/L 60 40
O-benzenedithiol on cellulose 2 mg/L 10 100
Charcoal-immobilized papain 20 mg/L 2 99
Camel bone charcoal 10 mg/L 30 71
Aminated chelating fiber 1 mg/L 1440 99.9
Chitosan based ceramic 500 pg/L 120 99.9
Silver nanoparticle-adsorbent M-MIONPs 1 mg/L 1440 68
M-MIONPs 5-200 pg/L 4 92-99.0

Note: The information about metal-based coagulants is actually extracted from a paper about Hg immobilization on iron sulfide

nanoparticles [105]. Source: Parham et al. (2012)

From the perspective of water treatment, a practical approach for the removal of

Hg(IT) from polluted sources is to consider the interactions between Hg(II) and the fraction of

DOM amenable to coagulation with metal-based salts. Previous experiments determined that,

in natural ecosystems, Hg(II) is more reactive to the aromatic fraction of DOM (the fraction

with high molar mass and high hydrophobicity) [36], [52] and has a strong positive

correlation with the hydrophobic acid fraction of DOM [66]. This approach would be

valuable in drinking water treatment since in situ optical measurements such UV2s4 and

fluorescence can provide reliable information about the character and composition of the

DOM. Furthermore, UVs54 measurements could eventually be used as a surrogate for

predicting mercury concentrations in natural ecosystems [66]. Likewise, DOM measurements

and Hg/DOM ratios could provide useful information to estimate Hg removal efficiencies

from drinking water treatment.
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CHAPTER 3. REMOVAL OF DISSOLVED ORGANIC CARBON (DOC)
BY ALUM COAGULATION AS A FUNCTION OF THE AROMATIC
CARBON CONTENT IN NATURAL ORGANIC MATTER (NOM)
FROM DIFFERENT SOURCES

3.1 Introduction

The removal of natural organic matter (NOM) in alum coagulation treatment has been
studied for decades due to concern regarding its role in the formation of disinfection by-
products, and more recently due to either synergistic or antagonistic impacts on removal of
fluoride, metals and other contaminants via adsorption and co-precipitation processes. This
latter phenomenon is central to the objectives of this dissertation; namely, the impact of
NOM on the removal of Hg(II) during alum coagulation. Thus, the focus of this chapter is to
select a set of natural organic matter sources that provide a range of expected behavior during
alum coagulation and a range of potential for Hg-NOM complexation. The results of these
studies will be used to verify trends in removal of the selected NOMs during alum
coagulation and to provide an analysis of the NOM remaining in solution after coagulation.
With respect to the goals of this dissertation, the results will provide an assessment of the
potential competition between Hg(II) complexation with the aluminum-NOM precipitates
and the NOM remaining in solution after alum coagulation.

Natural organic matter (NOM) is a complex mixture of carbon structures and
functionalities that changes in composition both temporally and spatially in a given
watershed [35], [43], [45], [67], [68]. NOM is the main constituent of natural water that is
responsible for the transportation of pathogenic microorganisms, for giving color to water
sources, for the formation of trihalomethanes (THM) and other disinfection by-products
(DBP) in drinking water treatment, and for carrying heavy metals such as iron, copper,

chromium, lead, and mercury in natural ecosystems [68], [106]. Depending on its origin,
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NOM can be rich in aromatic carbon when proceeding from terrestrial vegetation rich in
lignin degradation by-products, or low in aromatic content as a result of the decay of
vegetation and microbial activity in aquatic environments [45], [64], [68], [107]. The
concentration and character of NOM in drinking water sources play a key role in the ability
to remove this pollutant during water treatment. Relevant to this research, the negatively
charged compounds in the NOM will react with the positively charged species provided by
metal-based coagulants such as aluminum sulfate (alum), ferric sulfate, and polyaluminum
chloride, among others.

SUV As4, defined as the UV absorbance at 254 nm of a water sample divided by the
concentration of dissolved organic carbon (DOC) [48], [53], [107], has been extensively used
to predict the amount of DOC that can be removed in metal-based water treatment [47], [48].
Additionally, a strong positive correlation between the aromatic carbon content of NOM,
determined by the ratio of the area of the aromatic carbon region (110-165 ppm) to the total
area of 3C-NMR spectra, and SUV Ass4 values was found when analyzing organic isolates
from different environments [53]. The strong correlation (R?=0.91) between SUV Azs4 and
aromatic carbon content, shown in Figure 3-1, was obtained from a large and diverse pool of

isolated NOM samples from soil and aquatic environments [53], [108], [109].
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Figure 3-1. SUVAus4 as a function of the percent aromatic determined by '*C-NMR for NOM
samples from different environments. Adapted from Weishaar et al. (2003), Hur
and Schlautman (2003), and Korak et al, (2014).

While such correlations appear to provide a relatively simplistic representation of the
complexity of the structure and composition of the NOM, more detailed analyses of the
interaction between free metals in aquatic ecosystems and the character of the NOM itself is
quite difficult. Some approaches require sophisticated measurement tools that are not readily
available in small-scale water treatment systems. One option to study such interaction would
be from the perspective of the aromatic content of the NOM; that is, to study how free metal
ions react with the fraction of NOM removed in water treatment. Another alternative to study
free metals-NOM interactions would be from the perspective of the specific functional
groups present in the NOM; this approach requires knowledge of which fraction of the NOM
contains metal binding sites available for complexation, how strong are these sites, and what
is the relative abundance of each.

In water treatment, changes in SUVA values can provide relevant information about
the character of the NOM removed from the solution [45], [47], [50], [52], [53], [110], and

accordingly, residual SUVA values could also offer some insight regarding the most likely
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composition of the NOM remaining after the treatment process. Although it is unknown how

the functional groups that are reactive to metal ions are distributed in the structure of the

NOM, evidence of the high affinity of metal ions for the aromatic fraction of NOM has been

reported for Ni(I), Cu(IT) Pb(Il), As(Il), and Hg(II) [35], [52], [54]-[57], [111].
Consequently, the goal of this research was to evaluate how the aromaticity of the

natural organic matter influences the removal of DOC in alum-based water treatment.

SUV Azs4 values will be used as a proxy for aromaticity and changes in SUV Axs4 as indicator

of the removal of the aromatic portion of NOM.

3.2 Research Approach

3.2.1 Selection of NOM samples and preparation of DOM solutions

The NOMs used in this work were obtained from the International Humic Substances
Society (IHSS) and were selected based on the differences in aromatic carbon, reduced sulfur
content, acidic functional groups concentration, geographical location, and commercial
availability. A particular interest to the goals of this dissertation was to identify NOMs that
cover a range of sulfur and aromatic carbon content. With these considerations, the NOMs
selected were the Suwanee River NOM (unfractionated sample), as well as its humic and
fulvic fractions; the Pony Lake Fulvic Acid, a microbially derived NOM with hydrophilic
character [68], rich in reduced sulfur concentration and low in oxygen-functional groups; the
Nordic Aquatic Humic Acid, rich in aromatic content and low in aliphatic carbon; and the
Upper Mississippi River NOM (unfractionated sample), which has a low aromatic content
compared to the other NOMs. A summary of the NOMs selected is presented in Table 3-1.
Despite the differences already mentioned, total carbon constitutes approximately 50% of the

natural organic matter in all cases.
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Table 3-1. Carbon distribution and acidic functional groups of selected NOMs

o o Acidic functional groups
1&?3;2% Desl\i?ig:ion % C Aromatic Aliphatic (meq/g C)
165-110 ppm  60-0 ppm  bS,;  “Phenolic ~ *Carboxyl

|R109F  Tony Lake 5247 12 61 246 175 7.09
Fulvic Acid

28101  SuwamneeRiver o) 4, 5 35 0294 2.84 11.17
Fulvic Acid

28101 SuwamneeRiver o) oo 4y 29 0.410 3.72 9.13
Humic Acid

[R10sH  Nordic Aquatic 5333 38 15 0.488 3.23 9.06
Humic Acid
Suwannee River

2RIOIN O 50.70 N.A. N.A. N.A. 247 11.21
Upper Mississippi

IRIION PP O 4998 19 37 N.A.  0.830 12.43

*Source: International Humic Substances (http://www.humicsubstances.org/)
"Sred data extracted from Manceau and Nagy (2012)

Humic substances are estimated to account for up to 80% percent (w/w) of the
composition of dissolved organic matter (DOM) in aquatic environments [35], [112]; the rest
is a mixture of other compounds, mainly carbohydrates, carboxylic ligands, amino acids, and
hydrocarbons [35]. Therefore, jar test experiments with unfractionated NOM and its two
humic fractions (humic acids and fulvic acids) could provide useful information about the
differences in removing specific fractions of NOM from water. Although both humic and
fulvic acids are rich in aromatic components; in natural waters, fulvic acids have a lower
molecular weight (between 600 and 1000 Da) than humic acids (between 1500 and 5000 Da)
[45]. Another difference between these humic substances is the type of functional groups
present in their structure. Previous research indicated that fulvic acids contains more
carboxylic groups and are rich in oxygen atoms, while humic acids contains more phenolic
and aromatic groups and have longer aliphatic chains [45]. As shown in Table 3-1, the
carboxyl concentration in the fulvic fraction of the Suwannee River is 11.17 meq/g C,
compared to 9.13 meq/ g C for its humic fraction. Similar differences were reported for
samples of NOM extracted from Nordic Lake (Norway): 11.16 meq/g C (fulvic fraction) and
9.06 (humic fraction); and Pahokee Peat (a soil organic matter): 15.24 meq/g C (fulvic

fraction) and 8.87 meq/g C (humic fraction) [62].
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To prepare stock solutions of DOM for each NOM (i.e., the soluble fraction of the
NOM), a determined amount of solid NOM sample was dissolved in ultrapure water (18 MQ
cm). The solution was mixed for 1-hr and sonicated for 30 min to break up big particles. pH
was increased to 8.5 with NaOH to achieve complete dissolution of the NOM. Humic acids
tend to precipitate at low pH (< 2) and fulvic acids are soluble at all pH values. After
complete dissolution, solutions were filtered using a 0.45 pm cellulose nitrate membrane
filter and stored in amber glass bottles in a dark cold room at 4°C. A summary of the

preparation process of the DOM solutions is shown in Figure 3-2.

SolidNOM ) —)
(IHSS)

Millipore water
pH adjustment -

Sonicator and Filtration DOM Storage
0.45-pum Cellulose Nitrate 4°C

magnetic mixer Membrane Filter

Figure 3-2. Schematic of the steps to prepare DOM solutions for jar test experiments

3.2.2 Characterization of DOM solutions

Concentrated DOM stock solutions were characterized by measuring the
concentration of dissolved organic carbon (DOC), pH, total mercury (THg), the specific
ultraviolet absorbance (SUV A»ss), and the spectral slope (Se). SUV Azs4 values (L/mg Cem)
are calculated by dividing the UV absorbance at 254 nm by the DOC concentration. The
SUVA»s4 parameter is widely used in water treatment as an indicator of the aromaticity of

DOM samples [47], [53]. A previous research determined that SUV A»s4 values are strongly
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correlated to the percentage of the aromatic carbon measured in the organic matter samples

from aquatic ecosystems [53]. Table 3-2 shows how the magnitude of SUV A»s4 controls the

coagulation process. Samples with high aromatic content, and therefore high SUV Axs4

values, are more easily treated with metal coagulant salts than samples with SUV Azs4 values

lower than 2.0.

Table 3-2. Guidelines on the character of NOM and expected DOC removals

SUVAzs4  Composition Coagulation DOC removals

>4.0 Mostly aquatic humics; high NOM controls; >50% for alum;
hydrophobicity, high molecular ~ Good DOC Potentially higher
weight removals removals for ferric

2.0-4.0 Mixture of aquatic humics and NOM influences; 25-50% for alum;
other NOM; mixture of DOC removals Potentially higher
hydrophobic and hydrophilic should be fair to removals for ferric
NOM; mixture of molecular good for these >50%
weights categories

<20 Mostly nonhumics; low NOM has little <25% for alum;
hydrophobicity, low molecular influence; Poor Potentially higher
weight DOC removals removals for ferric

Source: Edzwald and Tobiason (1999).

Another useful parameter to characterize water samples is the spectral slope (Se). Se
is also used as a proxy for aromaticity and changes in the composition of DOM (i.e., the ratio
of humic acids to fulvic acids in the DOM) [113]. It was determined that chromophoric
(colored) dissolved organic matter (CDOM) absorbs ultraviolet and visible light [44], [113],
[114]. The optical properties of the CDOM fractions allow one to determine the nature of the
DOM —aliphatic vs. aromatic- and consequently, its amenability for removal during the
coagulation process. A simple model to describe light absorption by CDOM as a function of
the wavelength was described by Twardowski et al. [113], and consists of an exponentially

decreasing function as shown in equations 1 and 2.

ay (1) = Ae~Set Equation 1
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_2.303 Abs(%)

Equation 2
i q

ay(2)

ag = CDOM absorption coefficient (m™)

A = Amplitude — a proxy for concentration.

S. = Spectral slope parameter (nm!) — a proxy for changes in the composition of CDOM, the
ratio of humic acids to fulvic acids, and DOM molecular weight.

A = Reference wavelength (nm)

Abs (L) = Absorbance measured at a given wavelength

L = Cell path-length (cm)

Spectral slope values can be calculated by using non-linear regression analysis over
the range 280-350 nm [113]-[115]. Although reported spectra results values are sometimes
contradictory [113], it is expected that samples with steep spectral slope values (close to
0.020 nm!) have a lower molecular weight DOM fractions, indicating that the sample is rich
in aliphatic compounds, and consequently more hydrophilic. On the other hand, samples with
shallow spectral slopes (close to 0.010 nm™) would be rich in aromatic carbon, and therefore,
more hydrophobic and more amenable to removal during water treatment [52], [116].

Due to the strong correlation between SUV Azs4 and carbon aromaticity, two different
phenomenological equations were developed in previous research [115]. These equations
show a linear correlation between the aromaticity of DOM, either with SUVA values at 254
nm (equation 3) or with the molar absorptivity € (L/mol-cm) at 280 nm (equation 4). The
molar absorptivity is calculated by dividing the absorbance by the product of the cell length

and DOC concentrations as show in equation 5.

Arom(%) = 5.27 x SUVA,s, + 2.8 Equation 3
Arom(%) = 0.057 x €,40+ 3.0 Equation 4
_ Absorbance @280 nm Equation 5

~ Cell Length * [DOC]
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3.2.3 Simulating drinking water treatment at bench-scale jar tests

To evaluate the changes in SUV A»s4 and the influence of the character of the NOM
on the removal of DOC in alum-coagulation treatment, a set of jar test experiments were
designed at constant DOC concentration, alum dose, pH, and ionic strength as shown in
Table 3-3. To minimize mercury losses in subsequent experiments, jar tests were performed

on magnetic stir plates using acid-cleaned Teflon® jars and Teflon® stirs bars

Table 3-3. Initial experimental conditions for jar test for selected NOMs

Ionic

NOM DOC Alum Dose (mg/L) pH Strength
(mg/L) ™)
All 5.0 30 (2.6 mg/L as Al(IIT)) 6.7 0.01

To assure the removal of NOM through enhanced coagulation, a constant
concentration of 30 mg/L alum (2.6 mg/L. Al(IIl)) and a pH=6.7 were selected for these
experiments. These coagulation conditions maximize the performance of the coagulant and
minimize its residual concentration[48], [117], [118]. The selected pH is above the pH of
minimum solubility of aluminum hydroxide which is 6.3 (at 25°C) [119]. A schematic of this
procedure is presented in Figure 3-3. Experiments were conducted with a Na(g) blanket to

avoid CO; interferences, thereby keeping the pH constant at 6.7.
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Figure 3-3. Schematic of the jar test procedure used for experimentation.

After settling, the supernatant was transferred to Teflon® vials for centrifugation.
Once centrifuged, samples were taken for UV2s4, DOC, and total Al(III) analysis. Reaction
times (rapid mixing, slow mixing, and settling) of less than one hour ensure the formation of
amorphous AI(OH); precipitates [47], [120], [121]. A DOM-free control determined the
amount of alum involved in the precipitation process. Previous research within our
laboratories has shown that pH 6.7 provides optimal Al(III) removal for the alum used in this
work. A summary of the procedure is listed below:

1. pH adjustment to 6.7 (HNO3 or NaOH)

2. Rapid mix for 2 minutes to add coagulant

3. pH adjustment to 6.7

4. Slow mixing for 20 min

5. Settling for 30 min

6. Centrifugation for 30 min @ 665 x g
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3.2.4 Analysis of aqueous samples

After each jar test, the supernatant was acidified with 80-uL concentrated HoSO4 per
40-mL sample and analyzed for DOC concentration in a TOC LCPH/CPN analyzer
(Shimadzu) using high-temperature (680 °C) catalytic oxidation. Samples for aluminum
determination were preserved with 385-uL concentrated HNOj3 per 5-mL sample and were
analyzed using inductively coupled plasma spectroscopy (ICP) (Agilent Varian 710-ES, CA)
at 309.271 nm and 396.152 nm wavelengths. UV2s4 was measured by spectrophotometry
(Agilent 8453, CA) using either 1-cm or 5-cm quartz cells. SUV Azs4 was determined from
the UV2s4 reading and the DOC concentration of the sample. Samples were placed in a 4°C
storage room if not analyzed immediately. A summary of the analytical techniques used to

achieve the goals of this research are outlined in Table 3-4.

Table 3-4. Analytical techniques used to analyze aqueous samples

Analysis Technique Method
DOC/TOC TOC analyzer (Shimadzu) USEPA 415.3
UVasa UV spectroscopy USEPA 415.3

Inductively Coupled Plasma Optical USEPA
[AI(IIL)] Emission Spectroscopy (ICP-OES) 6010D

(Agilent Varian 710-ES, CA)

Specific ultraviolet absorbance UV spectroscopy and TOC analyzer =~ USEPA 415.3

(SUVA2s54 = UV2s4/[DOC])
Spectral slope S. (nm™) UV spectroscopy —

3.3 Results and Discussion

3.3.1 Characterization of DOM samples before treatment

DOM solutions were characterized by measuring the concentration of dissolved
organic carbon (DOC), pH, total mercury (THg), the specific ultraviolet absorbance

(SUVA»s4), and the spectral slope (S¢). The concentration of DOC for each DOM solution
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was 5.01+0.14 mg/L. This concentration falls within the range of reported dissolved organic
carbon in surfaces water, which can be as low as 0.5 mg/L or as high as 50 mg/L depending
on the geology and activities associated with the watershed. To facilitate the comparison
between the different NOMs used in this research, a short notation was given to each NOM
as shown in Table 3-5. Table 3-5 also includes the SUV Axs4 and Se values measured for each

DOM solution.

Table 3-5. SUV Axs4, spectral slopes values, and notations for selected NOMs

%

NOM NOTATION Aromatic SUVAzss Se
165-110 ppm® (L/mg C-m) (nm™)

Pony Lake Fulvic Acid PLFA 12 2.53+0.13 0.015
Suwannee River Fulvic Acid SRFA 22 4.51+£0.20 0.015
Suwannee River Humic Acid SRHA 31 5.94+0.13 0.011
Nordic Aquatic Humic Acid NAHA 38 6.49+0.03 0.011
Suwannee River NOM SR-NOM N.A. 3.80+0.03 0.014
Upper Mississippi River NOM MR-NOM 19 3.35+0.03 0.016

*Source: International Humic Substances (http://www.humicsubstances.org/)

The spectral slope values were calculated by non-linear regression analysis over the
range 280-350 nm, using equations 1 and 2 as shown in Section 3.2.2. Figure 3-4 shows the
spectral slope (as the exponential coefficient) for the different types of NOM used in this
work. Even though a small difference is observed when comparing spectral slopes between
samples, the relative steepness of the spectrum (Se) indicates the character of the NOM
[113]. Samples low in aromatic content reported high spectral slopes (0.015-0.016), while

samples high in aromatic carbon reported lower spectral slopes value (0.011).
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Figure 3-4. Absorption spectra for the selected NOMs

SUVA»s4 values from Table 3-5 were also plotted in Figure 3-5 (slope = 5.83),
together with the results shown in Figure 3-1 (slope= 6.68). As was expected, SUVAzs4
values increase as the aromaticity of the NOM increases. Differences between these two lines
can be attributed to fact that this work used exclusively NOMs extracted from freshwater
ecosystems, while the data points for Figure 3-1 correspond to samples extracted from
multiple environments such as marine water, dark water rivers, and soil. The data points that
overlap correspond to referenced samples obtained from the same provider (i.e., IHSS) such
as PLFA (SUVA2s4 = 2.53 L/mg-C), SR-NOM (SUV A»s4 = 3.80 L/mg-C), and SRHA
(SUVA254=6.2 L/mg-C).

The aromaticity of the SR-NOM used for experimentation (2" batch with reference:
2R101N) was calculated using the phenomenological equations 3 and 4 to get 22.8% and
22.4%, respectively. IHSS reported a 23% aromaticity for the 1% batch collected of the same

NOM (Reference: 1IR101N). It is expected that the carbon composition of a reference NOM
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sample does not change dramatically between batches when taken under similar conditions.

The percentage of aliphatic carbon (0-60 ppm '3C-NMR region) for the Suwanee River NOM
(Ref: 1R101N) was 27%.
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Figure 3-5. SUVA»s4 as a function of the aromatic content of NOM for the samples used in
this work.

The strong correlation (R?2= 0.94) between aromaticity and SUV A,s4 values of the
prepared DOM samples corroborates the finding that, despite the differences in aquatic
environments, SUV Axs4 is a strong indicator of the composition of the NOM and can be used

as a surrogate measurement for DOC aromaticity [45], [48], [53], [67].

3.3.2 Bench-scale jar tests results

A series of jar tests were performed for each of the NOMs selected to evaluate the
removal efficiencies of SUVA2s4 and DOC concentrations as a function of the character of
the NOM in alum-based coagulation systems. Only the optimal coagulation conditions for

the removal of NOM, fixed at pH=6.7 and alum dose of 30 mg/L. were employed in this

39



research as the main objective for alum coagulation in developing countries is still turbidity
removal. Coagulation at pH 6.7 favored the formation of an amorphous AI(OH)3;(am)
precipitate. Under these conditions, it has been suggested that the mechanism for the removal
of NOM is (a) the formation and precipitation of AI-NOM complexes (charge neutralization)
and (b) the adsorption of NOM or AI-NOM complexes on the surface of the precipitate of
Al(OH)3(am) [106], [118], [120]-[124]. Previous research determined that humic substances
absorbed onto the surface of alum flocs in the pH range from 5.0 to 7.0 [125]. Nevertheless,
new studies suggest that the mechanism of interaction between humic substances and metal-
based coagulant depends on the pH value [126]. Although previous research showed that no
differences in carbon removal were found between coagulation at pH =5 and pH = 7.0;
charge neutralization was suggested as the main mechanism at pH = 5, while sweep
coagulation was suggested as the control mechanisms at pH = 7, but at much higher alum
doses than the one used at pH = 5 [127]. Thus, the dominant mechanism for the removal of
NOM in our studies is in the range of sweep flocculation and therefore the removal of NOM
is more likely due to the adsorption of NOM onto Al(OH)s precipitates.

