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ABSTRACT

A study on the investigation of the fate of mercury in a secondary wastewater
treatment plant has been carried out by combination of field scale sampling and computer
modeling simulation at Robert O. Pickard Environmental Centre (ROPEC). Over 200
wastewater, sludge and solid samples and over 680 gaseous and biogas samples were
collected from various points throughout the plant and analyzed for total mercury in July,
August, December 2003, and March, April, May, June 2004. An approximated mass
balance on mercury was performed around each unit process based on the data collected
in the field sampling and the facility operation. Partitioning coefficients (K,), the critical
parameters, in primary and secondary treatment processes that will be employed in
subsequent modeling of TOXCHEM™ to predict the fate of total mercury in wastewater,
sludge and gaseous streams were also calculated.

The results of this study indicated that only approximately 24 + 9% of the total
mercury load entering the plant portioned into the anaerobically digested sludge (CAKE),
65 = 18% of the total mercury discharged to Ottawa River, and less than 0.002% of the
total mercury excited in the form of biogas and total gaseous mercury (TGM)
volatilization to atmosphere. The removal efficiency of total mercury within facility is
about 35 + 18%, based on the percent of mercury leaving in the final effluent compared to
total inputs. The approximate total mercury-loading rate to the Ottawa River at ROPEC is
approximately 191 + 116 g/d. The comparison between the predictions run with
TOXCHEM™ and observed data collected from field sampling suggests that the models
such as TOXCHEM" could be employed as an useful tool to evaluate and predict the fate

of mercury at ROPEC after further calibration and verification.

Keywords: Fate, mercury, wastewater, sludge, solid, mass balance, modeling.
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CHAPTER 1 Introduction

1.1 Background

Since the early 1970s there has been growing concern over the diverse effects of
heavy metals on humans and aquatic ecosystems. Mercury is one of the most toxic metals
found in the environment. The monomethylated form of mercury (CHsHg", commonly
referred to as methylmercury and abbreviated as MeHg) is at least 10 times more toxic to
aquatic biota than inorganic forms (e.g., HgCl,) (Environment Canada, 2003).
Methylmercury is of special concern not only because of its greater toxicity, but also
because it biomagnifies in the food chain of the aquatic ecosystem.

Mercury occurs naturally, but approximately 50% of the mercury entering
ecosystems 1s contributed by anthropogenic emissions and discharges (Environment
Canada, 2003). In recent years, mercury emissions have decreased in many countﬁes and
North America due to legislation, improved cleaning technology and altered industrial
activities. The recommended Canadian Environmental Quality Guidelines for mercury
(water, sediment, tissue, and soil) have been tightened since 2003. For example, the
recommended Canadian Water Quality Guidelines for inorganic mercury in freshwater
has been adjusted from the previous value of 100 ng Hg/L to 26 ng Hg/L (Environment
Canada, 2003).

A significant part of the anthropogenic mercury emissions ends up in
wastewater. Major urban inputs to sewage water include household effluents, drainage
water, business effluents (e.g. dental uses, laboratory uses, etc.), atmospheric deposition,
and traffic related emissions transported with storm water into the sewage system (US

EPA, 1986). Municipal wastewater treatment plants (MWTPs) are expected to control the



discharge of heavy metals including mercury to the environment. However, traditional
biological wastewater treatment systems are mainly designed for removal of organic
matter by aerated activated sludge, hence removal of heavy metals including mercury in
these systems may be regarded as a side-benefit (Karvelas et al., 2003).

Mercury discharges from wastewater treatment plants may present a significant
contribution to the entire amount of mercury entering the environment. Currently the fate
of mercury in wastewater is still not clearly understood, as it may be discharged to the
environment through air emissions, wastewater final effluents entering receiving water
bodies or from the disposal of wastewater sludge on land.

The concentration of mercury in the discharge from the Robert O. Pickard
Environmental Centre, Ottawa, Ontario (ROPEC) is monitored monthly. Historically the
concentrations of mercury have either been below the detection limit of the ar_lalytical
method or detected but at very low concentrations. Only very rarely is mercury detected
at higher concentrations. However, on these occasions very high loadings to the Ottawa
River are reported because of the high flows that are discharged. Mercury is regularly
detected in the biosolids that are discharged at the plant. The data would suggest that
mercury tends to be associated with the wastewater solids.

The major objectives of this study were to obtain an improved understanding of
the fate of mercury in the secondary treatment processes at ROPEC, and to quantify
mercury emissions. An improved understanding of this behaviour will allow the city to
identify the fate of mercury once it enters ROPEC and to make improved estimates of

loading to the Ottawa River.



1.2 Scope of investigation

In order to meet these objectives, a combination of field scale sampling and
computer modeling was carried out. From 2003 to 2004, approximately 890 samples,
made up of a combination of plant influent, primary clarifier effluent, aeration basin
effluent, secondary clarifier effluents, primary sludge, secondary sludge and digester
effluent, aeration basin off-gas and digester biogas were taken and analyzed to investigate
the loading of total mercury in different streams at ROPEC.

These samples were analyzed for total mercury in the soluble form and mercury
associated with the solid phase. It is recognized that the concentrations of mercury in the
wastewater stream are often below the detection limits of the analytical methods
employed for regular analysis of ROPEC samples. Hence, in order to obtain data at low
concentrations, advanced analytical equipment, (SP-3D Mercury Analyzer, Cold Vapour
Atomic Absorption method (CVAA)), from Dr. Lean's laboratory, University of Ottawa
where method detection limits (MDL, 2 ng/L) are generally much (100x) lower was
employed. Some measure of mercury speciation (elemental mercury, oxidized mercury
and methylmercury) was also made. In addition the samples were characterized with
respect to suspended solids, volatile suspended solids, pH and other wastewater and gas
characteristics that were believed to impact on the behaviour of mercury. Mass balances
on mercury were performed around each unit process at ROPEC.

Based on the data collected, the tendency for mercury to partition between liquid
and solids was evaluated. This facilitated the estimation of liquid-solid partitioning
coefficients that would be employed in subsequent modeling exercises. The data
collected in this portion were employed to determine whether the metals sub-model in the

TOXCHEM" fate model could be employed for mercury. Once configured and calibrated,



a thorough sensitivity analysis was also performed to evaluate the impact of wastewater

treatment plant variables on the fate of mercury at ROPEC.



CHAPTER 2 Background and Literature Review

2.1 Physical and Chemical Properties

Elemental mercury (H 2", atomic number 80) is a silver-white liquid metal at room
temperature, has a molecular weight of 200.59, and belongs to group IIb of the periodic
table of elements. Hgo has a low melting point (-39°C) and high boiling point (356.9°C at
101.32 KPa). Hg0 is very volatile (vapour pressure 0.16 Pa at 20°C) and is more likely to
be discovered in the atmosphere than in water. Mercury can be methylated in the
environment (Environment Canada, 2003). Table 2.1 summarizes the related physical and
chemical properties of mercury.

Theoretically mercury can exist in three valence states: elemental (HgO/Hg (0)),
mercurous (Hg'/Hg (1)), and mercuric (Hg?*/Hg (II)). Hence, it can make up both
inorganic and organic compounds. Although natural waters tend to be saturated with Hg’,
it is still not easily soluble in water as compared to the high water solubility of Hg*"
(HgCly). As shown in Table 2.1, the water solubility of Hgo (25-30 pg/L) is much smaller
than that of ng+ (HgCl,, 69 g/L). In water, the mercurous state (Hg") of mercury exists
as a doubly charged binuclear ion (dimer), Hg22+. Hg" most generally combines with
inorganic molecules (Environment Canada, 2003). The chemical compounds of the
mercuric ion (Hg™") aré very stable and much more abundant than those of Hg™ in the
environment (Environment Canada, 2003). Although mercuric chloride (HgCl;) can
predominate when chloride salts are plentiful, compared to bonds formed with other
inorganic anions, the mercuric cation (Hg®") creates a relatively weaker covalent bond
with chloride (Alberta Environmental Protection, 1992). HgCl, is more likely to be

associated with sediments since the partition coefficient between sediment and water, log



Ksediment = 3.4 to 4.1 for Hg2+ (Hurley et al., 1994). Macleod et al. (2005) also reported a

10g Kediment Of 5 for Hg?*, 3.7 for MeHg and 4.3 for Hg’ in the San Francisco Bay area.