The pH plays an important role in the removal of carbon through alum coagulation
due to the protonation/deprotonation of the multiple functional groups present in NOM. At
low pH, conjugated functional groups such as thiols, carboxyl, phenol, hydroxyl, and
carbonyl, will remain protonated; at high pH, a complete deprotonation of these acidic
functional groups is expected [111], [126], [128]-[130]. Nevertheless, carboxylic ligands are
expected to be the main constituent responsible for the negative charge of the NOM, since
these functional groups are ionized at pH above 6.0, while phenolic hydroxyls are expected
to be nonionized below pH 8 [117]. In aquatic environments, trace metals like Hg(II) can be
found bound to acidic functional groups such as carboxylic acids (pKa = 1- 5), phenols (pKa
= 1-11), saturated thiols (R-SH, pKa = 8.5 — 12-5), aromatic thiols (ar-SH, pKa = 3 - 8),
saturated alcohols (R-OH, pKa > 14), and ammonium ions (pKa= 2.6 — 12.5) [35], [131].
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After jar tests, no significant differences were found in the residual aluminum
concentrations among the NOMs tested (Figure 3-6). In all cases, the aluminum removal was
approximately 92%. Therefore, the operational conditions for the jar test, pH 6.7 and alum

dose of 30 mg/L, favored the removal of aluminum from solution.
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Figure 3-6. Residual AI(II) concentration at optimal coagulation conditions (pH = 6.7, Alum
dose = 30 mg/L) for NOM from different environments. Error bars represent
standard error from the replicates.

Regarding the removal of carbon, the largest amount of DOC was removed for the
humic acids samples, SRHA and NAHA, with 4.4 and 4.1 mg/L, respectively (Figure 3-7).
These two NOMs also had the highest aromatic content among the NOMs tested, 31% and
38%, respectively. PLFA (12% aromaticity) showed the lowest amount of DOC removed
with 2.3 mg/L. The amount of carbon removed for the other fulvic acid tested, SRFA (22%
aromaticity), was much higher than PLFA with a removal of 3.4 mg/L. Both, the
unfractionated NOM samples, SR-NOM (~23% aromaticity) and MR-NOM (19%

aromaticity), showed similar amount of carbon removed, with 3.2 and 2.9 mg/L, respectively.
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Figure 3-7. Amount of DOC removed for selected NOMs in alum-coagulation treatment at
pH 6.7, 0.01M NaNOs ionic strength, and 30 mg/L alum dose. For each NOM,
the initial DOC concentration was set at 5.0 mg/L. Error bars represent the
standard deviation from the replicates.

A post-hoc analysis showed no statistical differences in mean DOC removed values
between SRHA and NAHA (Anova with post-hoc Tukey HSD Test, p > 0.05), SRFA and
MR-NOM (p > 0.05), or between MR-NOM and SR-NOM (p > 0.05).

The first indication of changes in the composition of the NOM remaining after jar
tests is provided by the changes in spectral slope (Se). Figure 3-8 shows the Se values, before
and after treatment for each of the NOM tested. In all cases, the Se (the exponential
coefficient) increased compared to the initial value, reflecting a decrease in the aromaticity of
the NOM after the treatment process. Higher changes were observed in the MR-NOM and
SR-NOM, the unfractionated NOMs, where the Se value increased from 0.016 to 0.020 and
0.014 to 0.020, respectively. A high increase was also noticed in the NAHA sample, which
changed from 0.011 to 0.015. The increases in Se values for the other three NOM samples

were relatively small.
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Figure 3-8. Changes in spectral slopes values after alum coagulation at pH 6.7, 0.01M

NaNO3 ionic strength, and 30 mg/L alum dose. For each NOM, the initial DOC
concentration was set at 5.0 mg/L.

High spectral slope values are usually associated with low aromaticity or the presence

of lower molar mass compounds in NOM from aquatic environments [52], [132]; however,

the most common parameter used in water treatment as a proxy for aromatic content is the

SUVA»s4 value. Changes in SUV Ayss values are shown in Figure 3-9. A drop in SUVA»s4

values was observed in all the NOMs tested.
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Figure 3-9. Changes in SUV Axs4 values after alum coagulation at pH 6.7, 0.01M NaNO3
ionic strength, and 30 mg/L alum dose. For each NOM, the initial DOC
concentration was set at 5.0 mg/L.

NOM from samples high in SUV Azs4 are found to be more reactive to metal-based
coagulants than NOM from samples low in SUV Azs4 [47], [48], [121]. This trend held true
for the two unfractionated NOMs used in this study: SRNOM, with an initial SUV Azs4 value
of 3.8 L/mg C-m, dropped 66%, whereas MRNOM, with an initial SUVA2s4 of 3.3 L/mg C-
m, decreased by 45%. Likewise, out of the four fractionated NOMs, the three with the
highest initial SUV Ajs4 values (SRFA, SRHA, and NAHA) all had decreases of SUVA»s4 in
the range of 45-49%, whereas PLFA, with the lowest SUV A»s4 value of the six NOMs tested,
had the lowest SUV Axs4 decrease at 23%. Therefore, a larger drop in SUV Azs4 after alum
coagulation would indicate a preferential removal of the hydrophobic portion of the NOM,
that is, the fraction with higher molar mass and abundant concentration of aromatic carbon
[47], [48], [52], [133]. The data in Figure 3-9 suggest that a moderate aromaticity was still
present in the finished water for SRHA (SUV A2s4 finat = 3.0), NAHA (SUVA2s4 final = 3.6),

and SRFA (SUV A2s4 final = 2.4); while a preponderance of hydrophilic, low molecular weight
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compounds were present in the finished water of PLFA (SUV A254 final = 2.0), MR-NOM
(SUV A2s4 final = 1.8), and SR-NOM (SUV A2s4 finat = 1.3). The decreases in SUV Azs4 values
are reasonably consistent with the increases in the Se values reported above, inasmuch as the
three samples with the greatest increases in Se values also showed high percentages of
SUVAzs4 decrease, and the PLFA sample showed small changes in both parameters.

As indicated in Table 3-2, the percent removal of DOC can be predicted based on the
SUV A»s4 value of the water sample [48]. Hence, the percent removal of the NOMs tested
was plotted against their initial SUV Ajs4 values as can be seen in Figure 3-10. As predicted,
DOC removal increases as SUV Ajs4 increases. Nevertheless, the fractionated NOMs are the
samples that perfectly meet the guidelines in Table 3-2. For instance, the DOC removal of
PLFA, with a SUVA»s4 between 2.0 and 4.0 L/mg C-m, fell in the 25-50% removal box;
while the DOC removal for SRFA, SRHA, and NAHA, with SUV A»s4 values larger than 4.0
L/mg C-m, fell in the 50-90% removal box. The other two samples (MR-NOM and SR-
NOM) had a greater DOC removal than the guidelines suggested, which is likely because the
guidelines were developed for more complex real waters than the simplified solutions

(without particles and limited other soluble constituents) used in this research.

45



100%
90%
¥ NAHA
80% SRHA
o SRFA
2 MR-NOM .
S 60% EE 1
] :
a SR-NOWM
50%
40%
PLFA
30%
20%
2 4 6 8
SUVA,;, (L/mg C-m)

Figure 3-10. DOC percent removal as a function of the SUV Azs4 based on the guidelines
provided by Edzwald and Tobiason (1999).

An additional analysis is possible by comparing the residual DOC concentrations and
their respective SUV Axs4 values (Figure 3-11). NOMs high in aromatic carbon, SRHA and
NAHA, not only allow larger DOC removal efficiencies (~85% removal in both cases), but
their residual SUV Azs4 values suggest that the carbon species that are not removed by alum
treatment also have similar aromatic characteristics. On the other hand, the amount of
residual DOC for PLFA samples is both high in concentration and more likely rich in
hydrophilic compounds. High residual DOC concentrations represent an additional issue in
drinking water treatment; not only because they will promote the formation of
trihalomethanes (THM), but also because any reactive functional groups in the residual NOM
will increase the concentration of undesired contaminants, such as heavy metals, in the

finished water.
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Figure 3-11. Residual SUV Axs4 values and residual DOC concentrations after alum-
coagulation treatment at pH 6.7, 0.01M NaNOs ionic strength, and 30 mg/L
alum dose. For each NOM, the initial DOC concentration was set at 5.0 mg/L.

In conventional water treatment, it has been reported that the concentration of
carboxylic functional groups in the treated water is much larger than in the untreated water
[117]. Among the NOMs tested in this work, an increase of up to three-fold in the carboxyl
content was also observed in the treated water. It has been reported that the low molar mass
compounds from humic substances that remain in solution after treatment contain a greater
proportion of carboxylic ligands than the fraction of humic substances that has been removed
from solution [117]. That is, in humic substances, the concentration of carboxylic acids is
inversely related to the molar mass [117]. As a consequence, the remaining compounds after
alum treatment are expected to have a higher charge density than the original sample.

Accordingly, the results from this work indicate that, when comparing fulvic acids
with humic acids, it is expected that PLFA or SRFA has a higher carboxylic content in the

treated water compared to SRHA or NAHA. This expectation stems from the fact that, as
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shown in section 3.2.1, fulvic acids have a higher carboxyl content than humic acids. As can
be seen in Figure 3-11, fulvic acids are less likely to be removed from solution compared to
humic acids. As a result, the portion of the fulvic acids that remain in solution after treatment

is comprised of low molar mass compounds rich in carboxylic functional groups.

3.4 Conclusions

SUVA»s4, a proxy for the aromaticity of natural organic matter (NOM), has been
shown to be a good predictor of the removal of DOC in alum-coagulation. A strong
correlation between SUV Ass4 and the percentage aromaticity (measured by *C-NMR) was
determined by preparing DOM solutions from NOMs extracted from different environments.
Larger DOC removals (>80%) were possible for NOMs with SUV A»s4 values larger than 5.0
L/mg C-m as was the case for SRHA (6.0 L/mg C-m) and NAHA (6.5 L/mg C-m). The
lowest DOC removal was obtained for PLFA (46%), the NOM with the lowest SUV Axss (2.5
L/mg C-m) and lowest aromaticity (12%). For most cases, the percentages in DOC removal
meet the trend predicted for removal of NOM in metal-based coagulation systems as a
function of their SUV Azs4 values [48]. For SUV Azs4 values larger than 4.0 L/mg C-m, more
than 50% of the DOC can be removed, while for SUV A»s4 values between 2.0 — 4.0 L/mg C-
m, a removal of DOC between 25% - 50% is expected.

When comparing residual DOC concentrations with their respective SUV Azs4, it was
noticed that depending on the character of the DOM, it is possible to end up with finished
water with low carbon concentration but high SUVA2s4 (SRHA and NAHA) or finished
water with high carbon concentration but low SUVA»s4 (PLFA, MR-NOM, and SR-NOM).
Consequently, the SUV A»s4 value of the residual DOM solution can determine any additional
treatment required to remove this pollutant from water and thus avoid the potential formation
of disinfection by-products (DBPs), as well as the transportation of heavy metals and

pathogenic microorganisms to other units of the treatment plant. Changes in SUV A2s4 can
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indicate changes in the composition of the DOM in alum-coagulation systems. In all cases,
the SUV Azs4 value decreased compared to the initial SUV Azss. Low SUV Aoss values are
expected in DOM samples with low molecular weight and rich in nonhumic material. This
trend was supported by the changes in spectral slope values. For all the DOMs tested, the
spectral slope values increased after water treatment, which also suggests that the residual
DOM is more hydrophilic in character and contains low molar mass compounds.

Given the high affinity of dissolved metals ions for the aromatic fraction of NOMs,
residual SUV Azs4 values can be used as indicator of the possible presence of heavy metals
like Ni(II), Cu(II), Pb(II), As(Il), and Hg(II) in the knowledge that carboxylic acids, a very
reactive functional group, can remain in solution as part of the NOMs fraction not removed
in the coagulation process. This recognition will be particularly useful when dealing with
water sources heavily polluted with metals.

To conclude, SUVA»s4 is a quick and inexpensive analysis to estimate the aromaticity
of an aqueous samples. Nevertheless, changes in SUV A»s4 could indicate the character of the
NOM being removed from solution, while residual SUV A»s4 values could indicate the
presence of functional groups, like carboxylic ligands, in the finished water. The NOMs
selected in this study vary in origin, aromatic/aliphatic content, reduced sulfur concentration,
and oxygen functional groups such as phenols and carboxylic acids. Therefore, these ranges
in properties and composition allow one to know the behavior of NOMs extracted from
different water sources, as well as their eventual interaction with heavy metals, which are

present in many aquatic ecosystems in developing countries.
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CHAPTER 4. INFLUENCE OF THE COMPOSITION AND
CHARACTER OF DISSOLVED ORGANIC MATTER (DOM) ON
THE REMOVAL OF HG IN METAL-BASED COAGULATION
SYSTEMS

4.1 Introduction

Mercury pollution is a critical problem in Africa, Asia, and South America, where
metallic mercury is being used in artisanal and small-scale gold mining (ASGM) for the
extraction of gold from ores and sediments [5]. In these regions, more than 10 million miners
work in ASGM and it was estimated that around 1,400 tons of metallic mercury were used in
this activity in 2011 [5]. Mercury contamination from ASGM is particularly relevant in
countries like China, The Philippines, Indonesia, Tanzania, Ghana, Brazil, Peru, and
Colombia.

Some insights into the Hg-Dissolved Organic Matter (DOM) interactions can be
drawn from the previous research conducted in natural environments [10], [35]-[42].
Evidence of a strong positive correlation between dissolved total Hg with DOC concentration
(r>=0.87), UV2s4 absorbance (r>=0.92), and the hydrophobic acid fraction of DOM (HPOA)
(r>=0.91) in forested watersheds in the northeastern USA was reported in 2009 [66]. In this
geographical area, Hg pollution is mainly attributed to the atmospheric Hg deposition that
has been occurring since the late 1800s [66]. It was also found that, in natural ecosystems
where the Hg/DOM ratio is expected to be low (<< 1.0 pg Hg/mg DOM), Hg will be
strongly bound to sulfur reduced ligands in the DOM [37]. Conversely, at high Hg/DOM
ratios (e.g., > 1.0 pg Hg/mg DOM)), as could be the case in polluted ecosystems such as those
impacted by ASGM, Hg will also be bound to carboxylic functional groups [37], [61].

To study Hg-DOM interactions in natural ecosystems, equilibrium dialysis ligand
exchange (EDLE) and ion exchange techniques were used to determine the conditional

stability constants for the binding of Hg(IT) to DOM (Kug-pow’) [37], [61], [74]. Table 4-1
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shows that at low Hg/DOM ratios, the stability constant between Hg-DOM is similar to the
stability constant between Hg and thiol groups (Kug-pom’ = Kng-hiot = 10** L/Kg). At higher
Hg/DOM ratios, Kug-pom decreases until reaching a value near to 10'! L/Kg, which
correspond to the stability constant for the interaction between Hg and oxygen functional

groups (i.e., phenols and carboxylic ligands) [37], [61], [74].

Table 4-1. Conditional distribution coefficients between Hg and DOM as a function of the
Hg/DOM ratio in different aquatic environments. Source: Haitzer et al. (2002)

Hg/DOM Kbpow (L/kg) Note

Strong interaction.

Indicative of Hg-thiols bond

Consistent with Hg binding oxygen functional
groups

<1.0 ~1023341

> 10 ~1010.7il

On the other hand, the characteristics and composition of DOM in aquatic
environments differ from one ecosystem to another based, among other things, on the
biogeochemical processes that take place in the ecosystem [43]—[45], [51]. Variations in the
concentration of DOM and changes in the aromatic carbon content are also possible in a
natural ecosystems as a consequence of seasonal variability, anthropogenic activities
occurring within the watershed, and climate change. In any case, previous research [51] has
established a strong correlation between the specific ultraviolet absorbance (SUV Azs4 with
units of L/mg C-m and defined as the UV absorbance at 254 nm divided by the dissolved
organic carbon (DOC) concentration) and the percentage aromaticity of dissolved organic
matter (DOM) extracted from different environments. This correlation was verified for the
NOMs in this research (Chapter 3). Thus, SUVAzs4is widely used as an indicator of the
aromatic content of a water sample, as well as a predictor of the amount of DOC that can be
removed in metal-based water treatment [48], [53], [107]. Since total dissolved Hg(II) is

correlated to DOM concentrations and SUV A»sq is correlated to DOC removal in water
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treatment processes, it is likely that SUV A»s4 may be an effective surrogate for Hg(II)
removal as well.

Until now, few researchers have studied the effect of Hg-DOM interactions in
drinking water systems [52]; specifically, research studies are lacking in traditional systems
such as metal-based coagulation, sedimentation, and filtration which is the most common
drinking water treatment in developing countries. Consequently, the goal of this research was
to evaluate how the composition and character of the DOM influence the removal of Hg in
alum-coagulation systems. Mercury pollution represents a real threat to water sources
affected by ASGM,; therefore, assessment of the role of Hg-DOM interactions in metal-based

coagulation treatment is needed.

4.2 Research approach

4.2.1 Selection of NOM samples and preparation of DOM solutions

Four organic matter isolates (referred as NOMs in this publication) were used in this
study. These samples were obtained from the International Humic Substances Society (IHSS)
and were collected from three different environments. From the Suwannee River (Georgia,
U.S.) were obtained its humic fraction (SRHA, reference: 2S101H), and its fulvic fraction
(SRFA, reference: 2S101F); from the Nordic Lake (Norway) was obtained its humic fraction
(NAHA, reference: 1R105H), and from the Pony Lake (Antarctica) was obtained its fulvic
fraction (PLFA, reference: IR109F). A summary of the characteristics of the selected NOMs

is presented in Table 4-2.
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Table 4-2. Carbon distribution and acidic functional groups of selected NOMs

% % Acidic functional groups
1&?3;2% Desl\i?iN:ion % C Aromatic Aliphatic (meq/g C)
p 165-110 ppm  60-0 ppm  S,q  *Phenolic  *Carboxyl
|R109F  Tony Lake 5247 12 61 246 175 7.09
Fulvic Acid
28101  SuwamneeRiver o) 4, 5y 35 0294 2.84 11.17
Fulvic Acid
28101 SuwamneeRiver o) o0 4y 29 0.410 3.72 9.13
Humic Acid
R105H  Nordic Aquatic 5333 38 15 0.488 3.23 9.06
Humic Acid

*Source: International Humic Substances (http://www.humicsubstances.org/)
"Sred data extracted from Manceau and Nagy (2012)

As can be seen in Table 4-2, these four isolated samples vary in origin, aromatic and
aliphatic content, and reduced sulfur and oxygen functional groups concentration. This
diverse pool of samples might cover most of the variability in DOM composition expected in
different aquatic environments, particularly for humic substances which are highly reactive to
dissolved metals in solution [35], [54]-[57], [111]. Moreover, the selection of these four
samples was based on the availability of data quantifying the reduced sulfur content. In all
cases, the reduced sulfur content was measured using x-ray absorption spectroscopy which
has the capability of distinguishing reduced S species from oxidized species.

DOM stock solutions were prepared by dissolving the NOM samples in ultrapure
water (18 MQ cm), mixing the solution for 1-hr and sonicating for 30 min. The pH of each
DOM solution was increased to approximately 8.5 with NaOH reagent grade to achieve a
complete dissolution of the NOM. Solutions were later filtered through a 0.45 um cellulose
nitrate membrane filter and stored in amber glass bottles in a dark cold room at 4°C until
using it for experiments. Solutions were characterized by measuring the concentration of
DOC, pH, total Hg, and the specific ultraviolet absorbance (SUVA2s4). Total Hg
concentrations in DOM stock solutions were below the detection limit (0.5 ng/L) of the

selected method (US EPA method 1631, revision E).
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4.2.2 Hg removal as a function of the DOM character and composition in
alum coagulation systems

To evaluate the influence of the character and composition of DOM on the removal of
Hg through coagulation, a set of jar test experiments were designed at constant alum dose,
pH, and ionic strength. To minimize mercury losses during the experimentation, jar tests
were performed on magnetic stir plates using acid-cleaned Teflon® jars and Teflon® stir
bars. An abbreviated procedure is listed below:

1. Spike DOM samples to desired Hg concentration by adding known amounts of

HgNO3 solution

2. pH adjustment to 6.7 (HNO3z or NaOH)

3. Rapid mix for 2 minutes to add coagulant

4. pH adjustment to 6.7

5. Slow mixing for 20 min

6. Settling for 30 min

7. Centrifugation for 30 min @ 665 x g

Each solution was prepared at an ionic strength of 0.01M NaNOs. The alum dose was
set at 30 mg/L (0.05 mM Alum, 2.6 mg/L. AI(II])). Experiments were conducted with a N(g)
blanket to avoid CO; interferences, thereby keeping the pH constant at 6.7. A schematic of

the jar test procedure is shown in Figure 4-1.
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Figure 4-1. Schematic of the jar test procedure used for experimentation

At pH 6.7, the dominant Hg species in water is Hg(OH)» (Figure 4-2a). At this pH,
and for an alum concentration of 0.05 mM the predominant aluminum species to be found in
water is AI(OH)3@amorphous) [106], [122]. In the absence of NOM, mercury is poorly absorbed

onto alum flocs as can be seen in Figure 4-2b.
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Figure 4-2. (a) Mercury species at pH 6.7 simulated by visual MINTEQ software (ver. 3.1)
(I.S.=0.01M NaNOs, T = 23°C) (b) Hg removal in the absence of natural
organic matter at different pH in alum-coagulation systems.
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The different DOMs selected were tested at a constant DOC concentration of 5.0
mg/L and two different Hg concentrations as shown in Table 4-3. A Hg concentration of 0.5
ug/L allows study of the interaction between Hg and DOM at a low Hg/DOM ratio (0.05 pg
Hg/mg DOM = 0.1 pg Hg/mg DOC), allowing Hg ions to interact with the strongest ligands
present in the solution. A Hg concentration of 10.0 nug/L allows study of the interaction
between Hg and DOM at higher Hg/DOM ratios (=1.0 Hg/mg DOM), where, after saturating
the strongest ligands in solution, Hg is expected to bind to weaker, but more abundant,
ligands in the DOM structure such as carboxylic functional groups. In some cases,

experiments were also conducted at higher doses of up to 50 pg/L.

Table 4-3. Initial experimental conditions for jar test experiments with selected NOMs

DOC Hg Hg/DOC ratio Alum Dose (mg/L) LS.
NOM H
(mg/L) (ng/L) (ng/mg) P )
0.5 0.10 30
Each NOM 5.0 10.0 2.00 (2.6 mg/L as 6.7 0.01

AI(IID)

4.2.3 Analysis of aqueous samples

After the jar tests were completed, an aliquot of the supernatant was taken for UVs4,
DOC, total Al(IIl), and THg analyses. A TOC LCPH/CPN analyzer (Shimadzu) using high-
temperature (680 °C) catalytic oxidation was used for TOC/DOC analysis. THg analysis was
performed using cold-vapor atomic fluorescence spectrometry (CVAFS) (Tekran 2600;
Tekran, Toronto, ON) following US EPA method 1631, revision E (US EPA, 2002). Samples
for aluminum determination were preserved with 385-uL concentrated HNO3 per 5-mL
sample and were analyzed using inductively coupled plasma spectroscopy (ICP) (Agilent
Varian 710-ES, CA) at 309.271 nm and 396.152 nm wavelengths. UV2s4 was measured by
spectrophotometry (Agilent 8453, CA) using, either a 1-cm or 5-cm quartz cell. SUV Axss
was determined from the UV2s4 reading and the DOC concentration of the sample. Samples
were placed in a 4°C storage room if not analyzed immediately. A summary of the

instruments used to analyze the precipitate and aqueous samples are outlined in Table 4-4.
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Table 4-4. Analytical techniques used to achieve the goals of this research

Analysis Technique Method
DOC/TOC TOC analyzer (Shimadzu) USEPA 415.3
UVas4 UV spectroscopy USEPA 415.3
[AI(IID)] Inductively Coupled Plasma Optical

Emission Spectroscopy (ICP-OES) USEPA 6010D
(Agilent Varian 710-ES, CA)
Specific ultraviolet absorbance
(SUV Azss = UVas4/[DOC]) UV spectroscopy and TOC analyzer USEPA 415.3
Total Hg CVAFS Tekran 2600 USE.P.A 1631,
Revision E

4.2.4 Analysis of precipitates

X-ray photoelectron spectroscopy (XPS) and Time of Flight Secondary Ion Mass
Spectrometer (ToF-SIMS) were used for determining the composition of the precipitate and
the distribution of the Hg, C, O, and Al atoms on the surface of the floc. The results from
both techniques can also provide visual evidence for the incorporation of Hg-DOM
complexes onto alum flocs. To analyze the precipitate, jar tests were conducted for the
unfractionated Suwannee River NOM (SR-NOM, reference 2R101N) which contains both
the humic and fulvic fractions used in this study. Experiments were performed at constant Hg
concentration and different initial DOM concentrations than those specified in section 4.2.2.
A Hg concentration of 1.0 mg/L was selected in order to assure that a representative amount
of Hg adsorbed onto the flocs for a proper detection of this element with the techniques used.
The solution remaining in the jars were filtered through a 0.45 um cellulose nitrate filter to
collect the precipitates. Solid samples were dried for approximately six hours under N> gas
before XPS and ToF-SIMS analysis. A description of these experiments is provided in Table
4-5.
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Table 4-5. Experimental conditions for surface characterization of precipitates.

DOM Hg Alum Dose
NOM Jar H LS.
(mgl)  (ugL) (mgr) P o)
1 1.0
SR-NOM 50
(Ref: 2RI0IN) _> 1000 80 67 0.1
3 10.0

4.3 Results and Discussion

4.3.1 Characterization of DOM samples

Freshly prepared DOM samples were characterized before and after jar test
experiments. Before jar tests, SUVA»s4 values were determined (Table 4-6) at a DOC
concentration of 5.0 mg/L, pH ~ 6.0, and ionic strength of 0.01 M as NaNOs. A short

notation was given to each DOM sample used for experimentation as shown in Table 4-6.

Table 4-6. Characterization of DOM solutions used for experimentation

%
Aromatic carbon

DOM NOTATION (3C-NMR (Ijﬂv‘é’f;)
chemical shift)® g
165-110 ppm
Pony Lake Fulvic Acid PLFA 12 2.57+0.09
Suwannee River Fulvic Acid SRFA 22 4.53+0.30
Suwannee River Humic Acid SRHA 31 6.08+0.16
Nordic Aquatic Humic Acid NAHA 38 6.42+0.07

*Source: International Humic Substances (http://www.humicsubstances.org/)

The SUV A»s4 values also indicate the character of the DOM sample [48]: SUVA2s4 <
2.0 indicates a DOM sample with low hydrophobicity and low molecular weight species;
values between 2.0 and 4.0 indicate a mixture of molecular weights and a mixture of
hydrophilic and hydrophobic carbon compounds; and values > 4.0 correspond to DOM

samples with high hydrophobicity and high molar mass carbon compounds.
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As can be seen from Table 4-6, SUV Ajs4 values match the percentage of aromatic
carbon for each of the DOM selected. The low SUV A»s4 value for the PLFA (12%
aromaticity) indicates that this sample is rich in hydrophilic compounds and, consequently, a
poor removal of DOC should be expected. The intermediate SUV A»s4 value for the SRFA
(22% aromaticity) indicates a fair removal of DOC in this sample, while the large SUV Axs4
for the SRHA (31% aromaticity) and NAHA (38% aromaticity) predict good removal of

carbon for both DOM samples.

4.3.2 Removal of Dissolved Organic Carbon

At pH 6.7 and 30 mg/L alum dose, the performance of the coagulant is optimal which
minimizes its residual concentration [117], [118]. The low Al(IIl) concentration present in
solution after jar testing (Figure 4-3) points out the high reactivity between alum and DOM.
Such reactivity has been attributed to the presence of negatively charged functional groups in
the structure of DOM, particularly to those that contains oxygen such as carboxyl, phenolic,
carbonyls, and hydroxyl [120], [126]. The average removal of AI(IIl) from solution was

approximately 92%.
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Figure 4-3. Residual AI(IIT) concentration at pH 6 and alum dose 30mg/L for NOM from
different environments. Error bars represent standard error from the replicates.

Comparing the performance of each DOM selected under similar coagulation
conditions, it is clear that the removal of carbon follows the trend predicted by the SUV Azs4
values. As Figure 4-4 shows, low DOC removal is obtained when using PLFA (~2.3 mg/L
of DOC removed), the DOM with the lowest SUVA2s4 (2.6 L/mg C-m); while higher DOC
removal was possible with SRHA (4.3 mg DOC/L) and NAHA (4.2 mg DOC/L), the DOMs

rich in aromatic carbons and high SUV Ajs4 values, 6.1 and 6.4 L/mg C-m, respectively.
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Figure 4-4. DOC removed during bench-scale jar tests for NOMs from different sources.
Error bars represent the standard deviation from the replicates (n). The initial
DOC concentration in each sample was 5 mg/L.

Kruskal-Wallis One Way Analysis of Variance on Ranks revealed no statistical
difference in the mean DOC removed values between SRHA and NAHA (p > 0.05).
Differences in mean DOC values were found between PLFA and SRFA (p <0.05), PLFA
and SRHA (p <0.05), PLFA and NAHA (p < 0.05), SRFA and SRHA (p <0.05), and SRFA
and NAHA (p < 0.05). The statistical software IBM® SPSS® ver. 25 for Mac OS was used
for this analysis. Thus, the selection of NOMs provided a range of samples with varying

removal in alum coagulation systems.

4.3.3 Changes in SUV Azs4 values

Differences in the composition of the DOM during the treatment process can be
noticed by tracking the changes in SUV Azs4 values of the different organic matter isolates
evaluated. Figure 4-5 shows that a 23% decrease in SUV A»s4 was observed for PLFA, the

DOM with the lowest aromaticity, while approximately a 50% decrease in SUVA 254 was
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observed for all the other DOMs: SRHA (22% aromaticity), SRHA (31% aromaticity), and
NAHA (38% aromaticity). A decrease in SUV A»s4 has been associated with the removal of

the fraction of DOM high in molar mass and aromatic carbon [47], [48], [133].
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Figure 4-5. Changes in SUV Axs4 values for selected NOM after jar test experiments. Error
bars represent standard error from the replicates (n).

As mentioned before, changes in SUV A»s4 values also provide useful information
regarding the amount of aromatic carbon present in solution and the expected removal of
carbon from water treatment. For instance, SRFA and SRHA have similar changes in
SUV Azs4 values (nearly a 50% decrease), which would indicate that similar proportions of
aromatic carbon were removed from each solution; however, DOC removal was lower for
SRFA (66%) compared to SRHA (88%) which is consistent with the trends in aromatic
content; Table 4-6 indicates that SRHA contains 31% aromaticity and SRFA contains 22%
aromaticity. For PLFA, a 23% decrease in SUV Axs4 translates to 45% removal of DOC,
which is also consistent with the low aromatic content of the PLFA sample (12%

aromaticity).
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When comparing the residual DOC concentrations with their corresponding SUV Azs4
values (Figure 4-6), it was observed that samples with low residual DOC concentrations can
contain a mixture of hydrophobic and hydrophilic compounds (based on the guidelines
provided by Edzwald and Tobiason (1999), as it is the case for SRHA (SUVA254 finat = 3.1
L/mg C-m) and NAHA (SUVA254 final = 3.4 L/mg C-m). Further removal of DOC is still
possible for samples with SUV Azs4 values larger than 2.0 L/mg C-m, such as SRHA and
NAHA. In contrast, samples with high concentrations of DOC remaining in the residual
solution after coagulation and settling, as is the case for PLFA (2.8 mg/L), and to some
extent SRFA (1.8 mg/L), can be rich in low hydrophobic/low molecular weight compounds,
and that makes any further removal of organic carbon in traditional drinking water systems
difficult. Finished water low in SUV Azs4 and high in DOC poses a potential threat to
managers and users of drinking water plants due to the potential for formation of disinfection
by-products (DBP) or the presence of pathogenic microorganisms or heavy metals which can

be transported with the residual organic carbon.
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Figure 4-6. Final SUV A»s4 and DOC residual after alum coagulation for selected NOMs. The
initial DOC concentration in each sample was 5 mg/L.

4.3.4 Hg removal at low Hg/DOC ratio

Experiments at low Hg/DOM ratios were intended to produce conditions that isolate
interactions between Hg(II) ions and sulfur reduced ligands, which are the strongest ligands
for Hg complexation in DOM in aquatic ecosystems [35], [37], [61], [134]. Experiments
were performed at an initial Hg concentration of 0.5 pg/L and DOC concentration of 5.0
mg/L. Under similar coagulations of pH, alum dose, and ionic strength, it was observed that
the removal of Hg was above 80% for each of the DOMs used in this study, regardless of its
character and composition (Figure 4-7). Figure 4-7a shows that much higher Hg removal
efficiencies were possible when using PLFA, SRHA, and NAHA (~95% removal) compared
to the lower removal obtained for SRFA (~84%). SRFA had the lowest reported Sreq value in
Table 4-2. When normalizing the amount of Hg removed to the amount of DOC removed,

Figure 4-7b shows a higher value for PLFA (~0.20 pg Hg/mg DOC) compared to the lower
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ratios obtained with SRFA (~0.13 pg Hg/mg DOC), SRHA (~0.11 pg Hg/mg DOC), and
NAHA (~0.11 pg Hg/mg DOC).

A simultaneous analysis of Figure 4-7a and Figure 4-7b provides a more
comprehensive understanding of the influence of the nature and composition of DOM in
removing Hg in alum coagulation treatment. The data in Figure 4-7a suggest that, at low Hg
concentrations, the DOMs with high aromaticity but low in Seq ligands (SRHA and NAHA)
can remove as much Hg as the DOM low in aromatic content but high in concentration of
Sied ligands (PLFA). Additionally, Figure 4-7b shows that PLFA is able to remove twice the
amount of the Hg compared to either the SRHA or the NAHA, this despite the fact that a
poor removal of DOC is obtained with PLFA (45%) compared to SRHA (84%) or NAHA

(84%).
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Figure 4-7. Hg removal at low Hg/DOC ratio for NOM samples from different environments:
a) Hg removal percentage, b) Hg removed/DOC removed (pg/mg). The initial
DOC concentration was 5 mg/L and the initial Hg concentration was 0.5 pg/L.

One-way Anova with post-hoc Tukey test showed statistical differences in the
amount of Hg removed/DOC removed between PLFA and SRFA (p <0.05), SRHA (p <
0.05), and NAHA (p < 0.05). Statistical differences were also observed between SRFA and
SRHA (p < 0.05) and NAHA (p < 0.05). In contrast, no differences in the mean Hg
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removed/DOC removed values were found between SRHA and NAHA (p > 0.05) as the
pairwise comparison shows in Table 4-7.

In summary, similar amounts of Hg can be removed with either PLFA, SRHA, and
NAHA even though less carbon was removed with the PLFA compared to SRHA and
NAHA. These results highlight that removal of Hg is dependent on both the Siq content of
the DOM and as the propensity for adsorption of DOM (which is related to its aromaticity
and hydrophobicity) to the aluminum hydroxide flocs formed during coagulation. Thus, the
lower percentage Hg removal for SRFA can be attributed to the fact that this DOM has a
moderate aromatic content and the lowest concentration of Srq ligands among the NOM

evaluated.

Table 4-7. Pairwise comparison of (Hg/DOC) removal ratios across categories of DOM at

low Hg/DOC ratio
Std. . 95% Confidence Interval

Sample I  Sample 2 Error Sig. Lower Bound Upper Bound

PLFA SRFA 0.00472  0.000 0.0573 0.0832
SRHA  0.00456  0.000 0.0739 0.0989
NAHA  0.00535  0.000 0.0687 0.098

SRFA SRHA  0.0038  0.001 0.0057 0.0266
NAHA  0.00472  0.047 0.0001 0.026

SRHA NAHA  0.00456 0.908 -0.0156 0.0095

Each row tests the null hypothesis that the sample 1 and sample 2 distribution are the same.
Asymptotic significances (2-sided tests) are displayed. The significance level is 0.05.

A numerical description of the initial and final experimental conditions at low
Hg/DOC ratios is summarized in Table 4-8. Besides the S:.s/Hg molar ratio included in Table
4-8, an additional analysis needs to consider the fact that not all these Sieq ligands might be
available for Hg complexation. The term reduced sulfur includes many sulfur species
detected in DOM samples (by XANES spectroscopy) such as thiols, sulfides, disulfides,

cysteine, thiazine, and dothiepin, among others [75]. Some of these sulfur species involve the
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presence of aromatic structures bridged by sulfur ions where the formation of Hg-Sieq

complexes seems unlikely [35]. The most likely complexation of Hg with DOM in aquatic

environments will be with more simple S;eq species like thiols (R-SH) [35], [61]. As shown in

this study, the concentration of S;eq in DOM may vary depending on the source of the DOM

(e.g., PLFA, the sample with the highest Sr.q content, is a microbially derived DOM);

therefore, the concentration of thiol ligands, may also differ depending on the origin of the

DOM. Previous research estimated that approximately between 0.5 to 2.4% of the Sreq in the

Suwanee River humic acid (SRHA) form complexes with methylmercury[135]. As this is the

only reference available, the ratio thiols/Hg included in Table 4-8 was calculated assuming

that 2.0% of the Steq in DOM are thiols.

Table 4-8. Summary of the initial and final experimental conditions at low Hg/DOC ratio

PLFA SRFA SRHA NAHA
Hg initial (ng/L)
DOC initial (mg/L)
Hg/DOC (pg/mg) 0.10 (equivalent to 0.05 pg Hg/mg DOM)
Aromatic content (%)? 12 22 31 38
Sred (meg/g C)° 2.46 0.294 0.410 0.488
Carboxyl (meq/g C)* 7.09 11.17 9.13 9.06
(Sred/Hg)initial (mol/mol) 2,467 295 411 489
(Thiols/Hg)initial (mol/mol) 49.3 59 8.2 9.8
(Carboxyl/Hg)initial 14,222 22,406 18,314 18,173
(mol/mol)
SUVA254 initial (L/mg C-m) 2.6+0.1 4.5+0.3 6.1+0.2 6.4+0.1
Decreased in SUVA2s4 23% 48% 50% 47%
DOC removal (%) 46.8+1.2 64.5£3.9 83.4+2.3 85.2+1.2
Hg removal (%) 93.1+1.2 83.5+3.4 95.4+1.7 95.1+0.6
(Hg/DOC)removed (Lg/mg) 0.20+0.014 0.13+0.008 0.11+0.007  0.11+0.002

*Source: International Humic Substances (http://www.humicsubstances.org/)
"Sred data extracted from Manceau and Nagy (2012)



As the data in Table 4-8 show, for the PLFA, the fraction of the DOM that was
effectively removed from solution was able to remove 93% of the initial concentration of Hg.
These results suggest that, at low Hg/DOC ratios, Hg is being removed from solution not just
because this pollutant is bound to the Srq ligands available for Hg complexation, but because
these Sreq ligands might be located in the most aromatic/high molar mass fraction of the
DOM, which is absorbed onto the alum flocs. While SUV A»s4 is widely used as a proxy for
aromaticity, a decrease in SUV Azs4 indicates preferential removal of the most hydrophobic
portion of DOM (i.e., carbon molecules with higher molar mass and high aromatic content)
[53], [132]. As Figure 4-8 shows, PLFA, the sample with the lowest aromaticity (12%), only
reported a 23% decrease in SUV Azs4; while other samples like SRHA (31% aromaticity) and
NAHA (38% aromaticity) reported up to 50% decrease in SUV Azs4 each. SRFA (22%
aromaticity) also had ~50% decrease in SUV Azs4. Consequently, the few aromatic carbon
molecules in PLFA, that are removed from solution most likely contain most of the Seq
ligands binding Hg(II) ions and help to remove up to 93% of Hg(II) from solution through

alum coagulation.
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Figure 4-8. Comparison between changes in SUVAs4 values, removal of Hg(II), and Sred
concentration in NOM from different sources in jar test at low Hg/DOM ratios.

Although it has been reported that fulvic acid isolates (such as PLFA and SRFA)
contain more carboxylic ligands than its humic counterpart [45], these oxygen functional
groups seem to be spread out across the DOM molecule based on hypothetical structures
presented in previous research [69], [136]. Consequently, Srqligands seem to control the
removal of Hg from solution at low Hg/DOC ratios. Indeed, the high Sr.a/Hg molar ratio of
nearly 2,500, for PLFA, suggests that there are abundant Sieq ligands available to yield high

Hg removal.
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4.3.5 Hg removal at high Hg/DOC ratio

At higher mercury concentrations, Hg(II) ions will saturate the Sreq ligands available
for complexation in the DOM molecule and consequently will bind with other functional
groups, particularly carboxylic ligands. Figure 4-9a shows that the mercury removal
percentage varies between 54% for SRFA and 73% for PLFA. Compared to the results
obtained at low Hg concentrations, the removal of Hg decreased considerably at high
Hg/DOM ratios; however, the trends in removal for the various NOMs remained the same.
Of particular note is the reduction of Hg removal for the PLFA; percentages decreased from
93% to 73%. The average removal for NAHA was similar, decreasing from 95% to 71%.
When normalizing the mass of Hg removed to the amount of carbon removed, the resulting
plot (Figure 4-9b) also follows the same pattern as that obtained at the low Hg/DOC ratio; a
higher Hg removed/DOC removed ratio is obtained for PLFA (~3.30 pg Hg/mg DOC) in
comparison to the values obtained with SRFA (~1.76 pg Hg/mg DOC), SRHA (~1.62 ug
Hg/mg DOC), and NAHA (~1.82 pg Hg/mg DOC).
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Figure 4-9. Hg removal at high Hg/DOC ratio for NOM samples from different
environments: a) Hg removal percentage, b) Hg removed/DOC removed
(ng/mg). The initial DOC concentration was 5 mg/L and the initial Hg
concentration was 10 pg/L.

One-way Anova with post-hoc Tukey test revealed statistical differences in Hg

removed/DOC removed values between PLFA and SRFA (p <0.05), SRHA (p <0.05), and
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NAHA (p <0.05). In contrast, no statistical differences in Hg removed/DOC removed ratios
were observed between SRFA and SRHA (p > 0.05), neither between SRFA and NAHA (p >
0.05). Also, no statistical differences were observed between SRHA and NAHA (p > 0.05) as

the pairwise comparison shows in Table 4-9.

Table 4-9. Pairwise comparison of (Hg/DOC) removed ratios across categories of DOM at

high Hg/DOC ratio
Std. . 95% Confidence Interval

Sample I  Sample 2 Error Sig. Lower Bound Upper Bound
PLFA SRFA 0.07506  0.000 1.2963 1.777

SRHA  0.07506  0.000 1.433 1.9137

NAHA  0.07506  0.000 1.243 1.7237
SRFA SRHA  0.07506 0.331 -0.1037 0.377

NAHA  0.07506 0.89 -0.2937 0.187
SRHA NAHA  0.07506  0.129 -0.4304 0.0504

Each row tests the null hypothesis that the sample 1 and sample 2 distribution are the same.
Asymptotic significances (2-sided tests) are displayed. The significance level is 0.05.

A numerical description of the initial and final experimental conditions is
summarized in Table 4-10. A simultaneous analysis of Figure 4-9a and Figure 4-9b, together
with the additional information provided in Table 4-10, show that the NOMs that allow
larger removal of carbon (SRHA and NAHA) are also the ones that provide higher removal
of Hg; while less removal is obtained with the NOMs that provide less removal of DOC such

as SRFA and PLFA.
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Table 4-10. Summary of the initial and final experimental conditions at high Hg/DOC ratio

PLFA SRFA SRHA NAHA
Hg initial (ng/L) 10.0
DOC initial (mg/L) 5.0
Hg/DOC (pg/mg) 2.0 (1.0 pg Hg/mg DOM)
Aromatic content (%)? 12 22 31 38
Sred (meg/g C)° 2.46 0.294 0.410 0.488
Carboxyl (meq/g C)* 7.09 11.17 9.13 9.06
(Stea/H) initial (mol/mol) 123 15 21 24
Thiols/Hg)nitiat (mol/mol) 2.5 0.30 0.41 0.49
(Carboxyl/Hg) initial (mol/mol) 711 1,120 916 909
SUVA2s4 initial (L/mg C-m) 2.6%0.1 4.5+0.3 6.1+0.2 6.4+0.1
Decreased in SUVA2s4 23% 48% 50% 47%
DOC removal (%) 45.8+1.9 64.2£1.4  82.6+0.6 84.4+0.8
Hg removal (%) 72.9+1.6 543423  67.0+1.4 70.7+1.6
(Hg/DOC) removed (ng/mg) 3.30+0.05 1.76+0.11  1.62+0.13 1.82+0.04

*Source: International Humic Substances (http://www.humicsubstances.org/)
"Sred data extracted from Manceau and Nagy (2012)

An important observation comes from the results provided by the PLFA. The high
concentration of Sreq in the PLFA can explain the similarities in Hg removal percentage
between PLFA (12% aromaticity) and SRHA (31% aromaticity) and NAHA (38%
aromaticity), despite the fact that PLFA reported a much lower SUV Azs4 removal than any
other NOM (Figure 4-10). In this case, Srq ligands seem to play a significant role in
removing Hg when using PLFA (45% DOC removal). SRHA and NAHA contain low
concentrations of Srq ligands, but provide high removal of carbon (84%) which is abundant

in carboxylic ligands as the DOM structure suggests [69], [136].
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Figure 4-10. Comparison between changes in SUVAxs4 values, removal of Hg(Il), and Sied
concentration in NOM from different sources in jar test at high Hg/DOM ratios.

4.3.6 Surface characterization of the precipitates

To evaluate the composition of the precipitates, it was necessary to produce enough
sample to assure that a representative amount of Hg was adsorbed onto the flocs for a proper
detection of Hg with the techniques used. Jar tests were performed at an alum dose of 30
mg/L, pH 6.7, ionic strength of 0.01 M as NaNOQj3, initial Hg concentration of 1.0 mg/L, and
different DOM concentrations, as shown in Table 4-11. After flocculation, precipitates were
collected on a 0.45 pm cellulose nitrate filter, and samples were dried for approximately six
hours under N, gas. X-ray photoelectron spectroscopy (XPS) and Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) were used to determine the composition of the

precipitate and the distribution of the Hg, C, O, and Al atoms on the surface of the floc. The
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results from these techniques also provide visual evidence of the incorporation of Hg-DOM

complexes onto alum flocs.

Table 4-11. Jar tests conditions for the surface characterization of the precipitate

Jar/Sample boM Hg [pg/L] Alum Dose pH LS. [M]
[mg/L] [mg/L]

1 1.0 1000

2 5.0 1000 30 6.7 0.01

3 10.0 1000

The NOM selected for this experiment was the unfractionated Suwannee River NOM
(SR-NOM, reference 2R101N) which contains both the humic and fulvic fractions tested in
this study. A DOM solution from this NOM was prepared following the procedure described
in section 4.2.1. After centrifugation, aqueous samples from the supernatant were analyzed
for THg, UV2s4, and DOC. Results show that Hg removal increases with the removal of DOC
as can be seen in Figure 4-11, as more Hg binding sites are provided with the addition of

carbon at the optimal coagulation conditions selected for experimentation.
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Figure 4-11. DOC and Hg removal percentages for experiments to evaluate the incorporation
of mercury on alum flocs.