Table 2.1 Related physical and chemical properties of mercury

Propertv* Mercuric mercury Methyl mercury ErLe;nental
perty (HgCly) (CH;Hg) Y
(Hg')
Atomic number -- -- 80
Molecular Weight 271.5 215.63 200.59
o . B Hg(CHj): 356.9°C/101.32
Boiling point 92°C/98.66 Kpa Kpa "
3
Density (spec.gravity) 54@ Hg(CHs),: 3.1874% | 13 '523515 cm-at
Melting point -- CH;ClHg: 170°C ¥ -38.87°C
Bioconcentration factor
(BCF) for fish (Fathead 5,000 ¥ 81,670 'Y -
minnows)
. DOC increases
K, (organic carbon) NA solubility © NA
3.7%,29.32 «
Log Ksedimen 519,34-41% | (reduced by DOC 4319
in water) )
{Ts). ()
Log Ksusp.particulales 6 ’ 2.:93?10),, 4.8 4.7 (15); 5.73 (2); 4.5 a3
Log Koy ** 33 1.77.2.54 % 0.62 7
2 . 0.16 at 20°C "V
Vapour pressure, Pa 1.87 )o( 12;) 113 at 2911(): 2X 107 at
at 34°C MeHgCl 250C(10)
Water Solubility 69 g/L @ 1 pug/L®; 25 -30 pg/L

* Source: Environment Canada (2003). With the exception of molecular weight, most of these properties

are dependent on pH, temperature, carbon content and other characteristics, and are given as general values

only. NA: not available. ** K refers to a partition coefficient of a substance between indicated phase: water

(Hg concentrations in each medium). K, = octanol/water partition coefficient; Ko, paniculaes = Suspended

particle/water; Ko gimen = sediment/water, K, = organic carbon/water, DOC = dissolved organic carbon.

(1) (Alberta Environmental Protection, 1992); (2) (Hurley et al., 1989); (3) (Hurley et al., 1994); (4) (Royal
Society of Chemistry, 1994); (5) (Halbach, 1985); (6) (Miskimmin, 1991); (7) (Major and Rosenblatt,
1991); (8) (Eisler, 1987); (9) (Krenkel, 1974); (10) (Hurley ez al., 1995); (11) (World Health Organization,
1990); (12) (Mason et al., 1995) (13) (Snarski and Olson, 1982a); (14) (Olson et al., 1975); (15) (Macleod

et al. 2005).




The hydroxyl anion has a higher affinity for Hg”" when there is no organic
complexing agents and will predominate in most freshwaters except when the pH is low,
or the chloride concentration is high. Under reducing conditions, Hg>* can easily develop
stable, largely covalent bonds with sulphide (including thiols) and selenides (Jackson,
1998).

Mercuric mercury (Hg2+) can be converted through abiotic and biotic processes to
create alkylmercury compounds: monomethylmercury [CH;Hg J(MMHg or MeHg),
dimethlymercury [(CH3),Hg}(DMHg), and aryl compounds [e.g., phenyl-mercury].
Monomethylmercury is normally called methylmercury and abbreviated as MeHg. It is
quite volatile with a vapour pressure of 1.13 Pa at 20°C that is higher than that of Hg®
(vapour pressure 0.16 Pa at 20°C) and Hg** (HgCl,, vapour pressure 1.87 x 107 Pa at
34°C). Dimethylmercury, on the other hand is a very volatile organic compound and
tends not to bioaccumulate (Environment Canada, 2003).

Monomethylmercury is the most toxicologically relevant form of mercury, as it
can be transported across cell membranes. MeHg has a chemical affinity for sulphydryl (-
SH) groups in body tissue proteins and results in toxicity to and bicaccumulation in biota.
Table 2.1 shows that MeHg can be bioaccumulated easily in aquatic bio-systems with a
bioconcentration factor (BCF) of 81,670 for fish (BCF referred to the ratio of mercury
concentration in fish to mercury concentration in water) (Envimnment Canada, 2003).
MeHg also has a log K, partition coefficient of 1.7 - 2.5, which indicates that MeHg
compounds only have a medium affinity for fats in the body. Elemental mercury (Hg"),
on the other hand has a log K,y of 0.62 and accumulation in lipids is unlikely to be
significant (Environment Canada, 2003). The Log Ksusp pariculaies of 5.73 for MeHg and

5.35 for Hg®" also indicate that both MeHg and Hg’" have a strong association with



suspended particulates in natural water bodies (Hurley er al., 1989). Macleod et al.
(2005) also reported a Log Kusp particulates 0f 6 for Hg2+, 4.7 for MeHg and 4.5 for HgO n

the San Francisco Bay area.

2.2 Mercury in the Environment

Mercury is released from a variety of natural and anthropogenic sources, and can
be transported in the atmosphere for a long distance then deposited in watersheds via
precipitation. The majority of mercury in air, perhaps 95% or 100% (Iverfeldt, 1995), is
in vapour form as elemental mercury, but mercury in an oxidation state Hg2+ or Hg' is the
dominant form when it is deposited from the atmosphere with dry or wet fallout.

The major anthropogenic sources of mercury in Canada include the following
industrial sectors: metal smelting, coal-burning power plants, municipal waste
incineration, sewage and hospital waste incineration, coal and other fossil fuel
combustion, cement manufacturing, and mercury waste in landfills or storage. Other
sources include removal and disposal of dental amalgams, use and disposal of mercury
containing lamps (Environment Canada, 2003), and leakage from laboratory and
electrical equipment, and consumer products such as latex paint (Lindqvist et al., 1991).

Mercury concentrations in air and precipitation vary with the geographic location,
and they are significantly higher close to the anthropogenic or natural sources. Glass et
al. (1990) reported that mercury concentrations in air and in the rainfall at Duluth,
Minnesota were in the range of 1 to 6 ng/m3, and approximately 22 ng/L, respectively.
Samples of rainwater taken in the early 1990s at the Experimental lakes Areas of
northwestern Ontario averaged from 3.8 to 5.3 ng Hg/L, and from 0.017 to 0.049 ng

MeHg/L (< 1% of total mercury).



Table 2.2 shows worldwide emissions of mercury in 1983, including natural and
anthropogenic sources to the atmosphere, soil and water were 6,060, 10,200, and 4,600
tonne/a, respectively (Environment Canada, 2003). The anthropogenic component has
reduced as use of mercury has decreased, but it is generally accepted that anthropogenic
sources account for at least half of the worldwide emissions. A recent study of worldwide
mercury emissions to the atmosphere reported total anthropogenic sources in the range of
2,000 to 4,000 tonne/a, and natural source emissions in the range of 2,200 to 4,000
tonne/a (Pirrone et al., 2001). Table 2.2 shows that the major sources of mercury to water
include coal combustion (41%), manufacturing processes (26%), atmospheric fallout
(20%), and domestic wastewater (7%). Mierle (1990) reported that more than half (57%)
of the mercury in a small lake in the Canadian Shield, came directly from wet
atmospheric deposition, and it was also found that melting snow during spring runoff
accounted for an extra 13% or more to the water body.

A large portion of the mercury deposited on land is associated with the humus-
rich upper layers. Once within the soil, mercury can be transported with runoff to surface
waters in association with movement of dissolved humus material. Mercury deposited in
soil helps to equalize the atmospheric flux of mercury by reconversion of Hg”" back to
the elemental form (Hg’) by soil microbes followed by volatilization from the soil to the
atmosphere (Lindqvist er al., 1991). Mercury that is present in the aqueous environment
is largely sorbed to particles, including suspended solids and sediments (Ferrara et al.,
1991; Hurley et al, 1991). It is most likely that the mercury present in solution is
complexed with humic substances as Hg®" (Allard and Arsenie, 1991; Lindqvist er al.,

1991). Low concentrations of dissolved Hg0 also exist, which contribute to volatilization
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Table 2.2 Estimates of worldwide emissions (tonne/a) of mercury to the atmosphere,

water and soil in 1983

Source Atmosphere Water Soil * *

category Min. Max. Min. Max. Min. Max.

Coal combustion 650 3,500 0 3,600 370 4,800

Non-feqous metal 45 220 0 40 0 30

production

Refuse incineration

Municipal 140 2,100 NA - NA -

Sewage sludge 15 60

Wastewater (domestic) | no relevance -- 0 600 10 800

'Wood combustion 60 300 NA -- NA --

Metal mining Insignificant| 0 15 | NA -
nput

Urban refuse NA NA -- 0 260

Wastage - commercial NA _ NA B 550 220

prod.