XPS measurements were performed on a Kratos X-ray Photoelectron Spectrometer —
Axis Ultra DLD at the Texas Materials Institute (TMI) at the University of Texas in Austin.
The equipment has a sensitivity between of 0.1 to 1.0 atomic percent and an AlKa source
1486.5 ev was used as the anode. High-resolution scans were recorded using a fixed pass
energy of 20 eV. Binding energy (BE) of the adventitious Cls peak was used as an inner
standard calibration at 284.8 eV. CASAXPS program (version 2.3.17PR1.1 Casa Software
Ltd) was used as a fitting program to process the XPS data assuming a Lorentzian—Gaussian
distribution of 20%, with a Shirley linear background in order to determine the binding
energy of the elements. A typical XPS analysis can penetrate samples between 5 to 20 A
(0.5— 2.0 nm) below the surface of the floc [137].

The relative atomic concentration of the elements in the precipitate and the
approximate composition of the surface are shown in Table 4-12. While the amount of
carbon detected on the surface of the precipitate increases as DOM content increases (10

mg/L DOM = 5.0 mg/L DOC), the percentage of aluminum decreases, indicating the buildup
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of carbon onto alum flocs. The relative concentration of oxygen on samples also decreases,
likely due to the uptake of carbon onto the flocs. Similarly, Hg uptake onto the flocs also
increases as DOC content increases, although for tests at 1 and 5 mg/L DOM, the
concentration of Hg is essentially the same.

Regarding the sulfur content in the DOM samples and its interaction with Hg(II)
ions, it was previously determined that sulfur alone is a minor component in DOM. Sulfur
concentration in DOM is estimated to be between 0.5 to 2% by weight of DOM [35], [40],
[58]. The amount of S;q among the DOMs used in this work varies between 54 to 72% by
weight of the total sulfur. Consequently, the atomic percentage of the Sieq in the DOMs used
for experimentation (numbers in parenthesis) were calculated based on the elemental
composition provided by the International Humic Substances Society (IHSS): PLFA
(0.53%), SRFA (0.07%), SRHA (0.011%), and NAHA (0.12%). These atomic percentages
are similar to the elemental sensitivity of the techniques used for surface characterization of
the precipitates; however, these concentrations are expected to decrease once the floc is
formed due to the interactions between DOM with alum and Hg in solution. This would

explain why no reduced sulfur (Sreq) was detected by XPS or ToF-SIMS.

Table 4-12. Percentage atomic concentration of the elements at the surface of the floc at
different initial DOM concentrations

% Atomic Concentration

Element
1 mg/LL. DOM 5 mg/L. DOM 10 mg/L. DOM
O 1s 37.9% 30.1% 24.7%
Cls 37.5% 50.1% 60.6%
Al 2p 17.2% 11.5% 7.6%
Si 2p 4.4% 4.0% 2.6%
Hg 4f 2.9% 4.4% 4.5%
Total 100.0% 100.0% 100.0%
Surface
Composition Ci28Al59013Hg  Ci15AL6069Hg  Ci34Al1 705 5Hg
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The resultant surface compositions of precipitates were normalized by dividing by the
atomic percentage of Hg (% atomic concentration) in each sample. These results indicate
that, although the proportion of carbon are similar, the relative amount of Hg, O, and Al
change depending on the initial DOM concentration used for experimentation. Precipitate
from jar 3 (10 mg/L DOM), which have the highest initial concentration of DOM, contains
higher amounts of mercury, and consequently the surface chemical composition of this
precipitate will have a lower amount of Al and O, as Table 4-12 shows.

Figure 4-12 shows the XPS-spectra results for the most representative elements in the
samples, that is, Hg, Al, C, and O. Both survey and high-resolution scans were used to
determine the approximate composition of the surface and to quantify these key elements. As
a result of the similarities in binding energies for Siz, and Hgar (approximately 99 eV), it was
expected that the spectra from these two elements would overlap between 99 - 104 eV[138],
[139], as can be seen in Figure 4-12 (a). Hg4f doublet and its oxidized forms Hg4f;» and
Hg4fs/» can be observed in Figure 4-12(a). The binding energies for Hg4f7,, and Hgéfs)
peaks are centered around 100.9 eV and 104.4 eV, respectively. To quantify the amount of
Hg on the surface of the precipitate, “the Siz, core-level spectra [was] separated from Hgar
spectra by using the area of the Siys core-level spectra and the intensity ratios of the two Si
spectral lines,” as was recommended by previous authors [138], [139]. Figure 4-12 (b) seems
to indicate the uptake of carbon onto alum flocs in the presence of larger DOM
concentrations. This situation is corroborated in Figure 4-12 (c) where carbon seems to be the
dominant species on the first layer of the precipitate. The presence of oxygen in samples may
be attributed to oxygen species such as HgO, Hg(OH)., AI(OH)3, SiO2, C=0 and C-O bond,
among other Hg-O and Al-O species. Therefore, the sample that contains the lowest amount
of DOM (1 mg/L) will yield a higher proportion of oxygen in the precipitate, as Figure
4-12(d) shows.

To spot differences between samples, it is not recommended to compare peak areas
directly, mainly because “not all the electrons emitted from the sample are recorded by the
instrument.”’[ 140] The most accurate method is to compare the percentage atomic
concentrations, as shown in Table 4-12, which represent “the ratio of the intensity to the total
intensity of electrons in the measurement.” [140]. Nevertheless, the spectra itself are useful to

visualize the binding energy associated with an element and its chemical composition in a
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given sample, as well as any chemical shift of binding energy, which provides information

about the oxidation states and the chemical environment.
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An additional surface floc characterization was possible using Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) which provides elemental information from
the surfaces of the floc. Figure 4-13 shows the total positive ion image of the floc (upper left)
as well as the ion images for Hg, C, and Al-O interactions. These images indicate that Hg, C,
Al, and O ions are randomly distributed throughout the surface of floc, where the Al-O ions
seem to be more concentrated on the right side of the sample. A more detailed analysis of the
regions of interest (ROI) was conducted through further analysis of the Hg-DOM
interactions. By looking at the ROI of the selected images, it appears that increases in
intensity of Hg are coupled with increased C intensity. This trend would suggest that Hg (II)

ions are chemically attracted to functional groups in carbon compounds in DOM samples.
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Figure 4-13. Elemental maps of total ions, Hg, Al-O, and carbon on the surface of the floc
after alum coagulation treatment by ToF-SIMS. Note: the bright lines on the
lower-left side of the Hg-map are associated with the filter and are not related to
the presence of Hg in that particular area of the floc.
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4.4 Conclusions

Experiments at low Hg/DOM ratio indicated that Hg is associated with the aromatic
fraction of the DOM and the S;eq species in the DOM sample. High Hg removal efficiencies
seem to be possible regardless of the character of the DOM and the amount of carbon
removed from solution under low Hg/DOM ratios. Sreq species, the strongest ligand for Hg
complexation, play a determinant role in removing Hg from solution during alum
coagulation. Even for DOM samples with low aromaticity, such as PLFA, high Hg removal
efficiencies were possible due the high concentration of reduced sulfur present in this
particular natural organic isolate. The low aromaticity of this isolate provided poor removal
of carbon compared to the other DOM samples, but the concentration of reduced sulfur in
PLFA is on average six times that of the other DOM samples. Consequently, results suggest
that the Sreq ligands are mainly located in the aromatic fraction of the DOM, which allows the
removal of Hg from solution in alum coagulation systems, even for highly hydrophilic DOM.

DOM structure and composition also affect the reactivity of this pollutant and its
treatability with aluminum-based coagulants at high Hg/DOM ratios. Experiments at high
Hg/DOM ratios provide a glimpse into the limitations for removing Hg from surface waters.
While the Seq ligands seem to be concentrated in the fraction of DOM more attractive to
aluminum hydroxide precipitates, other ligands such as carboxylic functional groups are
more likely distributed throughout the structure of the DOM molecule. As a consequence, it
seems that any Hg ion bound to the carboxylic ligand in the aromatic fraction of the DOM
will be removed from solution, as was the case for the SRHA and NAHA, while those ions
bound to the hydrophilic fraction of the DOM are more likely to stay in the supernatant, as
the results for the PLFA indicate.

As reduced sulfur species in DOM are frequently defined differently depending on
the study, it is important to recognize that not all Sreq species are available for Hg

complexation [35], [37], [75]. Thus, estimates of S;.q alone may not be sufficient to quantify
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the amount of Hg that can be removed via Hg-S;eqd complexes; it may be necessary to
quantify the thiols and sulfide content. Nevertheless, the results from this work indicate that
ratios of Sreq to Hg(I) can be used as a guide for assessing the significance of these ligands
for a particular water. At higher concentrations of mercury, both S;eq and carboxylic ligands
influence the removal of Hg in highly polluted ecosystems.

Finally, it is important to emphasize that the character of DOM will determine the
extent of the removal of DOC from solution and the changes in SUV A»s4 values in metal-
based coagulation systems; however, the composition and distribution of Hg-reactive
functional groups is equally important for determining the potential for Hg removal from

solution.
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CHAPTER 5. ANALYSIS OF THE INTERACTIONS BETWEEN
MERCURY AND NATURAL ORGANIC MATTER (NOM)
THROUGH STATISTICAL ANALYSIS, EQUILIBRIUM DIALYSIS
LIGAND EXCHANGE (EDLE), FLUORESCENCE SPECTROSCOPY
AN BENCH-SCALE JAR TESTS WITH AND WITHOUT AN
ESTERIFIED NOM

5.1 Introduction

Carboxylic acids are one of the most abundant functional groups in dissolved organic
matter (DOM) [69], [136]. However, their importance for Hg(II) complexation of DOM is
often overlooked because mercury binding at low Hg(II) to DOM ratios is often dominated
by reduced sulfur ligands. Depending on the concentration of mercury in aquatic ecosystems,
Hg (II) ions can form strong complexes with sulfur reduced ligands (Sreq) or bond to
carboxylic acids in DOM [37], [61]. To study the interactions between Hg and DOM in the
absence of carboxylic functional groups, two experiments were designed. The goal of the
first experiment was to eliminate carboxylic ligands by transforming them into a different
functional group with less affinity for Hg ions. In this research, the goal was to transform the
carboxylic acids into esters. The second experiment was designed to prove that, at low
Hg/DOM ratios, Hg binding is dominated by Sreq ligands and, at high Hg/DOM ratios, they
are dominated by carboxylic ligands. This experiment utilized two different approaches for
measuring the Hg-DOM binding constants, Equilibrium dialysis ligand exchange (EDLE)
and fluorescence quenching (FQ). The first method is the most common approach and values
have been reported for numerous DOMs including some used in this work, and the method
has the advantage that the Hg(II) binding can be studied at low Hg concentrations enabling
measurement of Hg-Srq binding constants. In contrast, fluorescence quenching requires high
concentrations of Hg, or rather, high Hg/DOM ratios; hence, the values obtained from FQ are
consistent with Hg binding to weaker carboxylic ligands. Thus, representative DOMs were

selected for analysis using each method to highlight the dominance of Hg-Sreq binding at low
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Hg to DOM ratios. Finally, a statistical analysis was performed using the data obtained in
Chapter 4. Hence, the goal was to determine whether significant relationships existed
between mercury removal percentages and independent variables such as reduced sulfur
content (Sred), carboxylic acids content (COOH), aromatic carbon concentration

(DOCaromatic), and the amount of total carbon removed from solution (DOCremoved).

EEDQ Esterification

The esterification of carboxylic acids is an ancient process in organic chemistry
where carboxylic acids are converted to esters in the presence of alcohol and an acid catalyst
[141], [142]. After the discovery of the Fisher ester synthesis, efforts were made to design
more environmentally and economically friendly processes, particularly at room temperature
[142]. Hence, the conversion of carboxylic acids to esters using 2-Ethoxy-1-ethoxycarbonyl-
1,2-dihydroquinoline (EEDQ) in excess alcohol, discovered by Zacharie et al. (1995) [141],
was developed. EEDQ serves as a peptide coupling agent in this esterification process. This
process has been applied to a variety of compounds containing carboxylic groups, works well
under neutral conditions, and is suitable for natural products [141].

In summary, it is expected that by adding EEDQ, an active acid anhydride will be
formed, together with quinoline and ethanol [141]. The active anhydride will react with the
alcohol added in excess to form the corresponding esters in the DOM sample. The reactions

involved in the esterification process are presented in Figure 5-1.
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Figure 5-1. Schematic of the esterification of carboxylic acids with alcohols using EEDQ.
Adapted from Zacharie et al., 1995.

Comparing jar test results between esterified and non-esterified DOMs can provide
some insight into the role of carboxylic ligands for the removal of mercury in metal-based
coagulation systems. Jar test experiments at extremely high Hg concentrations using a non-
esterified DOM can also provide some information on the influence of carboxyl ligands after

saturating the strongest Hg-binding ligands in DOM.

Equilibrium Dialysis Ligand Exchange (EDLE)

Due to the complex composition of the DOM and the different functional groups
present in its structure, it is practical to estimate the strength of the Hg-DOM interactions by
measuring the conditional stability constants of Hg-DOM complexes (Kug-nom or Kpowm).
The term conditional stability constant was developed to consider the acid-base reactions that
occur simultaneously with complexation reactions [143]. This concept was introduced by
Schwartzenbach (1956) [144] and, as its name implies, the magnitude of the K determined
depends on the experimental conditions.

Different techniques have been used to determine Kpom. Values of the resultant

Kpowm’ vary according to the experimental conditions and the technique used. Some of these
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techniques are competitive ligand exchange (CLE), sorption equilibrium modeling (SE),
equilibrium dialysis ligand exchange (EDLE), solvent-solvent extraction (SSE), ion
exchange (IE), solid-phase extraction with competitive ligand exchange (CLE-SPE), and
Reducible Hg. The technique used in this work was EDLE because it produces reliable data
based on the work from previous authors and was specifically developed to measure metal

ion-DOM interactions at nanomolar metal concentrations [37], [74].

Fluorescence Quenching (FQ)

Fluorescence spectroscopy is an established tool for measuring binding constants of
compounds that form complexes with fluorophores in DOM. A fluorophore is a chromophore
(a molecule that contains functional groups that absorb UV or visible light) that remits
absorbed photons at a longer wavelength upon light excitation. DOM contains aromatic
group fluorophores that make it ideal for employing fluorescence-based techniques. Thus,
when organic matter is exposed to UV and visible light, electrons in atoms or molecules are
excited by absorbing photons. Some of these molecules can also lose energy in the form of
light (fluorescence) when the electrons fall to a lower energy level [145], [146]. In the
presence of metal ions, it was observed that the intensity of spectra for DOM samples can
either be enhanced or quenched as a function of the concentration of the metal, the
fluorescence properties of the binding site, and the experimental conditions [130], [147].
Changes in the intensity of the spectra are assumed to be caused by protonation,
deprotonation, or metal complexation of reactive functional groups in DOM [146], [148].

As an optical measurement, fluorescence spectroscopy has the advantages of speed
and simplicity which allows both equilibrium and kinetic measurements. Comparisons
between the fluorescence intensity of the product of a reaction such as Hg(Il) + DOM <> Hg-
DOM with the reactant (DOM) can be determined within seconds. Addition of mercury
reduces the fluorescence in this case. In fluorescence quenching titrations, the metal (e.g.,

Hg(II)) is titrated into a sample of DOM and the change in fluorescence is assumed to follow
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the stoichiometry of the reaction. Thus, it is possible to determine Hg-DOM binding
constants by analyzing the reduction in fluorescence with increasing Hg(II) addition to the
system. A detailed description of the reaction chemistry and analysis approach is presented in
the classic paper by Esteves da Silva et al. [9] Consequently, an additional goal of this work
was to analyze the interactions between Hg ions and carboxylic ligands in DOM samples
through fluorescence quenching titrations. Results from this research can provide further
insight into the functionalities in the structure of the DOM that allow Hg ions either to be

transported in aquatic ecosystems or to be removed from drinking water systems.

5.2 Research Approach

5.2.1 Natural Organic Matter (NOM) selection and characterization

Natural organic matter (NOM) samples for this experimental work were purchased
from the International Humic Substances Society (IHSS) and were chosen based on their
availability and concentration of acidic functional groups, especially the presence of reduced
sulfur and carboxylic groups. NOM characterization was mostly obtained from the IHSS,
which provided the carbon distribution of the NOMs by using Carbon-13 Nuclear Magnetic
Resonance Spectrometry ('*C NMR), the elemental composition for C, H, O, N, S, and P in
%(w/w) of dry samples, and the concentrations of acidic functional moieties such as phenolic
and carboxyl groups as shown in Table 3-1. Reduced sulfur content data was obtained from
Manceau and Nagy (2012), which used X-ray absorption near-edge structure (XANES)
spectroscopy to quantify sulfur functionalities in NOM samples [75].

DOM stock solutions were prepared by adding a known amount of solid NOM to
ultrapure water (18 MQ cm). The solution was mixed for 1-hr and sonicated for 30 min to
break up big particles. pH was increased to approximately 8.5 to achieve a complete
dissolution of the NOM. Afterwards, the solution was filtered using a 0.45-um cellulose

nitrate membrane filter and stored in an amber glass bottle in a dark cold room at 4°C.
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Each NOM selected in this test was characterized by measuring their DOC
concentration, UV2s4, and SUV Azss values. SUV Assyis defined as the UV absorbance at 254
nm of a water sample divided by the concentration of dissolved organic carbon (DOC) [48],
[53], [107]. This value can be used as proxy for aromatic content of the DOM samples in

aquatic environments [47], [48].

5.2.2 Esterification of Natural Organic Matter (NOM)

The NOMs selected for esterification were the Suwannee River Fulvic Acid (2S101F)
and the Suwannee River Humic Acid (2S101H). To esterify each NOM, approximately 200
mg of solid NOM was dissolved into 30-mL of ethanol for 30-min. Subsequently, EEDQ
(1.41 mmol) was added to the DOM solution. The reaction was stirred for 12-h at room
temperature. Afterwards, the solution was transferred to a filter flask and the solvent was
evaporated under reduced pressure. Ethyl acetate (20-mL) was added to dissolve the residue,
and the solution was sonicated for approximately 30-min. Later, the ethyl acetate was also
removed under reduced pressure and the residue was dissolved in 120-mL of ultrapure water
(18 MQ cm). The esterified-SRFA was analyzed for ?C-NMR (after concentration in a
rotovapor), DOC, UV2s4, and fluorescence spectroscopy. A schematic of the esterification

process is presented in Figure 5-2.
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Figure 5-2. Steps followed for the esterification of carboxyl groups in natural organic matter
samples with EEDQ and excess alcohol.

5.2.3 Equilibrium Dialysis Ligand Exchange (EDLE) Experiments

The EDLE technique was used to determine the conditional stability constants
(Kpow) for the binding of Hg(II) to DOM, following the experimental procedures described
by Haitzer et al. (2002, 2003). This technique has proven to be useful to separate bound and
unbound Hg fractions at equilibrium using a dialysis membrane.

To avoid Hg losses from solution, the experimental setup included the use of acid-
cleaned Teflon® jars and a Spectra/Por® Biotech CE Tubing (MWCO 500-1000 D) as a
dialysis membrane. This membrane was chosen because it does not contain sulfur as a
residue of the manufacturing process, and it minimizes the leakage of DOM through the
membrane.

Experiments were conducted in triplicate using Teflon® jars containing 90-mL of
solution placed on the outside of the dialysis tubing and 10-mL of DOM solution placed
inside the tubing. The inner solution contained in the dialysis membrane was sealed with
standard Spectra/Por® closures on both sides of the membrane. A KH>PO4/ Ko;HPO4 buffer
solution was used in both compartments to keep the pH at 6.7 and the ionic strength of the

solution was set to 0.1 M with NaClOg, taking into account the ionic strength effects of
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EDTA and the buffer. Only the inner solution contained 10 mg/L of DOM (Suwannee River
NOM, Catalog # 2R101N). At the start of the experiment, 100-uL of a Hg(II) stock solution
(1.0 mg/L in 10% HNO3) was added to the solution in the outer compartment. A

representation of the experimental setup is shown in Figure 5-3.

I : Dialysis b
(AT 10 10 mL. DOM solution
g

Ny [.S=0.1M NaClO4
EDTA: 0.001M
pH=06.7

Outer compartment (Teflon®
jar)

90-mL

[.S.=0.1M NaClO4

|
\ T J EDTA: 0.001 M

pH=6.7

Figure 5-3. Representation of the experimental setup to determine the equilibrium constant
between free Hg and DOM at low Hg/DOM ratio.

Teflon® jars were sealed with parafilm. Samples were equilibrated in a reciprocating
shaker for 5-days, although preliminary results indicated that equilibrium was reached after
3-days of reaction time at ~22°C. After equilibration, aliquots were taken from the inside and
outside compartments and analyzed for THg, DOC, and UV2sa.

Following the procedure described by Haitzer et al., the conditional stability constant
for Hg-DOM interactions (Kpowm-) assumes that the stoichiometry between Hg(I) and DOM
is 1:1 [46], so the reaction between these two compounds is given by Hg + DOM —

HgDOM as follows:

Hg + DOM — HgDOM Equation 6

From here Kpowm can be obtained as show below:

[HgDOM]

Knony: = —————— Equation 7
poM’ = THg] (DOM) quation
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Where

Kpowm = Conditional distribution coefficient (L/kg)
(DOM) = Mass DOM concentration (kg/L)

[Hg] = Molar mercury concentration (mol/L)

[HgDOM] = Molar Hg-DOM concentration (mol/L)

Considering that it is expected that [Hg] << [DOM] and that there may be some
leakage of DOM between the two compartments, Equation 7 can be transformed into

Equation 8.

K , = QaHg E t 8
DOM™ ™ (DOM) 1, — (DOM) 0t (Q + 1) quation

Where the distribution ratio (Q) can be calculated as follow:

[Hg]in - [Hg]out
[Hg]oue

Q= Equation 9

EDTA is a typical auxiliary ligand (L) to allow detectable Hg levels at equilibrium
[37]. The parameters (DOM )i, and (DOM)ou: represent the concentrations of DOM (kg/L) in
the inner and outer compartment, respectively. Q is a measure of the concentration of Hg in

the inner and outer compartment as shown by Equation 9, and ay, is a measure of the

complexation of Hg by the auxiliary ligand L and OH- as can be seen in Equation 10,

assuming that [Hg]owa << [Ligand]iotal [37].
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— i _ L]total Equation 10
=1 +Zﬂl (L] +ZB;?H[H =1 +Zm (1 I ) kZﬁ;?”[H

BF and B JH are the overall stability constants for the stepwise binding of L to Hg and
H (protons) to L, respectively. B2 is the overall hydrolysis constant referring to the
formation of Hg(OH)x from Hg + kH>O [37].

EDLE was employed in this research for a representative NOM to validate the high
Hg-DOM constants that are obtained at low Hg:DOM ratios in which Hg-Sreq binding is
expected to dominate. This value is compared to literature values obtained for other DOMs
used in this research as well as a wide range of DOMs. The results are used to support the

hypothesis that at low Hg:DOM ratios, complexation to Sreq ligands controls binding.

5.2.4 Fluorescence spectroscopy of Hg-DOM interactions

A series of fluorescence quenching titrations with increasing concentrations of
Hg(NOs)2 were performed to obtain quantitative and qualitative information of the
interaction between Hg and DOM (i.e., stability conditional constants and the percent of
fluorophores that participates in the binding of Hg(II)). Each sample was prepared at a DOC
concentration of 5.0 mg/L, pH 6.7, and ionic strength (0.01M NaNOs3). The intensities of the
fluorescence emission spectra in the absence of mercury were also measured.

Fluorescence spectra were obtained in a 1 cm quartz fluorescence cell (3.5-mL
volume, Starna® 3-Q-10) at room temperature (20°C), using a Fluorimeter (Fluorolog®-3
model FL3-122) equipped with a Xenon arc lamp as the light source. Fluorescence emission
spectra were obtained at wavelengths ranging from 350 to 650 nm with an excitation
wavelength of 340 nm. A 5 nm bandpass for excitation and emission wavelengths and 0.25 s

integration time were used.

92



For mercury titrations, a 3-mL aliquot of DOM sample was transferred to a 15-mL
vial. A known amount of a Hg(NO3), solution (1.0 mg/L or 180 mg/L in 10% HNO3) was
added to the DOM. Samples were vortex-mixed thoroughly before measuring the spectra and
fluorescence quenching was assumed to be proportional to the formation of 1:1 complexes
[130]. Consequently, a modified Stern—Volmer equation could be used to quantify
complexing parameters, according to the procedure described by Esteves da Silva et al. and
Lu and Jaffe [130], [147]. Details of the analytical procedures are found in the referred
articles. The modified Stern—Volmer equation allows calculation of the binding constant and

the fraction of the initial fluorescence that corresponds to the binding fluorophores:

F, 1 1

=== t= Equation 11
5F ~ fKpow[Hg] " f ¥

Fo = Fluorescence intensity of the sample with addition of Hg(II)

F = Fluorescence intensity of the sample without addition of Hg(II)

OF =Fo-F

f= Fraction of the initial fluorescence that corresponds to the binding fluorophores

Kpowm’ = Conditional stability constants between Hg and DOM

According to Equation 11, plotting Fo/6F vs. 1/[Hg], Kpom’ and f'can be determined
using multiple linear regression analysis. Results, therefore, provide the conditional stability
constant of the Hg-DOM interactions and the fraction of fluorescence binding sites (FBSs).
Moreover, since these experiments are conducted at high Hg to DOM ratios, complexation

with carboxylic groups is expected to dominate.
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5.2.5 Bench scale jar tests

Jar test experiments with and without esterified NOMs were designed at a constant
alum dose of 30 mg/L as alum, pH 6.7, and 0.01 M NaNOs ionic strength. To minimize
mercury losses during experimentation, jar tests were performed on magnetic stir plates using
acid-cleaned Teflon® jars and Teflon® stirs bars. The desired mercury concentration was
spiked in to the DOM solution by adding Hg(NO3)2 and the pH was adjusted to 6.7 with
HNOs3 or NaOH solutions. A two-minute rapid mix period was provided during the addition
of coagulant. Twenty minutes were allowed for slow mixing and 30 minutes for settling.
Samples were centrifuged for 30 min at 665 x g. Afterward, the supernatant was analyzed for
DOC, THg, total AI(III). Similar procedure was followed for jar tests experiments at much

higher mercury dose (10-50 pg/L) using a non-esterified NOM.

5.3 Results and Discussion

5.3.1 SUVA2s4 values of DOM samples

The SUVA»s4 values were calculated for each of the NOMs used for experimentation.
As expected SUV Azs4 values are correlated with the aromatic content of DOM samples
(Table 5-1). PLFA, the sample with the lowest aromatic content (12%) has a SUV A»s4 value
of 2.5 L/mgC-m, while NAHA, the sample with the highest aromatic content, has a SUV Axs4
value of 6.5 L/mgC-m).
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Table 5-1. SUV A4, aromaticity, and notations for selected NOMs

%

NOM NOTATION  Aromatic SUVA2ss

165-110 ppm?* (L/mg C-m)
Pony Lake Fulvic Acid PLFA 12 2.53+0.13
Suwannee River Fulvic Acid SRFA 22 4.51+£0.20
Suwannee River Humic Acid SRHA 31 5.94+0.13
Nordic Aquatic Humic Acid NAHA 38 6.49+0.03
Suwannee River NOM SR-NOM 23 3.80+0.03

*Source: International Humic Substances (http://www.humicsubstances.org/)

5.3.2 Esterification of Natural Organic Matter (NOM)

EEDQ was selected for the esterification of DOM in this study because its reaction is
known to be specific to carboxylic groups. The esterification of SRFA was done as indicated
in section 5.2.2. 13C-NMR spectra for SRFA and the esterified-SRFA showed differences in
the chemical structure between both samples. Signals in the chemical shift ranges 6c=60-160

ppm are missing in the esterified sample as can be seen in Figure 5-4.
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Figure 5-4. (a) Liquid phase 3C-NMR for SRFA sample, (b) Liquid phase *C-NMR for the
esterified-SRFA.

A closer look at the peaks observed in the esterified NOM allows identification and
quantification of the different carbon species present in this NOM. Results are shown in

Table 5-2.
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Table 5-2. 3C-NMR estimates carbon distribution comparison between SRFA and the
esterified-SRFA

m SRFA Esterified-
pp (THSS) SRFA

Aliphatic 60-0 35% 63%
Heteroaliphatic 90-60 16% -

Acetal 110-90 6% -

Aromatic 165-110 22% -
Carboxyl, amides, 190-165 17% 379

esters

Carbonyl 220-190 5% -

I3C-NMR results show that the carbon distribution changed dramatically after the
esterification process. The esterified-SRFA now contains more carbon species in the
chemical shift ranges 6c=0-60, where alkanes, alcohols, and ethers can be dominant, as well
as in the chemical shift ranges 6c=165-190 where species like amides, esters, and carboxylic
acids can be found. The increase in the carbon species in the 6c=165-190 region might
indicate that the esterification of the SRFA actually occurred. Nevertheless, additional

analysis is needed to support this conclusion.

5.3.3 Jar tests with and without esterified DOM

Jar tests with the esterified and non-esterified SRFA sample are presented in Figure
5-5. In each case, the total concentration of organic carbon was 5 mg/L. However, in the case
of the esterified NOM, only about 40% of the organic carbon came from SRFA and the rest
came from the by-products of the esterification process. When a concentration of ~0.5 pg/L
Hg(II) was added to the solution, a higher removal of mercury was obtained with the SRFA
(~81%) compared to the percentage removed with the esterified sample (26%) (Figure 5-5a).
At a mercury concentration of 5.0 nug/L, the removal of mercury decreased to 49% in the

SRFA sample and to 14% with the esterified-SRFA (Figure 5-5b). In all cases, the removal
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of carbon was approximately 67% for SRFA and 26% for the esterified-SRFA (Figure 5-5c¢).
When normalizing the amount of Hg removed by the total amount of carbon added, it was
evident that at both concentrations, 0.5 and 5.0 pg/L, the ratio Hg removed/total carbon was
lower for the esterified samples (Figure 5-5d). This difference would suggest that the SRFA
lost some of its capacity to remove Hg from solution once it was esterified.

It is important to mention that the SUV As4 value measured for the esterified-SRFA
was approximately 2.8 L/mgC-m, compared to 4.5 L/mgC-m obtained for the SRFA sample.
The removal of aluminum during aluminum hydroxide precipitation was similar in both

samples (92%).
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Figure 5-5. Jar tests results with SRFA and esterified SRFA: (a) Hg residual at 0.5 pg/L (b)
Hg residual at 5.0 pg/L (c) DOC residual after jar tests at 0.5 and 5.0 pg/L (d)
Hg removed/total carbon added.
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A similar esterification process was done with the Suwannee River Humic Acid
(SRHA), this time at 0.5 and 10.0 pg/L dose of Hg (Figure 5-6). Again, the percentage
aluminum removal was approximately 93% regardless of the NOM used. Unlike Figure 5-5a,
similar levels of mercury removal were possible at low Hg concentrations (Figure 5-6a). This
may be due to the higher Seq content of the SRHA compared to the SRFA. At higher
mercury concentrations, the performance of the SRHA was consistent with the SRFA; in
both cases the non-esterified sample produced superior removal of Hg per mg of carbon
compared to the esterified-SRHA (Figure 5-6d). In all cases, the removal of carbon was
approximately 85% for the SRHA and 26% for the esterified-SRHA. The SUV Axs4 value of
the esterified samples also decreased dramatically to 2.1 L/mgC-m, compared to a value for

the SRHA ~6.0 L/mgC-m.
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Figure 5-6. Jar test results with and without SRHA and esterified SRHA: (a) Hg residual at
0.5 pg/L (b) Hg residual at 10 pg/L (¢) DOC residual (d) Hg removed/total
carbon added.

The NMR results suggest that major changes occurred in the structure of the NOM
after carrying the esterification process. However, in the absence of an esterified-NOM
reference to compare with, it is not possible to elucidate the extent of the changes. The
esterification process may affect humic substances in different ways, as the results from
Figure 5-5 and Figure 5-6 suggest. Humic acids are richer in aromatic molecules with high
molar mass while fulvic acids, which contains more aliphatic chains and a higher
concentration of carboxylic ligands, may have undergone a greater transformation than its
humic counterpart. Nevertheless, the results suggest that the loss of carboxylic functional

groups does impact Hg binding to DOM in SRHA samples.
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5.3.4 Jar tests at extremely high Hg(II) concentrations

A comparison in the removal of mercury was conducted between PLFA and SRFA,
the two fulvic acids samples, and SR-NOM, the unfractionated NOM. This comparison was
done for mercury concentrations between 10 and 50 ug/L, which are atypical of
concentrations in natural aquatic environments. While these values are higher than expected
in aquatic environments or even in locations downstream of mining operations, Hg(II) values
in this range have been observed in amalgamation tailing ponds in gold mining regions [ 149].
Nevertheless, jar tests under these extreme conditions allow study of the interaction between
Hg(II) and carboxylic ligands for conditions that are expected to saturate the sulfur reduced
functional groups in DOM. A summary of coagulation conditions for these NOMs is

presented in Table 5-3.

Table 5-3. Jar test initial experimental conditions at high Hg(II) concentrations

Coagulant
NOM DOC (mg/L)  Hg(ugL) - %mg/L) PH
SR-NOM
SRFA 5.0 10-50 30 6.7
PLFA

Experimental results indicated that the removal of alum was similar among the NOMs
tested (92.3%). These results demonstrate that optimal coagulation conditions were provided

for NOM removal for all samples as is shown in Figure 5-7.
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Figure 5-7. Residual AI(IIT) concentration at pH 6 and alum dose 30 mg/L for NOMs from
different environments. Error bars represent standard error from the replicates
(n=3).

As expected, the removal of carbon is correlated with SUV A»s4 content as can be
seen in Figure 5-8. A higher carbon removal was observed with the SRFA sample, which
contains the higher SUV Axss. A lower carbon removal was observed when using the PLFA,

the sample with lowest aromatic carbon, and consequently lowest SUV A»s4 value.
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Figure 5-8. DOC removed during bench-scale jar tests for NOMs from different sources.
Error bars represent the standard deviation from the replicates (5). The initial
DOC concentration in each sample was 5 mg/L as C.

The removal of Hg was relatively constant as the concentration of Hg increased,
regardless of the NOM tested, as shown in Figure 5-9. Because this test was done at constant
DOC concentration and increasing Hg(II) dose, the lack of variability in the percentage
removal of mercury is likely related to the fact that carboxylic ligands are the dominant
functional groups under this new condition. Similar Hg(II) removal percentages were
obtained using either SR-NOM or SR-FA, while a higher removal of mercury was possible
with the PLFA.

The fact that the percentage removal of Hg(II) remains invariable while the amount of
Hg(IT) removed from solution increases, suggests that a dynamic equilibrium exists between
those Hg(II) ions bound to the fraction of carbon that adsorbs onto aluminum hydroxide flocs

and those Hg(II) ions bound to the fraction of carbon that remains in the aqueous phase.
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Figure 5-9. Percentage mercury removal at different initial mercury concentrations for PLFA,
SRFA, and SR-NOM samples. The initial DOC concentration was 5 mg/L.
Error bars represent the standard deviation from the replicates (n=3).

Figure 5-10 shows the amount of Hg(II) removed from solution normalized by the
amount of carbon removed. Lower Hg/DOC ratios are obtained at low Hg(Il) concentrations,
but this ratio increases as the dose of mercury increases. PLFA, the sample with the lowest
aromaticity (12%) and highest S..q content (2.46 meq/g C), also reported the highest Hg

removed/DOC removed ratio.

104



OPLFA mSR-NOM @ESRFA

160 15.6
o0 DOM SUVA,5, poC
E (L/mgC-m)  removal
) (%)
12.6
S PLFA 2.53+0.13 45.4+1.1
51 12.0 SR-NOM  3.80£0.03 58.2+1.6
>
2 SRFA 4.51+0.20 64.0¢1.3 05
£
-5}
St
v 80
- 64 6.1
a 54
T
> 3.8 38
& 4.0 3.1
£
2 16 1.7
o0
=
0.0
10 20 30

Hg dose (ug/L)

Figure 5-10.Hg(II) removed/DOC removed (pg/mg) for PLFA, SRFA, and SR-NOM. The
initial NOM concentration was 5 mg/L and the initial Hg(II) concentration
range between 10-50 pg/L. Error bars represent the standard deviation from the
replicates (n=3).

As mentioned before, as the concentration of mercury increases, the availability of
acidic functional groups decreases. Table 5-4 shows the results after calculating the acidic
functional groups normalized by the amount of Hg(II) added (mol/mol) for the three NOM
samples selected for this experiment. The concentration of Sieq in the SR-NOM was
estimated as the average of the S;eq concentration between SRFA and SRHA (see Table 3-1),

which are the humic substances extracted from the same water source.
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Table 5-4. Acidic functional groups per mole of mercury (mol/mol) for PLFA, SRFA, and
SR-NOM samples at an initial mercury concentration of 10 pg/L.

PLFA SRFA SR-NOM

Hg added (pg/L) 10

Hg added (mol/L) 4.99E-08

DOC initial (g/L) 5.E-03

Sred (meq/g C) 2.46 0.294 0.352
Carboxyl (meq/g C) 7.09 11.17 11.21
Stea/Hg (mol/mol) 123 15 18
Thiols/Hg (mol/mol) 2.47 0.29 0.35
Carboxyl/Hg (mol/mol) 711 1120 1124

All of the Sreq are not readily available for Hg(IT) complexation [35], [37]. The
thiols/Hg molar ratio was calculated assuming that ~2.0% of the thiol ligands form 1:1
complexes with Hg(II) ions in solution [135]. The analysis shown in Table 5-4 was
repeated for mercury concentrations between 20 and 50 pug/L. The results of this analysis are
plotted in Figure 5-11. As can be seen, the thiol/Hg molar ratio for the PLFA, the DOM with
highest aromatic content, decreases from 2.47 to 0.82 when 30 pg/L of mercury are added to
the DOM solution. At this concentration, all the thiols ligands would be theoretically
saturated with Hg(II) ions.

Regarding the SRFA and SR-NOM, the thiol/Hg molar ratio is < 1.0 across the
experiment. In contrast to the magnitude of the ratio between thiols and Hg(II), the molar
ratio between carboxylic acids and Hg(II) was always above 100, even at highest mercury

concentration of 50 pug/L.

106



1,200
T
S 1,000
o
& 800
-5
< g 600
o
22 400
} ~—
=z 200
8
5 0
0
1,200
T
5 1,000
o
& 800
° 5
= £ 600
o
o8 400
} ~—
3 200
o
Ke)
© 0
(@)

PLFA
A
]
A
u A
u A
L
° (¢) o o (o]
20 40 60

Hg dose (ug/L)
OSred/Hg mCarboxyl/Hg a Thiols/Hg

SR-NOM

| |
| |
| |
.I
A
o & & o o
0 20 40 60

Hg dose (ug/L)
OSred/Hg mCarboxyl/Hg a Thiols/Hg

3.0
2.5
2.0
15
1.0
0.5
0.0

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Thiols/Hg (mol/mol)

Thiols/Hg (mol/mol)

Carboxyl/Hg and Sred/Hg

(mol/mol)

1,200
1,000
800
600
400
200

SRFA

| |
| |
| |
| |
A
o &6 & e
20 40

Hg dose (ug/L)

OSred/Hg m Carboxyl/Hg

3.0
2.5
2.0
15
1.0
u 0.5

) 0.0
60

A Thiols/Hg

Figure 5-11. Acidic functional groups/Hg molar ratios (mol/mol) in jar tests at high mercury
concentrations suing PLFA, SRFA, and SR-NOM samples. The initial DOC

concentration was 5.0 mg/L.

As a consequence, the abundant concentration of carboxyl acids, would indicate that

once Hg(II) is added to the solution, all of the Hg(I) ions will find a functional group to bind

with, even at concentrations as high as 50 ug/L total Hg(II). Furthermore, the concentration

of carboxylic ligands is more likely to increase after jar testing. A potentiometric titration of

the humic substances used in this study showed that the concentration of carboxyl acids was

approximately 3-fold greater in the treated water compared to the untreated water. Similar

results has been observed in full scale drinking water treatment [117].

A deeper insight into the results observed in Figure 5-9 allows the following analysis.

At equilibrium, the any amount of mercury added to the jar test will be present either as

aqueous mercury ([Hg(OH)2]aq), as mercury bound to DOM that remains in solution
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([HgDOM]ag), or as mercury bound to DOM that absorbs onto alum flocs ([HgDOM Jsurface),
therefore, the total mercury concentration at equilibrium can be expressed as shown in

Equation 12.

TOTHg(II)added = [Hg(OH)Z]aq + [HgDOM]aq + [HgDOM]surface Equation 12

Additionally, the total concentration of Hg(II) in the supernatant will depend on the
aqueous Hg(OH): in solution (if any) and the HEDOM complexes in aqueous phase
(Equation 13).

In both equations the [Hg(OH)z]aq is expected to be negligible, and the amount of
mercury removed from solution ([Hg-DOM Jsurface), Will be the difference between equation

12 and equation 13. As a result, the percentage removal efficiency of mercury can be written

as followed:

TOTugunaadea — TOThg(i1)aq Equation 14

%H [ =
& g remova TOTHg(II)added

This is, as the dose of Hg(Il) increases, the [HgDOM]aq also increases, particularly
due to the presence of carboxylic ligands. Such interaction will keep the removal efficiency
of mercury approximately constant and proportional to the removal of the DOC that adsorbed
onto aluminum hydroxide flocs. Table 5-5 summarizes the results obtained from the jar tests
and highlights that the percent removal of DOC and Hg(II) are similar for the two DOMs
with lower Sred. In contrast, the percent removal of Hg(II) for PLFA is higher than the DOC
removal suggesting that even though the thiols are fully saturated, these and other reduced

sulfur ligands are contributing to a greater extent to the removal of mercury from solution.
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Indeed, previous studies have suggested that Sreq dominates in the hydrophobic portion of
NOM [35], [42], the same portion that is more readily adsorbed to aluminum hydroxides

[48], [117].

Table 5-5. Summary of the removal efficiencies for Hg(II) and DOC at high mercury
concentrations in the presence of PLFA, SRFA, and SR-NOM. The initial
concentration of DOC was set at 5.0 mg/L.

DOM Sred Carboxyl + SUVAjs4 % Hg(II) DOC
(meq/gC) Phenols (L/mgC-m) removal removal
(meq/gC) at 50 pg/L (%)
PLFA 2.46 8.84 2.53+0.13 76.3+0.2 45.4+1.1
SRFA 0.294 14.01 4.514£0.20 63.1£0.36  64.0+1.3
SR-NOM  0.352 13.68 3.80+0.03 63.0£0.56  58.2+1.6

5.3.5 Equilibrium Dialysis Ligand Exchange (EDLE) Results

The EDLE technique was used to quantify the Hg-DOM conditional stability constant
Kpowm’ using natural organic matter extracted from the Suwannee River (SR-NOM). A
previous test was designed to estimate the equilibration time for the formation of Hg-DOM
complexes. This equilibration time depends on different variables, such as the molecular
weight cutoff (MWCO) of the membrane and the diffusion rate of the molecules in solution.
Previous research indicated that between 2- and 3-days reaction time was sufficient to reach
equilibrium, which is consistent with the equilibration time found in this work as shown in

Figure 5-12.
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Figure 5-12. Partitioning of Hg(II) spiked in the outer containers in the presence of DOM.
Experiments were performed at THg = 1.0 pg/L, pH = 6.7, with
Spectra/Por® Biotech CE Tubing (MWCO 500-1000 D) as a dialysis

membrane
Once the optimal reaction time was determined, the experiment was performed as

described in section 5.2.3. The experimental conditions before and after equilibrium are

presented in Table 5-6. Using Equation 9 (section 5.2.3), it was found the distribution ratio Q

=0.637.

Table 5-6. Summary of the parameters measured before and after equilibration

Day 0 Day S
Inner OQuter Inner Outer

Total Hg (ng/L) 1.011 <DL 1.520 0.9284

DOM (mg/L) 9.936 - 8.30 0.300

DOM (kg/L) ; - 83x10°  3.0x107
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The most relevant reactions expected during the equilibration process are between
Hg(II) with EDTA and hydroxyl ions. The binding constants for these reactions are
summarized in Table 5-7 as presented by Haitzer et. al (2002) for the calculation of Kpowm’

under similar experimental conditions.

Table 5-7. Summary of the reaction of interested for the calculation of Kpom. Source Haitzer
et. al [37]

Reaction B
Hg?* + EDTA* = HgEDTA?* 6.3E+21
HgEDTA?* + H' = HgEDTAH" 1.3E+03

EDTA* +H* = EDTAH* 1.6E+10
EDTA* +2H" =EDTAH>  2.5E+16
EDTA* +3H* = EDTAHy 1.3E+19
EDTA* +4H" = EDTAH 1.3E+21
Hg?* + OH" = HgOH" 1.6E+10
Hg?' + 20H" =Hg(OH)2 1.6E+21

Equation 8 was used to calculate Kpom from where the average of duplicate
measurements was determined as Log Kpom = 21.8 + 0.2. Reported values of log Kpowm® for
different DOM isolates are consistent with the results obtained in this work. Moreover, a
summary of conditional stability constants for Hg-DOM interaction, reported by different
authors, is presented in Table 5-8. As can be seen, values of Log Kpowm’ range from 10 to 40.
The variability in the range of log Kpom' values depends on the method, the experimental
conditions, or the binding model used [74]; as well as all the problems associated when
Hg(II) is used for experimental analysis, i.e., sorption and partitioning to materials used in
the experiments [150]. The high values of these binding constants and the low Hg(II) to
DOM ratios used (<< 1.0 pg Hg/mg DOM) suggest that the binding constants are dominated
by binding to thiol and other reduced sulfur groups. Indeed, the binding constants of Hg-thiol

have been reported in this range [35], [37], [134].
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Table 5-8. Summary of measured conditional stability constants (Log Kugr and Kygr2) reported in the literature for DOM of different

origins (Adapted from [74], [150])

DOM sample Source Log KugL Log Kug12 Technique pH LS. (M) Reference
(0 9] (0]
Organic Matter 10.6-11.8 - 6.0 0.04 Benoit et al. (2001)
isolated from
Florida Everglades
Surface water -Wastewater, an eutrophic lake, a creek located d/s of an abandoned Hg 21.2-302 - CLE-SPE 7.0 N/A Hsu and Sedlak
mine, and Model water containing SRHA (2003
F1 HPoA Hydrophobic acid isolated from the Everglades (Florida) 26 -30 - CLE-SPE 7.0 0.1 Gasper (2007)
F1 TPiA Transphilic acid isolated from the Everglades (Florida) 25-30 - CLE-SPE 7.0 0.1 Gasper (2007)
2BS HPoA DOM isolate from a relatively pristine sawgrass (Cladium jamicense)- 26-31 - CLE-SPE 7.0 0.1 Gasper (2007)
dominated environment (Florida)
F1 HPoA 25.5 - EDLE 7.0 0.1 Haitzer et al. (2002)
19.8 - Octanol- 6.0 0.01 Benoit et al. (2001)
water
partitioning
F1 Peat DOC 23.2 - Peat sorption 6.0 0.01 Drexel et al. (2002)
isotherms
Aquatic humic Isolates from the Florida Everglades 18.4-19.8 - 6.0 0
substance
25.5 - 7.0 0.1
EFPC-HBA Aquatic hidrophobic (HBA), and hydrophilic (HLA) DOM from a 227 30.8 1E 8.0 0.1 Dong (201 1)
contaminated East Fork Poplar Creek (EFPC) site (TN)
EFPC-HLA 21.9 30.1 IE 8.0 0.1 Dong (2011)
IFRC-HA Soil Humic Acid (HA) and Fulvic Acid (FA) - from the Integrated 23.6 31.6 1E 8.0 0.1 Dong (2011)
Field Research Challenge (IFRC) site in Oak Ridge (TN)
IFRC-FA 22.5 30.7 IE 8.0 0.1 Dong (2011)
SRHA, SRFA Black water river draining the Okeefenokee Swamp; Sampled at Fargo, 22.5-23.0 - EDLE 4-7 0.1 Haitzer et al. (2003)
GA; Vegetation types: Southemn Flood plain Forest (Quercus, Nyassa,
Taxodium); International Humic Substances Society Standard Humic
and Fulvic Acids.
DOM Artic Lakes (Alaska), Spring Lake (Minnesota), Connecticut River 21-24 - Reducible 7.5 N/A Lamborg et al.
(CT), Pawcatuck River (RI) Hg (2003)
HBA, HLA Florida Everglades surface waters: , ,, 214-238 - CLE-SSE 46 0.06  Benoitetal. (2001)
- Hydrophobic fraction of DOM from a eutrophic, sulfidic site (F1-
HPoA) and- Hydrophilic fraction from an oligotrophic, low-sulfide site
(2BS-HPiA)
HBA 28.5 28.7 EDLE 7.0 0.1 Haitzer et al. (2002,
2003)
DOM 29.9 -33.5 - CLE-SPE 7.4-1.8 N/A Black et al. (2007)
HA and Peat Pahokee peat humic acid (IR101H-2) from [HSS - 382-404 CLE-SE 3-5 0.5  Khwaja et al. (2006)

Surface soil from wetland in Grand Rapids MN
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5.3.6 Fluorescence spectroscopy

To determine binding constants at higher Hg(II) to DOM ratios, fluorescence
emission spectra were obtained at an excitation wavelength of 340 nm for increasing
concentrations of Hg(NO3)2 solution added to ultrapure water, PLFA, and NAHA
samples, all with ionic strength of 0.01M NaNO3. Hg(NOs), was also added to a 2-
Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) solution, 0,01M NaNOs, to
analyze the effect of Hg(II) ions in the presence of aromatic compounds with condensed
aromatic rings in their structure.