Manufacturing NA B 20 2,300 NA _

processes

Atmospheric fall-out |no relevance 220 1,800 630 4,300

Phospha}te fertilizer 1n51gnlﬁcant B NA B NA B

production and use input

Agricultural Waste NA NA 0 1,700

Logging and other NA B NA _ 0 2,200

wood wastes

Mine tailings NA NA 550 2,800

Smelter slags and NA B NA _ 50 280

wastes

Dumping of sewage no relevance -- 10 310 no --

sludge relevance

Anthropogenic total 910 6,200 250 | 8800 | 2,200 | 18,100

inputs

Median 3,560 4,600 10,200

Natural source totals 100 T 4,900 NA | -- NA | --

Median 2,500 - -

Grand totals 1,010 | 11,100 250 | 8,800 2,200 | 18,100

(Median) 6,060 4,600 10,200

*Source: Environment Canada, 2003

(Anthropogenic values from Nriagu and Pacyna, 1988; Natural values from Nriagu, 1989)

NA: not available.*Insignificant contributions to the atmosphere from: oil combustion, zinc-cadmium production,

secondary non-ferrous production, steel and iron manufacturing, cement production, and mobile sources. ** Landfills

included.
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from natural water bodies (Lindqvist et al., 1991). Only Hg2+ and MeHg significantly
partition to solids, and only Hg? volatilizes to any significant extent. Hg®" appears to be
most available for methylation, and methylmercury appears most ready to biomagnify
(Mason et al., 1995).

The organometallic species methylmercury is known to be the most toxic form of
mercury that can be bio-accumulated in the food chain. 95% of the mercury in fish tissue
is methylated and fish, through direct uptake from water, can accumulate methylmercury
(Goldstone et al, 1990; Matilainen er al., 1991). Mercury methylation is generally
accepted to be a biological process carried out by microorganisms. Methylation has been
shown to occur in various environments (Bisogni and Lawrence, 1975; Matilainen et al.,
1991), but methylation seems to generally progress in the top-layer of sediments of
natural waters, where microorganisms are the most active (Matilainen et al., 1991). The
concentration of methylmercury in a system relies on the relative rates of methylation and
demethylation. Goldstone et al. (1990) reported that the most important factors are likely
to be the amount of organic material, pH, redox potential and temperature, which affect
methylation to varying degrees, and no methylation can occur without the presence of
bioavailable mercury (Hg”").

Biological processes are thought to be the dominant pathway of conversion of
inorganic and organic forms of Hg2+ to the elemental form (Hgo) (Bisogni and Lawrence,
1975; Lindqvist el al., 1991). Mercury can be volatilized back to the atmosphere by this
reversible transformation to the elemental state, thus finishing the whole cycle needed for
redistribution of mercury throughout the environment (Allard and Arsenie, 1991).

Babiarz and Andren (1992) reported that total mercury concentrations in selected

Wisconsin surface waters ranged from 0.7 to 8.9 ng/L in rivers and 0.3 to 2.9 ng/L in
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lakes. In this study, they found that a significant correlation existed between mercury
concentrations and total suspended particulate matter. Previous research has indicated
that most of the mercury is associated with particles that settle from the water column of

lakes and settle into the deeper sediments (Swain et al., 1992).

2.3 Mercury in Municipal Wastewater Treatment Plants

Municipal wastewater treatment plants (MWTPs) represent the focal point for
collecting industrial, commercial and domestic liquid wastes. Wastewater treatment
plants are generally designed for biochemical oxygen demand (BOD) and suspended
solids (SS) removal, but they also have to remove heavy metals and organic pollutants.
Although much research has been done on the behaviour of mercury in natural waters,
(and it can be used in the wastewater field), relatively little work has been performed to
characterize its behaviour in wastewater. In general, the mechanisms for removal of
mercury from a wastewater stream are not thoroughly understood. Therefore it would be
helpful to understand how mercury behaves in wastewater treatment and to completely
understand the physical, chemical and biological interactions that may affect its removal.