The resultant fluorescence spectra represent the interaction between Hg(II) and all
the Hg(II)-reactive fluorophores in the sample. Some of the relevant functionalities in the
structure of DOM are aromatic, phenolics, carboxylic, and hydroxyl functional groups
[151], as well as sulfur ligands which are abundant in PLFA.

Figure 5-13 shows the four uncorrected fluorescence emission spectra at
increasing Hg(Il) concentrations. As can be seen, the emission spectrum of ultra-pure
water (0.01 M NaNOs3) remains unaltered as the concentration of Hg(II) increases (Figure
5-13a). The shoulder that appears between 360-400 nm is due to the Raman band for
water. For the DOM samples, NAHA and PLFA, Figure 5-13c and Figure 5-13d show
that the fluorescence intensities of these samples decrease as the Hg(II) doses increases.

Quenching of fluorescence spectra can be caused by changes in the electronic
polarization of the metal ion and the fluorophore in the DOM molecule, which results in a
decrease or increase in the intensity of the emission spectra [54]. Quenching fluorescence
can also be explained by the aggregation of humic substances induced by the metal ions
[56], or by a combination of mechanisms such as static quenching (when a complex is
formed) or dynamic (collisional) quenching, which is caused by collisions between the

fluorophore and the quenching molecule [56], [147].
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In contrast to the fluorescence quenching of DOM spectra, the fluorescence
emission spectrum of the 2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ)
solution is enhanced in the presence of Hg(Il). It was suggested that under the
experimental conditions used in this test, (i.e., pH = 6.7 and ambient temperature) EEDQ
hydrolyzed to ethanol and quinoline [152]. Quinoline is a well-known fluorophore and
can be used as a chemosensor to detected low mercury concentrations (>100 pg/L) in
aquatic environments[ 153]. The enhancement mechanisms observed in EEDQ could be
explained then by the formation of complexes between Hg(II) ions and the N atom of the
quinoline molecule. Such interaction will enhance the fluorescence intensity of the
spectra [153] according to the chelation-enhanced quenching mechanism [154].
Regardless, these results suggest that residual EEDQ remaining in the esterified DOM
samples can interfere with the fluorescence quenching determination of DOM binding

constants. Thus, it was not possible to obtain binding constants for the esterified DOMs.
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Figure 5-13. Changes in fluorescence emission spectra of different samples with
increasing concentrations of Hg(II) excited at 340 nm: (a) 0.01 M NaNOs
solution, pH = 6.7, (b) EEDQ, (c) NAHA, and (d) (PLFA). EEDQ and DOM
solutions were prepared at 5 mg/L DOC, pH = 6.7, and 0.01 M NaNOs.

Additional information about the Hg-DOM interaction can be obtained by using

the modified Stern—Volmer equation to estimate the complexing parameters Kpowm’ and £,

the conditional stability constant and the binding fraction of the initial fluorophores,

respectively [130]. Figure 5-14a shows that fluorescence intensities (F/Fo) of NAHA and

PLFA samples decreases at different proportions. Results suggest that the complexing

capacity of the NAHA is slightly higher than PLFA. This difference indicates that NAHA

has more Hg(Il)-binding ligands than PLFA; nevertheless no specific information about

the amount and composition of the Hg(II)-binding ligands can be determined from Figure

5-14. The concentration of DOC in the samples titrated was 5.0 mg/L (equivalent to ~10
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mg/L DOM). The final concentration of Hg(II) in solution range between 1 pug/L to 50

mg/L. As a consequence, the maximum Hg/DOM ratio was approximately 5,000 pg

Hg/mg DOM.
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Figure 5-14. (a) Fluorescence emission quenching at of at Aex =340 nm NAHA and PLFA
with Hg(II), (b) Modified Stern—Volmer plot for NAHA and PLFA samples.
DOM solutions were prepared at 5 mg/L DOC, pH = 6.7, and 0.01 M
NaNO:s.

Additionally, the slopes from Figure 5-14b (1/f Kpow’) and the intercepts (1//)
provide the complexing parameters, Kpom' and f; which values are summarized in Table
5-9. Kpowm- values represent the average conditional stability constants which account for
all the weak and strong ligands available for Hg(IT) complexation in DOM. These Kpowm’
values reported in Table 5-9 are much lower than the conditional stability constants
reported by previous authors [37], [134]. Such differences can be attributed to the
differences in the methods used to estimate Kpom' and the characteristics of the DOM
sample used for experimentation, among other factors. More importantly, since the Sreq
ligands were likely saturated under the conditions of the test, these complexation
constants are representative of the weaker binding constants within the DOM.
Comparison between PLFA and NAHA, the two DOM samples that were tested under

these conditions indicate that although similar, NAHA has a slightly larger percentage
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of fluorescence binding sites (FBSs) complexing Hg(II) ions compared to PLFA as
indicated by the value of f(see Table 5-9), but the “average” binding constant of these

sites is lower.

Table 5-9. Complexation parameters for PLFA and NAHA samples based on the
modified Stern—Volmer model

DOM DOC (mg/L) pH  Log Kpow f R?
PLFA 50 6.7 4.44 0.66 0972
NAHA ' ' 4.73 0.71 0.987

Kpowm = the conditional stability constant; /= binding fraction of initial fluorophores.

Other studies have evaluated log Kpom values of Hg(IT) and NOMs between 4 to
5 from surface water samples in the Florida Everglades [130], streams in Ontario [155] as

well as SRFA [151]. Thus, these results for PLFA and NAHA are consistent with these.

5.3.7 Variables influencing the removal of Hg from surface water
in alum-based coagulation systems

A stepwise regression approach, performed at a 95% confidence level, was used
to determine whether significant relationships existed between mercury removal
percentages and independent variables such as reduced sulfur content (S:eq), carboxylic
acids content (COOH), aromatic carbon concentration (DOCaromatic), and the amount of
total carbon removed from solution (DOCremoved), for the data obtained in Chapter 4. The
analysis was performed at low and high Hg/DOM ratios and all variables were expressed
in mmol/L. The program IBM® SPSS® Statistic was used to determine the outcomes of
all the possible models. SUV A»s4 values, aromatic content, and acidic functional groups

of the DOMs tested are presented in Table 5-10.
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Table 5-10. Characteristics of the DOM tested as shown in Chapter 4

SUVA2s4 % Sred Carboxyl
boM NOTATION (L/mg C-m) Aromaticity  (meq/gC)" (meq/g C)°
Pony Lake
Fulvic Acid PLFA 2.57+0.09 12 2.46 7.09
Suwanpee Rlver SRFA 4.53+0.30 22 0.294 11.17
Fulvic Acid
Suwanpee R}Wr SRHA 6.08+0.16 31 0.410 9.13
Humic Acid
Nordic Aquatic NAHA 6.42+0.07 38 0.488 9.06
Humic Acid

*“Source: International Humic Substances (http:/www.humicsubstances.org/). The aromatic carbon content of DOM is determined by
the ratio of the area of the aromatic carbon region (110-165 ppm) to the total area of 13C-NMR spectra
"Sred data extracted from Manceau and Nagy (2012)

The results of the models tested are presented next.

I. Regression Analysis at low Hg/DOM ratios

Table 5-11. Experimental description of the jar tests performed at low Hg/DOM ratios
Hg/DOM  Alum dose

NOM DOM (mg/L) H /L H
(mg/l) HggL) omg)  (mg/l) P
PLFA
SRFA
SRHA 10.0 0.5 0.05 30 6.7
NAHA
Table 5-12. Results of the regression analysis at low Hg/DOM ratio
Predict oni
Coefficient t p-value Iéfp;;;;ce r’ Adjusted r* Slgnlflicance
Constant 1.03 30.36 2.1E-22
COOH (mmol) -5.83 -9.48 4.4E-10  0.678 0.802 0.788 54.764
DOCremoved (mmol)  0.526 6.53 53E-07  0.322

Best model:

Predicted Hg removal (%) = 1.03 — 5.83*(COOH) + 0.526*(DOCremoved)

The column for predictor importance included in Table 5-12 was added to indicate the

relative importance of each predictor in estimating the model. Although this indicator
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does not predict the accuracy of the model, it shows the influence of each variable when

making a prediction. The sum of the values for all predictors is equal to one.

Table 5-13. Excluded variables by the stepwise regression approach at low Hg/DOM

ratios
Partial Collinearity Statistics
Beta In t p-value correlation Tolerance
Sred (mmol) 0.211 0.817 0.421 0.158 0.111
DOCaromatic (mmol)  0.039 0.137 0.892 0.027 0.096
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Figure 5-15. Regression describing the relationship between the observed Hg removal
and the predicted Hg removal at low Hg/DOM ratios.

Analysis of results at low Hg/DOM ratio

Experimental results indicated that at low Hg/DOM ratios, Hg(II) ions will bind to
sulfur reduced ligands (Sred) in DOM (conditional stability constants Kxg.pom = KHg-Thiols).
High mercury removal efficiencies obtained at low Hg/DOM ratios suggest that most of

the Hg-Sred complexes are removed from solution. Therefore, the concentration of
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reactive Sred ligands in the DOM sample would determine the minimum amount of
mercury that can be effectively removed from solution in alum-based coagulation
systems. Additionally, experimental results from the jar tests indicated that the fraction of
DOM removed from solution is the most aromatic portion of the DOM (changes in

SUV Azs4 values and DOC removal percentages were larger for the DOM samples rich in
aromatic carbon). As a consequence, it seems that the independent variables Sreq,
DOCemoved, and DOCaromatic are likely correlated to each other. This is, Sred seems to be
mainly located in the aromatic fraction of DOM, and this fraction is more amenable to
removal through alum coagulation. As can be seen in Table 5-13, two out of the three
collinear variables (i.e., Sred, DOCremoved, and DOCaromatic) were removed from the model
during the stepwise regression approach.

The best model for the mercury removal percentage shows that the coefficient for
COOH is negative and for DOCremoved 1s positive. Jar test experimental results suggested
that COOH is indeed an ambiguous variable. This variable can be considered positive if
Hg-COOH complexes are in the fraction of DOC that absorbed onto alum flocs, or it can
be considered negative if Hg-COOH complexes are in the fraction of DOC that remains
in solution. Therefore, the negative sign for the COOH predictor might indicate that, in
contrast to the Hg-Srea complexes that mostly will precipitate together with the carbon
removed, Hg(II) ions bound to carboxylic acids are more likely to remain in solution.
Nevertheless, the effect of the negative sign in COOH would be minimum in DOM
samples rich in aromatic content, because most of the carbon in these samples is expected
to precipitate at optimal coagulation conditions. Regarding the DOCremoved Variable, this
predictor has a positive sign because the removal of mercury is directly proportional to
the removal of carbon, either if Hg is bound to Sreq ligands, carboxylic acids, or any other

functional groups reactive to Hg(II).
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II.  Regression Analysis at high Hg/DOM ratios

Table 5-14. Experimental description of the jar tests performed at high Hg/DOM ratio
Hg/DOM  Alum dose

NOM DOM (mg/L) H /L H
(mg/L)  Hg(e/l) " /ome)  (mg/L) P
PLFA
SRFA
SRHA 10.0 10 1.0 30 6.7
NAHA
Table 5-15. Results of the regression analysis at high Hg/DOM ratio
Coefficient t Stat p-value fr;el;ioi:;;ce 2 Adjusted Signiflicance
Constant 1.02 21.489  4.8E-09
COOH (mmol) -9.00 -8.614  1.2E-5 0.910 0.892 0.868 37.11
DOCuromatic (mmol)  0.554 2.717 0.0237 0.090

Best model:

Predicted Hg removal (%) = 1.017 — 9.00*(COOH) + 0.554*(DOCaromatic)

Table 5-16. Excluded variables by the stepwise regression approach at high Hg/DOM

ratio
Partial Collinearity Statistics
Beta In t p-value .
correlation Tolerance
Sted (mmol) 0.993 3.679 6.2E-3 0.793 0.069
DOCremoved (mmol)  -0.419 -0.858 0416 -0.29 0.052
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Figure 5-16. Regression describing the relationship between the observed Hg removal
and the predicted Hg removal at high Hg/DOM ratios.

Analysis of results at high Hg/DOM ratio

Similar to the analysis at low Hg/DOM ratio, the most relevant Hg removal
predictors were COOH and one of the three collinear variables (Sred, DOCremoved, and
DOCaromatic). This time, the DOCaromatic Variable proved to be a better predictor than
DOCremoved (as shown in Table 5-15, Sreq and DOCremoved, the other two collinear
predictors were excluded from the model). Although DOC emoved S€EMS to be a more
robust predictor of the removal of mercury compared to DOCaromatic; When testing COOH
and DOCremoved as the only variables in the model, it turns out that DOCiemoved Was not a
significant predictor as expected (p > 0.05) compared to DOCaromatic (p < 0.05). The
reasons behind this behavior are unclear considering that DOCremoved is highly correlated
to DOCaromatic. Similarly, when modeling COOH and S;cq as the only variables in the
model, COOH proved to be a significant predictor of the removal of Hg (p < 0.05), in
contrast to Sreq (p > 0.05).
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A plot showing the regression analysis at low and high Hg/DOM ratios in presented next.
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Figure 5-17. Regression describing the relationship between the observed Hg removal
and the predicted Hg removal at low and high Hg/DOM ratios.

III. Regression Analysis at much higher Hg/DOM ratios

Table 5-17. Experimental description of the jar tests performed at a much higher
Hg/DOM ratio

Hg/DOM  Alum dose

NOM DOM (mg/L) Hg (ng/L H
(mg/L) Hg (ng/L) (ug/mg) (mg/L) p

PLFA

SRFA 10.0 10-50 1.0-5.0 30 6.7
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Table 5-18. Results of the regression analysis at much higher Hg/DOM ratios

) Predictor . Significance
Coefficient t Stat p-value Importance Adjusted F
Constant 0.589 4210 728827
Sred (mmol) 21.05 700  130E-07 1.0 0.636  0.623 49.01

Best model:

Predicted Hg removal (%) = 0.589 + 21.05%(Sred)

Table 5-19. Excluded variables by the stepwise regression approach at much higher

Hg/DOM ratios
Partial Collinearity Statistics
Beta In t p-value .
correlation Tolerance
Hg dose (mmol) 0.166 1.492 0.147 0.276 1.00
COOH (mmol) 0.938 1.085 0.288 0.204 0.0172
DOCaromatic (mmol)  2.05 1.628 0.115 0.299 7.74E-03
DOCremoved (mmol) — 0.577 1.678 0.105 0.307 0.103
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Figure 5-18. Regression describing the relationship between the observed Hg removal
and the predicted Hg removal at much higher Hg/DOM ratios.

Analysis of results at much higher Hg/DOM ratio

The predicted model does not fit the observed Hg removal percentage data. The
experimental results showed that, at extremely high mercury concentrations, the removal
of mercury tends to reach a plateau because the amount of Hg removed from solution is
correlated to the amount of Hg that remain in the supernatant. In this new scenario, the
removal of mercury will mainly depend on the adsorption of DOM onto alum flocs. That
is, at high doses of mercury, both the strong adsorption sites (e.g., with Sreq) and the
weaker adsorption sites (e.g., with COOH) are being used to a great extent; the latter are
divided into those that are adsorbed onto Al(OH)s solids and those that are not. Mercury
is present both in the precipitated solids and in the supernatant and so the preferential

behavior for adsorption onto the aluminum hydroxide seen at lower Hg doses is obscured.
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5.4 Conclusions

I3C-NMR spectra suggest that the carbon distribution of NOM is altered during
the esterification process. Although the exact composition of the esterified-NOM is
unknown, the performance of this esterified-NOM in jar test experiments suggest that the
number of carboxylic ligands decreases, as well as the aromaticity of the sample.

Jar test experiments at extremely high mercury concentrations demonstrate the
limitations for removing this pollutant from water in alum coagulation systems where Sred
ligands control the removal of Hg(II) at low Hg(II) concentrations. Results of this study
support the hypothesis that Sreq ligands are more likely to be located in the fraction of
carbon that adsorbed onto aluminum hydroxide flocs as high mercury removal
efficiencies were obtained with PLFA, the sample with the lowest amount of carbon
removed. In scenarios where the Sreq ligands are saturated, the carboxylic acids control
the amount of mercury removed from solution through a dynamic equilibrium between
the carbon that absorbs onto aluminum hydroxide flocs and the fraction that remains in
the supernatant. Once the carboxylic ligands control the efficiency of the process, it was
shown that the amount of mercury removed from solution is proportional to the amount
of carbon removed.

The Hg-DOM equilibrium constant (Kpowm’) estimated with the modified Stern—
Volmer model provided much lower values compared to the ones obtained with the
EDLE method. The EDLE method used to estimate Kpom' allowed determination of
Kpowm- at very low Hg(II) concentrations, while significantly higher amounts of Hg(II)
were needed when using fluorescence quenching in conjunction with the modified Stern—
Volmer model. These high Hg(II) concentrations explain the low values obtained for
Kpowm, since the strongest ligands for Hg(II) complexation would be saturated. Thus, the
low values obtained for fluorescence quenching of NAHA and PLFA demonstrate that, at
high Hg(II) to DOM ratios, binding is dominated by the weaker binding sites. In contrast,

the enhancement in the fluorescence spectra of EEDQ demonstrated that Hg(II) ions also
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interact with compounds such as EEDQ, which may have been present as a residual of
the esterification process and then hydrolyzed and converted to quinoline, a well-known

fluorophore.
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CHAPTER 6. FROM THE ILLEGAL TRADE OF MERCURY TO
THE FORMALIZATION OF ILLEGAL MINERS: THE
CHALLENGES TO REDUCE THE USE OF MERCURY IN ASGM
IN THE LIGHT OF THE MINAMATA CONVENTION

Abstract:

Since the start of the gold rush period in the XVI century, tons of metallic
mercury has been deposited in natural ecosystems around the world. It has been estimated
that more than 200,000 metric tons of mercury were released in South America, and some
tons more were discharged in many other countries, mostly in Central America, Africa,
and Asia. Remarkably, annual discharge quantities of this pollutant due to artisanal and
small-scale gold mining (ASGM) are still on the order of tons, according to data from the
United Nations Environment Programme (UNEP). Metallic mercury, once deposited in
rivers and streams, concentrates in soil and bottom sediments and transforms into more
hazardous species such as methylmercury. Mercury compounds often travel long
distances due to its association with dissolved and particulate organic matter. Along the
way, this metal pollutes water bodies used for fishing, drinking, agriculture, and
recreation. Focused on Colombia, where 17 out of the 32 states are affected by illegal
gold mining, this paper discusses the impact of ASGM in natural environments and the
challenges for governments and communities to reduce the use of mercury in this
activity. The solution to this problem are hindered by a number of challenges: the
involvement of illegal armed groups in gold mining, the illegal trade of Hg(II) in ASGM
regions, the need to formalize and legalize illegal/informal miners, and the lack of
funding for environmental protection. The discussion provided here is presented in the
light of the Minamata Convention on Mercury, which entered into full-force on August

2017.
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6.1 Introduction

The term artisanal miners “[encompasses] all small, medium, large, informal and
illegal miners who use rudimentary processes to extract gold from secondary and primary
ores.”[82] According to the United Nations Environment Programme (UNEP), artisanal
and small-scale gold mining (ASGM), an activity extensively practiced in developing
countries, releases approximately 650 to 1350 tons of mercury per year to the
environment [5]. This amount of mercury accounts for one-third of the global
anthropogenic mercury emissions [19], [82]. ASGM is intensively practiced in countries
from Africa, Asia, and South America. This activity poses an environmental problem for
soils, fauna, aquatic organisms, freshwater sources, and communities around and
downstream gold mining districts because miners often dump high amounts of metallic
mercury into rivers and soils, without legal consequences due to the absence of active
government and environmental authorities.

Despite being a hazardous and illegal practice in many countries, the use of
mercury for gold amalgamation is still the most common technique used in ASGM
because mercury is highly efficient, easy-to-use, readily available, and relatively
inexpensive [82]. Nevertheless, the United Nations and other international organizations
have made remarkable efforts to minimize the use of mercury in ASGM in developing
countries. One of these efforts was the Global Mercury Project (GMP), an initiative
created in 2002 to “help demonstrate ways of overcoming barriers to the adoption of best
practices, waste minimization strategies, and pollution prevention measures that limit
contamination of the international waters.”’[82] The latest effort to control the use of
mercury is the Minamata Convention on Mercury, entered into full-force on August
2017, which is a global treaty to protect the human health and the environment from the

adverse effects of mercury.
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Although the continued use of mercury in ASGM is a concern, the greater cause
of mercury contamination stems from this long term of mercury use for gold mining,
leading to a substantial legacy of mercury in riverbeds and sediments. Communities
located in regions affected by ASGM use rivers and streams for multiple purposes, and
even build water intake structures to produce potable water. Despite the effort of
multilateral organizations and local governments to reduce the use of mercury in ASGM,
new challenges continue to emerge while seeking to regulate an ancestral practice in
many developing countries, including Colombia, the focus of this paper.

After more than 50 years of an internal armed conflict and a recent peace
agreement signed between the government and left-wing Revolutionary Armed Forces of
Colombia (Farc) rebels, it seems that no other country will face a more difficult
challenges to reduce or eliminate the use of mercury in ASGM than Colombia. The
involvement of organized crime and illegal armed groups (right-wing paramilitarism and
leftist-guerilla) in the gold mining industry, the remote geographical regions where some
illegal miners operate, the increasing inequality of the country (after Honduras, Colombia
is the country with the 24 most unequal distribution of wealth in Latin America and 7" in
the world [156]), the lack of territorial control by local authorities, the illegal trade of
mercury, the already extensive damage caused by ASGM, and the number of illegal and
informal miners for which ASGM is the primary source of income for their families,
poses serious challenges to a problem that has existed for centuries and likely will

continue for a few more decades.

6.2 Mercury from ASGM as a source of environmental pollution

In their attempt to quantify the amount of mercury released from anthropogenic
sources to the aquatic environment, the UNEP considered five different categories: (a)

point sources -from industrial and domestic atmospheric emissions (~185 Tons/yr), (b)
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diffuse sources-such as mercury remobilization from contaminated sites (~8.3-33.5
Tons/yr), (c) mercury-containing pesticides and fungicides used in agriculture (data not
available), (d) deforestation (~269 Tons/yr), and (e) ASGM (~800 Tons/yr) [18].
Regarding ASGM in the Americas, mercury has been used for more than 450 years in
gold mining to separate gold particles during the amalgamation process [157]. Table 6-1
shows the estimated amount of mercury historically discharged to the environment due to
gold and silver mining in some countries around the world. As part of the process, the
gold-mercury mix is separated using retorts where metallic mercury is vaporized as a
result of applying heat [10], [12], [22], [158], [159]. Part of the metallic mercury is lost
into rivers and soils during the amalgamation process and another fraction is lost to the
atmosphere during the amalgam burning and gold purification in situ or in gold-dealer’s
shops [91]. Previous studies estimated that for each kilogram of gold produced in ASGM,
1.32 kg of mercury are released to the environment, from which 45% (0.60 Kg) goes to
aquatic systems and 55% (0.72 Kg) to the atmosphere[160], [161]. This value was later
updated to 1.0 kg of mercury per kg of gold produced [91].

Several previous researchers have noted that mercury emissions from gold mining
activities represent an environmental problem in developing countries, mostly in Asia,
Africa, and Latin America, with Brazil being the country where most research has been
done about the impact of mercury pollution from ASGM [3], [7], [10], [14]-[17], [91],
[162], [163].
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Table 6-1. Estimated Mercury Input to the Environment Due to Gold and Silver Mining

. Total Input Annual Input
Period (Tonsl)) (Tons/yrI;
Spanish Colonial America 1554-1880 196,000 600
All North America 1840-1900 60,000 1,000
Colonial Brazil 1800-1880 400 5
Brazilian Amazon 1979-1994 2,300 150
Venezuela 1988-1997 360 40
Colombia 1987-1997 240 30
Bolivia (Pando Department) 1979-1997 300 20
Philippines 1985-1997 200 26
Tanzania 1991-1997 24 6
China 1992-1997 480 120

Source: Malm [157]

One report from the United Nations Environment Programme (UNEP), entitled
Mercury: Time to Act [5], includes some important data that helps to visualize the global
magnitude of ASGM:

- More than 10 million people work in ASGM in Africa, Asia, and South

America.

- Mercury from ASGM moves long distances downstream in rivers and remains

in the environment for decades even after mining activities cease.

- New technologies that do not involve the use of mercury are available, but

socio-economic barriers limit their implementation.

In Brazil, the mercury already present in the Amazon region is being cycled and
remobilized from its temporary sinks such that the mercury contamination in this region
will persist for many years [5], [91]. This fact suggest that the biggest threat to water
pollution with mercury is not the mercury recently discharged during mining activities
but what is already present in soils and bottom sediments from previous years.

Figure 6-1 compares gold production and estimated mercury released in ASGM
among the top 20 gold mining countries in the world. The data used in the development
of Figure 6-1 indicate that 17 of these countries use mercury in gold production [27].
Additionally, one of the most revealing aspects of this chart is that mercury pollution

seems to be particularly critical in countries like China, Peru, Indonesia, Ghana, Brazil,
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and Colombia. These countries, together with the Philippines, Democratic Republic of
Congo, and Bolivia are usually listed as the main mercury polluters in the world [26],
[27]. Previous publications indicate that China is the world’s largest mercury polluter,
with an annual mercury emission from ASGM between 240 to 650 tons, followed by
Indonesia with between 130 to 160 tons per year, and Colombia, in third place, with 50

to100 tons per year [26], [164].
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Figure 6-1. 2017 Top 20 gold production and mean mercury released in ASGM among
the top 20 gold mining countries in the world. Data sources: [27], [165]

A recent report estimated the percent of gold produced from illegal mining in
Latin America: Venezuela (80-90%), Colombia (80%), Ecuador (77%), Bolivia (31%),
Peru (28%), Nicaragua (13%), Brazil (10%), and Mexico (9%) [166], [167]. As Figure
6-1 shows, it is clear that a good portion of the global gold production relies on the use of

metallic mercury for this purpose.
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Figure 6-1 shows that in Indonesia, the average amount of mercury used in
ASGM is almost triple the amount of the gold produced by the country in 2017. In
Colombia, the average amount of mercury used in gold mining is almost four times the
annual gold production. An additional detail is that Indonesia is ranked seventh in global
gold production, while Colombia is ranked 18", The negative impact of ASGM in the
environment and human health are evident in these two countries as was already reported

by different authors [85], [164], [168]-[170].

6.3 Mercury pollution in Colombia: A legacy that will last for
decades

Until 1937, Colombia was the largest gold producer in the Americas [101].
Today, Colombia is the 4™ largest gold producer in South America, behind Peru, Brazil,
and Argentina [165]. More than 80% of the gold produced in Colombia comes from
illegal mining [23], [101], [171], and it is mainly extracted from six out of the 32 states of
the country. As Figure 6-2a shows, despite a drop in 2017, the production of gold in
Colombia during the last 10-years (2008-2017) has been relatively consistent. Most of the
gold produced in the country comes from the states of Antioquia (45.3%), Choco
(29.3%), Bolivar (7.1%), Narifio (6.0%), Cauca (5.3%), and Caldas (3.3%) (Figure 6-2b),
and it is mostly extracted from alluvial deposits, mainly in the states of Choco, Antioquia,
and Narifio [172]. It was estimated that alluvial gold exploitation has affected
approximately 80,000 hectares of land [173] and that 79% of these lands are located in
the states of Antioquia and Chocd. Some of the lands degraded by mining activities are
inhabited by Afro-Colombian and indigenous communities, who also own the land and,
in many cases, allow its use for gold exploitation.

As expected, many tons of mercury are also dumped in those states where gold

mining is particularly intensive. Previous studies reported that the states with the highest
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use of mercury in Colombia are Bolivar, Chocd, and Antioquia, with 304, 195, and 170

tons per year, respectively [24], [172].
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Figure 6-2. (a) Annual gold production in Colombia in the last 10-years and (b) Gold
production by state during the same period of time. Data from Unidad de
Planeacién Minero Energética [174].

Colombia provides a clear example of the devastating and long-lasting effects of
employing mercury in ASGM. More than 200 rivers, 17 out of 32 states of the country,
and more than 300 municipalities are impacted by ASGM [21], [25], [175]-[178].
Colombia is also considered the world’s highest per capita mercury polluter [164] and as
Figure 6-1 shows, the amount of mercury released from ASGM surpasses the annual gold
production.

In 2004, a governmental study determined that 193 tons of mercury per year were
used in the gold mining industry in Colombia, from this, 105 tons were used in legal
mining and 88 tons in illegal mining [179], [180]. The negative impacts of both legal and
illegal gold mining are evident along the Colombian territory. Figure 6-3a show the
regions of Colombia where legal and illegal gold mining is taking place. Gold production
in Colombia is concentrated along the Pacific Region and some areas of the Andean
Region of the country. Figure 6-3b shows that the same regions from where gold is
extracted are also the regions where most of the metallic mercury is dumped. According

to the Institute of Hydrology, Meteorology and Environmental Studies (abbreviated
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IDEAM in Spanish), a Colombian government agency, 205 tons of mercury were
discharged to the environment in 2012 in 179 municipalities of the country [24]. 27.5%
of the total mercury was dumped during the extraction of silver and 72.5% during the

extraction of gold [24].
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Figure 6-3. (a) Gold production in Colombia and (b) Mercury contamination as a result of
ASGM. Map source for Figure 6-3a: Subdireccion de Mineria-UPME
(Agencia Nacional de Mineria-ANM, Sep-2018) [174]. Map source for
Figure 6-3b: Instituto de Hidrologia, Meteorologia y Estudios Ambientales-
IDEAM, (map version: 1.0, 03-Feb-2018) [24].

The huge disproportion between the amount of gold produced by the country and
the amount of metallic mercury used to produce it reflect the poor management practices
associated with metallic mercury used in ASGM by the miners, the lack of control by the
environmental authorities, and the difficulties in enforcing the laws and regulations by the
police authorities to control the use of this pollutant. Figure 6-4 shows the destruction of

natural ecosystems in the states of Choc6 and Antioquia (Figure 6-4a, 4b, and 4c¢), and a
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water intake structure in the Ayapel Swamp (Cordoba) (Figure 6-4d), where high

mercury concentrations have been detected [95].

Figure 6-4. The destruction of natural ecosystems is one of the main consequences of
illegal mining in Colombia: a) Illegal dredging operation in Quito River
(Choco) spotted in June 2017, b) Illegal mining in Quito River has changed
the course of the river and affected fishing and agriculture activities, c)
Similar consequences can be seen in many states of Colombia as it is the
case of El Bagre (Antioquia), d) Water intake for the water treatment plant
in Ayapel (Coérdoba). Mercury concentrations higher than 400 ng/L were
detected in the Ayapel Swamp during this study.

6.4 Fate of metallic mercury in rivers and aquatic ecosystems

The fate of mercury in aquatic ecosystems is influenced by the chemical form in
which this metal is released, by the biochemical processes that it undergoes, and by the
limnological conditions of the water body [5], [8], [10]. In aquatic ecosystems, the

distribution and speciation of mercury is controlled by physical, chemical, biological, and
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geological processes, which can be enhanced by anthropogenic activities [93]. Due to its
high density, metallic mercury goes directly to riverbeds where downstream transport is
minimal in this oxidation state [82], [83]. In riverbeds, it is possible to find mercury in its
metallic form or as a gold-mercury amalgam, like in the case of sediment samples taken
from the Madeira River in Brazil [181]. When mercury is oxidized, it tends to adsorb to
soil and sediment particles and moves with the streams and run-off waters. Further, in
aquatic systems, metallic mercury is not very stable in the presence of organic rich
sediments, rapidly forming soluble mercury-organic complexes that allow it to get
transported downstream in rivers and streams [2], [82].

Inorganic mercury can be transformed into methyl- or ethyl mercury, elemental
mercury, or particulate-bound mercury in anoxic environments [94]. When metallic
mercury is at equilibrium in a simple aquatic system, undissociated mercury Hg°(aq) is
the predominant species in solution but it is practically insoluble unless there is dissolved
organic matter (DOM) present [10]. In fact, organic matter-mercury complexes are the
most stable species found in natural ecosystems[182]. Mercury is also eventually
removed from both freshwater and saltwater by natural processes such as deep burial in
sediments, and photochemical reduction followed by re-emission to the atmosphere[ 18].

The fact that mercury in its oxidized form (Hg(I)) is more soluble and reactive
than other mercury species implies that metallic mercury needs to be oxidized to form
organic species such as methyl- and ethyl-mercury [82]. The most abundant complexes
formed by mercuric mercury (Hg(I)) in aquatic environments are hydroxo-complexes in
freshwater ecosystems, and chloro-complexes in marine ecosystems. Regarding inorganic
ligands in natural organic matter (NOM), the hydroxyl group (OH-) is usually the
dominant one; and for organic ligands, the thiol groups (—SH) are perhaps the most
important species to be accounted for, especially in reducing environments [183]. When
cyanide is used in gold extraction, the formation of cyanide-mercury complexes is

another species to be found in water[184].
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In Zimbabwe, in an area where mining districts are located far away from river or
stream beds, the presence of metal sorbing iron and aluminum laterites in soils and
sediments, as well as the presence of metal-complexing organic matter, prevent the
dispersion of mercury in soils and streams [185]. Nevertheless, mercury-bound particles
can still reach rivers and water bodies through run-off during the rainy season. Once
metallic mercury enters the environment, most of this mercury will remain in the place
where it was discharged. It will accumulate in soil and sediments around the mining
district [186]. Metallic mercury will also be lost to the atmosphere largely through
evaporation in metallic, inorganic, or organic form in processes promoted by high
temperatures, the presence of organic matter, and different nutrients already present in the
ecosystem [186].

Total mercury concentration in rivers may fluctuate with the suspended solids
concentration in it. Based on the fact that mercury in aquatic ecosystems is strongly
bound to dissolved and particulate organic matter [97], [187] the concentration of
mercury in aquatic systems is then a function of the flow, the activities occurring in the
riverbed, and the nature and concentration of the dissolved organic matter (DOM). In
general, in ASGM regions, sediments are the main source of mercury pollution in the
water column [22], [188]. Consequently, the amount of mercury already present in
bottom sediments in many mercury hotspots around the world poses a threat to the

quality of water sources that are used for multiple purposes in ASGM regions [22].

6.5 Main challenges to reduce the use of mercury in ASGM regions:
Study of the Colombian case

The singularities observed in the gold mining industry in Colombia make this
country a good case scenario to analyze some of the barriers to reduce or eliminate the

use of mercury in gold mining and to avoid the degradation on natural ecosystems as a
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consequence of mining activities. The long tradition of illegal and informal mining, the
increasing number of miners whose livelihood depend on this activity, the large number
of municipalities and states where illegal mining is practiced, the illegal trade of mercury,
the remote location of many mining sites, the difficulties to legalize this practice, and the
involvement of illegal armed groups are some of the challenges faced by the Colombian

government to control the use of mercury in ASGM.

6.5.1 The presence of illegal armed groups and organized crime
in ASGM regions and its involvement in the gold
production

Despite the efforts made by former Colombian president, Juan Manuel Santos, to
reduce the epidemic violence that has been engulfing the country during the last 50 years,
the involvement of mafia and illegal armed groups in the already illegal extraction of
gold has hampered the attempts of the Colombian government to control illegal and
informal mining activities. Nevertheless, This activity places Colombia in the top 20 gold
producing countries in the world.

A major complication in the effort to control illegal or informal activities in
Colombia, such as gold mining or even coca crops, is that, for several decades, the
country has been in the grip of a devastating internal armed conflict that exceeded the
response capacity of the State. During this time, the Colombian state was not able to
protect their own citizens, particularly in rural areas dominated by illegal armed groups,
let alone control the Colombian territory. Besides fighting against leftist rebels, the
Colombian armed conflict grew as more actors entered the scene including right-wing
paramilitary groups, drug cartels, and corrupt governmental and military officials. Years

of conflicts left extensive areas of the Colombian territory unattended by the State. Even
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today, many areas are under the control of mafias and illegal armed groups, which are
also expanding toward territories once occupied by the Farc rebels.

Nevertheless, in the last years, the Colombian army and the national police have
carried out important military operations against illegal gold miners in remote areas of the
country. The Colombian air force also supports the fight against illegal mining activities
either by using drones or though military overflights in conflictive ASGM regions. Figure
6-5 shows some of the actions taken by the military and national police force to fight

illegal miners in Colombia.
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Figure 6-5. Colombian National Security Forces fighting illegal mining activities around
the country: a) Dredges destroyed in Rio Quito (Chocd), b) Illegal miners
caught by the Colombia National Police in Cordoba, ¢) The confiscation of
mining equipment and machinery is done along the country, d) Colombian
Air Force supports military operations against illegal mining. Source:
Websites from Policia Nacional De Colombia[ 189] and Fuerzas Militares de
Colombia[190].

The military operations carried out by the Colombia Military Forces has exposed
the presence of foreigners involved in illegal activities in the country. Citizens from Peru,
Venezuela, and Brazil have been seized in illegal gold mining districts by the Colombia
authorities. The porous border between Colombia and neighbor countries makes it easy
for illegal migrants to cross the border, and for mafias to smuggle arms, machinery, illicit
drugs, and metallic mercury. Small-scale miners can also be victims of human trafficking
and often are seen as criminals, rather than as the victims they are [166].

In 2017, Colombia’s ranking fell two positions (from 16 to 18) in the top 20 Gold
Mining Rank. Colombian gold output fell 11.4% in 2017 [165]; and based on data from

the Unidad de Planeacion Minero Energética (Figure 6-2), the country’s gold production
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fell from 62.5 tons (2016) to 42.5 tons (2017), which represents a 32% decrease in the
annual gold production [174]. The reasons for this drop could be explained by two
factors. First, coca crops in Colombia, particularly in conflictive areas and/or ASGM
regions, increased dramatically in the past year, reaching a historic record of 71,000 ha, a
17% increase compared to 2016 [191]. Second, the continuous blows to illegal gold
mining activities and the destruction of machinery and seizure of illegal mines seem to
play a role in the reduction of the gold production [165].

The increase in coca crops suggests that inhabitants from rural areas switched
from traditional productive crops and illegal gold mining to coca crops despite the more
than $10 billion spent in the last two decades to fight illegal drugs in the country [192].
This increase in coca production has been attributed to multiple factors[193]: the
reestablishment of drug mafias in areas formerly controlled by the Farc, the leftist-
guerilla group that negotiated a peace agreement with the Colombian government in
2016; the low levels of eradication of illegal crops, the increasing seizure of cocaine by

the Colombian authorities, and the failures in programs intended to replace illegal crops.

6.5.2 The illegal trade of metallic mercury in the light of the
Minamata Convention

The Minamata Convention on Mercury, a legally-binding treaty aiming to protect
human health and the environment, became effective on August 16, 2017. So far, 128 of
the 193 United Nations member countries have signed this initiative. This agreement
requires that participating countries take a number of measurements to reduce or
eliminate the use and release of mercury from ASGM, to control air mercury emissions in
industrial activities, to reduce the use of elemental mercury in mass consumption goods
such as batteries, cosmetics, and lights; as well in manufacturing processes such as chlor-

alkali production, to address the supply and trade of mercury, and to develop strategies to
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remediate mercury-contaminated sites [194]. After signed it, this convention has been
ratified by 101 of the 128 participant countries, including several where ASGM is
practiced such as Brazil, China, Ecuador, Ghana, Peru, Bolivia, and Colombia.

Today, many mercury-free techniques for gold mining which are safer for miners
and for the environment are available. Gravimetric concentration methods such as
panning, sluicing, shaking tables, spiral concentrators, vortex concentrators, and
centrifuges, have shown to be an alternative for miners in ASGM regions [195].
Nevertheless, the socio-economic conditions, the need for easy money, the easy
accessibility to metallic mercury, and the lower efficiencies compared to Hg based
processes seems to be the main barriers for miners to adopt better practices [5], [82].
Some of the countries impacted by ASGM created new regulations to control the use of
metallic mercury in industrial activities. In Brazil, the decree 97.507 prohibits the use of
mercury and cyanide in ASGM, except when its use is authorized by a competent
environmental organization. In Colombia, Law1658/2013 was issued to control the use
and merchandising of mercury in industrial and mining activities. This law will be fully
implemented by 2018 for the mining sector. In Ecuador, the mining laws prohibit the use
of mercury in ASGM (Ley de Mineria) and restrict the use and distribution of metallic
mercury in the country (environmental regulation N. 003, Official Registry No. 909,
March, 21th, 2013). And, in Peru, a multisectoral action plan was approved to implement
the Minamata Convention on Mercury (decree No. 010-2016-MINAM).

Despite these governmental efforts to reduce the use of mercury in ASGM, the
historical use of mercury in illegal mining is expected to continue due to the creation of a
black market that will supply the mercury needed in illegal mining, at least for a few
decades until local governments take full control of the chain supply of this metal.
Bypassing the mercury controls has proven to be easy in Latin America. For instance, in
Ecuador, artisanal miners still use mercury despite its prohibition. Most of them use this

metal in their own houses to evade the control of the authorities. Local miners use a

144



secret network to buy mercury from smugglers [196]. In Colombia, the smuggling of
mercury is expected to increase, as well as its cost. Approximately, 272 kg of mercury,
valued at more than $70,000, were seized by the local police in Antioquia in May 2018
[197]. Some of the mercury smuggled to the country enters across the Colombia-Ecuador
border. The amount of mercury smuggled may surpass 50 ton per year [198]. In Brazil, it
was reported that 99.3% of artisanal miners use mercury and cyanide without legal
authorization [199]. Illegal mercury trade has also been reported in West Africa, the
Philippines, Malaysia, and Indonesia [27].

The main strategies for the illegal and undocumented mercury trade seem to
involve hiding mercury among other goods, mislabeling the containers that transport
mercury, and shipping high quality mercury as cheap product, among others [27]. This
illegal trade of mercury is one of the main challenges faced by developing countries
affected by illegal mining activities in the implementation of the Minamata Convention

[27].

6.5.3 The arduous task to formalize and legalize illegal/informal
miners

In 2017, the annual gold production decreased globally, mainly in countries with a
long tradition of ASGM such as China (6.0% drop), Peru (3.7%), Indonesia (11.8%),
Brazil (4.9%), and Colombia (11.4%) [165]. The reasons for these drops are believed to
be the tightening of environmental regulations and the pressure of local governments on
illegal gold mining. Although the definition of ASGM includes both informal and illegal
miners, a legal differentiation is necessary to avoid the criminalization of informal
miners. Informal or artisanal gold mining has been a sustainable activity practiced by

many communities worldwide. In those communities, villagers use ancestral traditions to
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extract gold from rivers, streams, and soils manually, using pans, trays, or nonmechanical
equipment.

An informal miner is one who is working outside of the law but has the option to
become legal through appropriate mechanisms to formalize his/her practice [200]. In
contrast, an illegal miner is one whose mining practice is impossible to legalize either
because it is associated with criminal groups or operates in prohibited areas [200].
Consequently, informal mining operates without mining rights and environmental
licenses. Under this scenario, miners lack social protection and occupational health and
safety training [172]. In contrast, formal mining, besides meeting mining, environmental,
and labor regulations, pays royalty revenues and taxes [172].

Data from 2013 estimated that 10 to 15 million miners work in ASGM in Africa,
Asia, and South America [5]. A report from 2016 estimated the numbers of miners
working in illegal mining in some countries from Latin America [167]: Peru (~100,000
miners), Brazil (~75,000 in the Brazilian Amazon basin), Colombia (~50,000), Ecuador
(~10,000), Bolivia (~45,000), and Venezuela (~4,000 in the border with Colombia and
Brazil).

In Colombia, the term ‘mining production unit’ (abbreviate UPM in Spanish)
refers to “a set of tasks, with facilities, operations and/or equipment, that make up an
economic and administrative infrastructure, aimed to the exploitation of minerals.”[201]
Out of the 14,357 mining production units identified by the government during the 2010-
2011 census, it was found that only 37% own a mining right (or mining title)[202]. Out of
the 4,133 mining production units dedicated to gold exploitation in 16 states of the
country, only 550 (13.3%) own a mining title and 899 (21.8%) pay royalty revenues
[202].

The Colombian government has tried multiple times, without success, to legalize
informal and illegal miners. Some of the laws created to accomplish these goals are Law

141/1994 (decree 2636), Law 685/2001, Law 1382/2010, Law 1685/2013, and Law
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1753/2015. Such laws allow mechanisms to apply for a mining title, to get concession
rights contract, to delineate areas for mining operation, and to request the legalization of
mining production units (UPMs), among others. The framework for the legalization
process for the worst-case scenario, a UPM without mining rights, is described in Figure
6-6. The process starts with a dialogue between the government and informal miners and
ends with either the legalization of UPMs, or miners moving to a different industrial
activity, or with the closure of the UPMs.

Among the benefits to regulate informal miners are the reduction of the
environmental impacts on natural ecosystems, the protection of water sources used for
drinking water, recreation, fishing or agricultural purposes, the reduction of deforested
areas, the protection of the biodiversity, the minimization of the mercury used, and the

control of the criminal activities surrounding this practice.

UPM without Arbitration process | Yes UPM with Initial inspection to identify
Mining Rights (dialogue) Mining Rights need for training and
personalized technical support

\[{\ Laboral Reconversion (training in a
different industrial activity)

Control and closure
* Technical assistance
Technical support to Continuous
. ' eliminate the use of inspection
Lega“zed Compliance mercury
miner! e Entering the formal
banking sector and access to
bank loans
e Strengthening
of entrepreneurial activities
Training on managerial skills

Exit from the Noncompliance
legalization

program

Figure 6-6. Framework for the legalization process of a Mining Production Unit in
Colombia that lacks of mining rights. Source: Ministerio de Minas y Energia
de Colombia [203]

According to the Colombian National Miners Confederation (abbreviated
Conmineros in Spanish), which brought together around 250,000 miners from different

activities and 18 states, the main barriers faced by miners to formalize their practice are
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the excessive bureaucracy, the lack of information, the absence of sufficient economical,
technical, and legal support provided by the government, and the preferential treatment to
multinationals and large-mining companies, which compete for the mining lands and
which benefit from legislation that allow them to get mining rights in a short period of
time.

ASGM is the main source of anthropogenic mercury emissions to the environment
[5]. To comply with the Minamata Convention, governments need to implement National
Action Plans (NAPs) to reduce or eliminate the use of mercury in their territories. The
implementation of this plan seems to be a daunting challenge in ASGM regions given the
many external factors surrounding the production of gold in those regions, such as the
involvement of illegal armed groups, the geographical locations where illegal miners
operates, and the illegal trade of mercury. However, the most important challenge comes
from the recognition that between 10 and 15 millions miners worldwide are employed by

this activity and around 100 million people depend on it [5], [204].

6.5.4 The lack of funding for environmental protection in the face
of more urgent needs

The protection of human health, wildlife, and natural environments demands a
large amount of financial, technological, and human resources that are only affordable to
developed countries. In the U.S., the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA), commonly known as Superfund, was
created for “cleaning up abandoned or uncontrolled contaminated sites that affect human
health and the environment.”[205] This program is managed by the U.S. Environmental
Protection Agency (EPA) which actual and estimated budget is shown in Figure 6-7a. By
2013, 1,158 contaminated sites were identified and listed in the U.S., and it was estimated

that approximately 39 million people (13% of the U.S. population) live within 3 miles of
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some of the listed sites [206]. Despite the interest of the U.S. government to identify and
remediate polluted sites, in the last decades, the annual appropriations to EPA’s
Superfund program have been reduced from ~$2 billion to $1.1 billion [206]. The
number of contaminated sites included in the Superfund’s program decreased as well

[207], as can be seen in Figure 6-7b.
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Figure 6-7. (a) Actual and expected estimated expenditures of the EPA Superfund’s
program and (b) number of sites added to the Superfund’s list by type.
Adapted from: Probst, Superfund 2017 Cleanup Accomplishments and the
Challenges Ahead [207]

In Canada, a Federal Contaminated Sites Action Plan (FCSAP) was created to
help provinces manage contaminated sites under their jurisdiction. This action plan
started in 2005 and will run until 2020. It was estimated that, as March of 2013, the
remaining environmental liability associated with federal contaminated sites was
approximately $10.6 billion [208]. A total of 24,990 contaminated sites were listed at that
time, which include open, closed, and deleted sites [208].

Both the U.S. and Canada apply the polluter pays principle to force corporations,
private companies, and individuals to provide financial compensation for environmental
damage. The polluter pays principle is more difficult to apply in ASGM regions. Polluters
are usually poor families or communities that use illegal gold mining as their primary

source of income. In other cases, the polluters are criminal organizations whose leaders
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are not easy to identify and are much less interested in paying compensation for
destroying the environment.

In Colombia, the lack of funding to protect the environment and to enforce
regulations on the use of mercury in ASGM is critical. After the peace agreement
between the government and the Revolutionary Armed Forces of Colombia (Farc), it was
determined that Colombia needed approximately $31 billion to finance post-conflict
programs during a 10-year period [209]. Such programs are designed to finance projects
related to rural development, agrarian jurisdiction, local governance, and rural property
registration. No major emphasis was done to restore the damage caused to the
environment by the over 50-years of armed conflict that include terrorist attacks that
caused oil-spills, deforestation, illegal mining, and fauna trafficking, among others.
Consequently, appropriation of funds to protect the environment, to enforce regulations
aimed to prevent the use of metallic mercury in illegal mining, and to remediate

ecosystems affected by ASGM seems unlikely in the short term.

6.6 A Needed task: The evaluation of the impact of ASGM in natural
ecosystems and the degree of impairment associated with
mercury pollution

Mercury from ASGM can reach soil and water bodies in many ways: during the
amalgamation process and amalgam burning or purification, when mercury is spilled
during mining operations, and when it is leached from inadequate tailings ponds. The
latter is possible when gold is extracted from soil and rocks [83]-[85]. About 800 tons of
mercury are released annually to surface water through the “weathering of mercury-
bearing minerals in igneous rocks”[13] and nearly two hundred and sixty tons of this
element were released to rivers in 2010 through extensive erosion caused by deforestation

[5]. Additionally, it was estimated that rivers transport approximately 2,800 tons of
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mercury every year from which about 380 tons reach offshore;[ 18] therefore, considering
these figures, a higher risk of water pollution is more likely in countries where the
amount of mercury discharged by ASGM surpasses the amount released by natural
sources.

Despite the extended mercury pollution affecting natural ecosystems in
developing countries, most of the mercury regulations in water are intended to protect
human health, which is expected, but less effort seems to be done to protect aquatic
organisms and wildlife. For instance, in Colombia, the maximum contaminant level
(MCL) for mercury in water sources intended to be used as drinking water supplies was
set at 2.0 ug/L while the MCL to preserve flora and fauna was set at 10 pg/L.
Additionally, despite the critical situation caused by the use of metallic mercury in illegal
gold mining, no major actions have been taken to amend environmental legislation and to
assess the impact of ASGM on the environment and human health. The creation of a
mechanism to identify polluted water bodies when they fail one or more water quality
standards is needed. Similar situations occur in other countries such as Bolivia, Brazil,
and Peru. Table 6-2 shows mercury regulations form different countries based on the type
of water and its intended use. Peru created standards for mercury in water used in fish
farming, and the U.S. and Canada set low mercury standards to protect aquatic life in
both fresh water and marine ecosystems.

Most countries set their MCL for mercury in drinking water based on the
recommendations of the World Health Organization (WHO). In the past, the WHO set the
MCL for mercury at 1.0 pg/L as total mercury (inorganic + organic). However, in 2006
the WHO changed this guideline to 6.0 png/L as inorganic mercury [28] because the
presence of organic mercury species (i.e., methyl- and ethyl-mercury) is unlikely in
drinking water compared to inorganic mercury, which is the most common form of

mercury found in drinking-water [28], [34].
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In countries affected by ASGM, a mechanism is needed to identify polluted
waters, impaired water bodies that fail water quality standards, or pristine waters that
need protection. Water bodies such as lakes, rivers, streams, and wetlands polluted with
mercury or any other contaminant may not be suitable for drinking water, recreation,

fishing, or agricultural purposes, nor to be used in fish or mollusks farming
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Table 6-2. Reference standards and guidelines for ambient levels of mercury in different countries

Water bodies
Drinking . ust for Livestock FISI.I Surface Water  Irrigation Aquatic Life Aquatic Life
Water drinking water uses Farming (ug/L) (ug/L) freshwater marine (ug/L) Ref.
(ng/L) treatment (ng/L) (ng/L) s s (ng/L) me
(ng/L)
Bolivia 1.0 - - - < 0.005 2.0 - - [210]
Brazil 1.0 i 10.0 i 1.0 (Recreation) 20 - - [210]
[210]
Colombia 1.0 2.0 10.0 - - 10.0 10.0 Dec.
1584/94
1.0 (Recreation)
0.10 (Swamps, - - 211
Peru 1.0 1.0-2.0 1007 01018 Lokes,Riversand 1.0 i
Marine water)
WHO 6.0 as [Hg [212]
European 2.0
Union (EU) 1.0 05-10 ) ) ) (Germany) [210]
0.19
i (freshwater) 1.4 (acute) 1.8 (acute)
Us. 2.0 - - 0.14 (Marine 0.77 (chronic)  0.94 (chronic) [213]
water)
0.026 (Inorganic) 0.016 (Inorganic)
Canada 1.0 3.0 - 0,004 (Organic) [214]
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The mechanism to identify, listing, and restoring impaired water bodies can
follow similar guidelines to the one included in the 1972 U.S. Clean Water Act (CWA),
section 303(d) [215], managed by the U.S. EPA, together with the Protocols for
Environmental and Health Assessment of Mercury Released by Artisanal and Small-
Scale Gold Miners, designed by the Global Mercury Project (GMP)[82]. In this protocol,
mining hotspots were defined as sites with high concentrations of metallic mercury, while
environmental hotspots were defined as sites where mercury is already present as a toxic
species, such as MeHg [82]. A framework for the mechanisms of identification and

listing of impaired water bodies is presented in Figure 6-8.
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Develop/Update new standards to
protect soils and water bodies threatened
by ASGM

Identify mining and environmental
hotspots following protocols designed
by the GMP

Assess soils and water bodies
following protocols designed by
the GMP

List waters that do not meet
standards (impaired waters) and
threaten waters

Inform to the public and develop
a plan to implement restoration
activities

Monitor and assess
waters/Professional and
Governmental Review

Figure 6-8. General framework of the mechanism needed to identify, list, and restore
soils and water bodies affected by ASGM activities following the guidelines
provided in section 303(d) of the Clean Water Act (U.S.) and the protocols
designed by the Global Mercury Project (GMP).
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6.7 Concluding remarks

The consequences of the gold rush in previous centuries, and the lack of control
and environmental responsibility regarding the use of mercury in the gold mining
industry, have created mercury hotspots around the world, mainly in soils and rivers in
developing countries. The enrichment of mercury in soils and water bodies from the
continuous release of mercury during gold mining has also created environmental and
public health issues due to the use of these now contaminated lands for agriculture and
livestock, and the pollution of water bodies used for fishing, consumption, and recreation.

In the light of the Minamata Convention on Mercury, participant countries can
reduce risks by implementing National Actions Plans (NAPs) to minimize or eliminate
the use of mercury in their territories. The Minamata Convention does not ban the use of
mercury in ASGM but aims to reduce or eliminate its use. Consequently, participant
governments are the ones called to create new legislation to prohibit mercury in mining
activities and to enforce the law. For instance, the Colombian government published an
ambitious plan in 2014 (Plan Nacional Nacional de Mercurio), aiming to reduce/eliminate
the use of mercury in the mining sector by 2018 and in other industrial activities by 2023.
This plan includes four programs to address the issue of mercury from different
perspectives: (1) program for institutional strengthening, (2) program for social,
technological, and environmental management, (3) educational and communication
program, and a (4) research program on environmental, health, and technological
innovations.

Nevertheless, implementing these NAPs in ASGM regions is challenging. The
remote locations of many illegal mines, the illegal trade of mercury, the involvement of
mafias and illegal armed groups in the gold industry, the difficulties in the legalization of
illegal miners, and the lack of funding to enforce environmental regulations are the main

barriers for a successful reduction of metallic mercury in ASGM. All the same, any
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successful plan needs to count on the commitment of miners to use free-mercury
alternatives and eliminate the use of mercury from their mining practice.

Mitigation and remediation techniques are available to treat mercury pollution in
soil, wastes, and sediments (i.e., capping and dredging, immobilization, electro-
remediation, thermal desorption, phyto/bioremediation, solidification/stabilization, soil
washing and acid extraction, etc.) and technologies to remove low levels of mercury in
drinking water systems already exist (i.e., membrane filtration, ion exchange, adsorption
treatments, precipitation/coprecipitation, etc.).

However, the main goal should be to eliminate the use of mercury in mining
activities. This will require nations to implement the strategies developed by the United
Nations Environment Programme (UNEP) as well as other tailored strategies based on
the individual needs of each country. The effects of mercury pollution in the environment
are estimated to last for decades. Governments may need decades to create
and consolidate programs that eliminate the use of this pollutant from mining activities.
Educating future generations in ASGM regions and providing them with alternatives to

make a living can prevent the pollution of their territory.
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CHAPTER 7. CONCLUSIONS

The goals of this study were (1) to evaluate the removal of dissolved organic
carbon (DOC) by alum coagulation as a function of the aromatic carbon content in
natural organic matters (NOMs) from different sources containing a range of reduced
sulfur content, (2) evaluate the influence of the composition and character of dissolved
organic matter (DOM) on the removal of mercury in metal-based coagulation systems at
optimal coagulation conditions of pH and coagulant dose, at low and high mercury/DOM
ratios, and (3) analyze the interactions between mercury and reactive functional groups in
dissolved organic matter through statistical analysis, equilibrium dialysis ligand exchange

(EDLE), fluorescence spectroscopy and jar tests with and without a modified NOM.

7.1 Removal of dissolved organic carbon (DOC) by alum coagulation
as a function of the aromatic content

The overall goal of this research was to assess the removal of Hg(II) during alum
coagulation. Data suggest that the removal of Hg(II) onto aluminum hydroxide solids
formed during alum coagulation is minimal in the absence of DOM. Complexation of
Hg(II) to the DOM followed by adsorption of DOM is the primary mechanism for Hg(II)
removal during alum coagulation. Thus, the study of Hg(II) removal during alum
coagulation will be dependent on the extent of Hg(II) binding as well as the extent of
DOM adsorption to the aluminum hydroxide precipitates. The aromaticity of dissolved
organic matter (DOM) plays a major role in the removal of carbon from drinking water
treatment as was verified in this study with the use of DOM isolates selected for this
research. However, binding of Hg(II) is typically expected to be dominated by reduced
sulfur ligands present in the hydrophobic portion of DOM. Therefore, the selection of
DOMs for this research relied heavily on the availability of DOMs with measured

reduced sulfur content as well as measured aromaticity. The first set of studies conducted
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in this research were aimed at verifying that typical trends in removal of DOM were
applicable to the selected NOMs.

While SUVA»s4 (defined as the UV absorbance at 254 nm of a water sample
divided by the concentration of dissolved organic carbon) is a good predictor of the
aromaticity of DOM samples in untreated water, changes in SUV Azs4 values would also
have the potential to predict the most likely fraction of DOM removed from solution, as
well as the most likely carbon composition remaining in the treated water. DOM isolates
rich in aromatic content like Suwannee River Humic Acids (SRHA) and Nordic Aquatic
Humic Acids (NAHA) with SUV A»s4 values of 6.0 L/mgC-m and 6.5 L/mgC-m,
respectively, were the samples that provided the greatest removal of carbon from solution
(~84% in both cases), but are also the samples with the highest residual SUV Axss in
solution. Pony Lake Fulvic Acid, the organic isolate with the least aromatic carbon and a
SUVA»s4 value of 2.46 L/mgC-m, provided the lowest removal of carbon (46%) among
the NOMs tested, and its residual SUV A»s4 suggests that a good portion of hydrophilic
carbon still remains in solution after alum coagulation. The trends for removal of NOM
were indeed consistent with previous research and the NOMs selected for further study

provided a range of reduced sulfur content.

7.2 Influence of the character and composition of dissolved organic
matter (DOM) on the removal of Hg(II) in metal-based
coagulation systems at optimal coagulation conditions of pH and
coagulant dose

The goal of this study was to analyze the removal of mercury from solution under
two relevant conditions for the interactions between Hg(II) and DOM in aquatic
environments. First, experiments were conducted at low Hg(II) concentrations (relative to
the amount of DOM added to the system), where Hg(II) ions are expected to bind to

reduced sulfur functional groups (i.e., thiols), the strongest ligands for Hg(Il)
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complexation. Second, experiments were conducted under conditions which both sulfur
and carboxylic acids were responsible for Hg(II) complexation; the carboxylic ligands are
weaker but more abundant than the reduced sulfur ligands. While Hg(II) binding ligands
in DOM play an important role in the distribution, toxicity, and fate of mercury in aquatic
environments, their role in the removal of Hg(II) during alum coagulation systems is
dependent on the ability of the fraction of DOM containing these ligands to adsorb to the
aluminum hydroxide flocs. Thus, the aromaticity of the DOM and the presence of Hg(II)-
binding ligands in the fraction of carbon that adsorbs to aluminum hydroxide flocs are the
key variables that control removal.

As was determined in this research, at low Hg/DOM ratios, high Hg(II) removal
(>90%) can be achieved by alum coagulation in two circumstances: (1) when the DOM is
low in reduced sulfur ligands but rich in aromatic content (as was the case for SRHA and
NAHA) and (2) when the DOM is rich in Seq ligands (i.e., when Srea/Hg(II) >> 1) and
low in aromatic content (as was true for PLFA). In both cases, the adsorption of the
aromatic carbon onto alum flocs is responsible for the removal of mercury from solution
because essentially all of the Hg(Il) in the water is complexed to DOM. The interaction
of high levels of mercury with organic isolates with low reduced sulfur content DOM and
intermediate aromaticity will yield poorer removal of mercury, as was the case for the
SRFA sample. At high Hg/DOM ratios, good mercury removal (60-70%) are also
possible under the two circumstances stated above

In summary, not only does the character of DOM determine the extent of the

removal of carbon, it also determines the minimum removal of Hg(Il) in alum-based
coagulation systems. This is, the removal of mercury is controlled by the removal of
carbon because Hg(II) ions will form complexes with the reactive Hg-binding ligands
(i.e., Srea and COOH) present in the portion of DOM that is removed from solution.
Additionally, Sreq controls Hg(II) removal in water treatment only when the ratio

Srea/Hg(Il) >> 1 regardless the aromaticity.
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It is worth mentioning that the chemical structure of the Sreq ligands in DOM
suggests that not all of the reduced sulfur species are suitable for Hg(II) complexation.
Previous research indicated thiols (-SH) are the most likely ligands readily available for
Hg(IT) complexation in DOM samples [35], [37].

Evidence of the incorporation of Hg-DOM complexes onto the surface of alum
flocs was observed using X-ray photoelectron spectroscopy (XPS) and Time of Flight
Secondary Ion Mass Spectrometer (ToF-SIMS). Although the goal was to visualize the
interactions between Hg(Il) and Sieq ligands using these techniques, reduced sulfur
represented only a tiny fraction of the total composition of DOM, and high mercury doses

would be required to detect this metal with the techniques used.

7.3 Analysis of the interactions between Hg(II) and reactive
functional groups in dissolved organic matter through statistical
analysis, equilibrium dialysis ligand exchange (EDLE),
fluorescence spectroscopy, and jar test with and without a
modified NOM

An alternative analysis for the interactions between Hg(II) and natural organic
matter (NOM) seemed possible by using NOM samples without carboxylic ligands in
their structure. A method to produce this type of NOM was an esterification process in
which the carboxylic ligands are converted to esters in the presence of alcohol and
EEDQ, a peptide coupling agent. This process, discovered by Zacharie et al. [141], was
carried out in this work, and the modified-NOM was employed in alum coagulation jar
tests. The results were compared to the results with the non-esterified NOMs.

Results from the esterification of the Suwanee River Fulvic Acid (SRFA) showed
that the carbon distribution of this organic isolate changed dramatically after the process.
For instance, 1*C-NMR results show that the signal for carbon structures in the chemical

shift ranges 6c=60-160 ppm are missing in the esterified sample. The SUV Azs4 of the
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esterified-SRFA was much lower (2.8 L/mgC-m) compared to the SUVA of the non-
esterified SRFA (4.5 L/mgC-m). An additional NOM sample was also esterified (SRHA)
and a similar decrease in SUVA value was observed with the esterified-SRHA NOM
(from 6.0 L/mgC-m to 2.1 L/mgC-m).

Jar test experiments performed to compare the removal efficiency of mercury
with and without esterified-NOMs indicated that both of the esterified NOMs lost some
of its capacity to remove Hg(II) from solution, as suggested by the reduction of the Hg(II)
removed/carbon-added ratio. The lower SUV A»s4 values of the esterified NOMs are the
reason why lower removal of carbon was obtained during jar tests. As a consequence, the
comparison between esterified and non-esterified NOMs is hindered by the fact that the
removal of Hg depends on the removal of carbon as well on its interaction with reactive
ligands in the DOM portion that adsorbs onto alum flocs. In summary, the esterification
process altered the capacity of the DOM to remove Hg, but the extent of the esterification
was not quantifiable.

Experiments at extremely high mercury concentration aiming to analyze the role
of carboxylic ligands in DOM suggest that all Hg(II) ions in solution bind to carboxylic
ligands, either in the fraction of DOM that adsorbed onto AI(OH); precipitates or in the
fraction of DOM that remains in solution. As a consequence, the removal efficiency of
mercury tends to remain constant regardless of the dose of Hg(II) added as it is solely
dependent on the removal of carbon from solution.

Finally, when comparing Hg-DOM equilibrium constants (Kpom) estimated with
the modified Stern—Volmer model versus the ones obtained with the EDLE method, it is
possible to “isolate” the effect of Sreq ligands and focus on carboxylic ligand binding. This
difference may be seen as a limitation of this technique but was helpful for this work.
The low Kpom values obtained with the modified Stern—Volmer model provide insight
into the binding strength of the NOMs after saturation of the reduced sulfur ligands and

suggest that Hg(II) is bound to weak functional groups (carboxylic acids) under high
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Hg(IT) concentration conditions. These results support the hypothesis that, even at these
high Hg(II) to DOM ratios, Hg(II) complexes within DOM still dominate Hg(II)
speciation.

7.4 Challenges to reduce metallic mercury in ASGM in the light of
the Minamata Convention

An additional chapter presented in this dissertation discussed the challenges to
eliminate or reduce the use of metallic mercury in countries affected by illegal mining.
Despite the implementation of the Minamata Convention in 2017 and the fact that the use
of metallic mercury in ASGM was already prohibited in many countries, a decrease in the
use of mercury seems unlikely in the long term, mainly because (1) criminal groups are
profiting from gold mining activities; (2) illegal trade of mercury is already taking place
in many ASGM countries like Colombia, Brazil, Pert, The Philippines, and Indonesia;
(3) the colossal task required to formalize/legalize illegal miners and persuade them to
use a more environmentally friendly alternatives; and finally (4) the lack of interest or
capacity of governments to control the use of mercury in the gold mining industry, an
activity that in the long term benefits the economy of the country, as more gold is
produced and exported regardless of its origin. In any case, the negative impacts of
ASGM on the environment and the people living in ASGM regions will continue for
years. Consequently, governments may need decades to consolidate programs that

eliminate the use of this pollutant from ASGM.

7.5 Future Work

Future work should focus initially on employing EXAFS and other sensitive
surface techniques that identify the Hg-S interaction and the Hg(II) distribution between

aluminum hydroxide flocs and water. Despite the many advantages provided by
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fluorescence spectroscopy techniques for studying NOM from different environments,
the ability to identify the interactions between Hg(Il) and NOM at very low Hg/DOM
ratios, a common situation in aquatic environments, is still limited. A more sensitive
response for this technique will allow determination of Hg(I)-binding constants faster
and more reliably compared to the existing techniques.

Although the results obtained with the esterified NOMs suggested a loss of its
complexing capacity, a detailed characterization of this modified NOM is needed to
determine what major changes affected the NOM structure beyond simply reducing the

carboxylic content and the effects of adding or producing other aromatic compounds.
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