In wastewater treatment processes, mercury is likely to behave in a similar way to
its behavior in natural waters. Mercury can exist in three states: Hg’, Hg" and Hg”", and
inter-conversion also may occur in a wastewater system. Elemental mercury can be
stripped off as off-gas at any stage of treatment which is open to the atmosphere such as
primary and secondary clarification and particularly in aerated grit chambers and mixed
liquor aeration basins (bio-oxidation) that use air. Lindqvist et al. (1991) reported that

mercury concentrations in air coming from a wastewater treatment plant at Rya,
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Goteborg, Sweden, were in the range of 4 to 6 ng/m3. Additionally, mercury could be
removed in the biogas produced during anaerobic digestion of sludge.

Goldstone et al. (1990) reported that mercury was volatilized as mercaptide and
elemental mercury to account for mercury loss during activated sludge treatment.
However, data from a full-scale municipal treatment plant indicated that volatilization of
elemental mercury was insignificant.

In the primary clarifier, mercury adsorbed to and precipitated with settleable
solids through adsorption and complexation mechanisms will be removed in the settled
raw sludge (primary sludge). Approximately 30 to 60% of the influent mercury has been
reported to be removed during primary sedimentation (Goldstone et al., 1990). Balogh
and Liang (1995) concluded that approximately 80% of total mercury could be removed
in the primary clarification treatment process. In many plants, primary sludge undergoes
further treatment in either an aerobic or anaerobic digester to stabilize the solids and
produce biosolids for final disposal.

In the mixed liquor aeration basin or other aerated biological units, bacteria,
protozoa, and other microorganisms reproduce and efficiently transform dissolved
organic matter (DOM) and colloidal particles. Microbial biomass forms flocculent
biological material, which can be separated from the aqueous phase in the secondary
clarifier, and finally, will be removed as waste activated sludge (WAS) or secondary
sludge. At this stage, bacteria may inter-convert inorganic Hg2+, MeHg and Hgo,
additionally elemental mercury also can be stripped at this stage by aeration (Mugan,
1996). The volatility of mercury species has been reported to follow the order:

Dimethylmercury (DMHg) > Hg0 > HgCl, (Earle et al. 2000).
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Goldstone et al. (1990) reported that the majority of research has found that
higher mercury removal efficiency (> 95%) occurred during activated sludge treatment
than during primary sedimentation (> 50 ~ 75%). They also reported that physical-
chemical adsorption of soluble mercury to activated sludge contributed to the mercury
removals.

A variety of solids digestion and handling processes are used at municipal
facilities. Bacterial action in these processes will likely produce additional inter-
conversions. Elemental mercury produced may be stripped off from solution by gas-
mixing systems (in the case of anaerobic digesters) or forced aeration. In anaerobic
environments, mercury can exist as a highly insoluble precipitate HgS (log K¢, = —52.8,
Hogfeldt, 1982). However, under low Eh (Redox <0.5V) and high pH (pH>8) conditions,
it can be converted to the more soluble HgSz‘2 and Hg2+. Hg?" can be reduced to Hg0 or
methylated to form monomethylmercury (MMHg) (Earle et al., 2000).

Anaerobic microorganisms have been shown to be able to methylate mercury to
form MMHg or DMHg. Factors, such as mercury concentration and pH of the system
affect the formation of MMHg or DMHg. MMHg exists at lower pH conditions and
higher Hg" concentrations while DMHg forms at higher pHs in the presence of H,S or
lower Hg0 concentrations (Earle et al., 2000; Watras et al., 1995). Because methylation
and demethylation co-occur, under anaerobic digester conditions some microorganisms
can detoxify MeHg to Hg’ by reduction to produce CH, (Mason et al., 1995). Sommar et
al. (1999) reported that the DMHg and elemental mercury Hg0 concentrations in digester
gas at Goteborg, Sweden, were in the range of 54.5 to 92.5 ng/m’ for DMHg, and 64.5 to

87.5 ng/m3 for Hgo, respectively.
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Chemical processes are commonly used at many municipal treatment plants.
Chlorination is extensively utilized for effluent disinfection; unfortunately, there were no
reports on the effects of chlorine disinfection on mercury removal. On the other hand,
chemicals such as alum or ferric chloride that are used to precipitate phosphorus can be
expected to improve mercury removal (Mugan, 1996).

Balogh and Liang (1995) examined the mercury pathways in a MWTP. They
conducted a nine-week sampling and analysis program at a large municipal wastewater
treatment plant to characterize the fate of mercury entering the plant. Mercury removal in
primary treatment averaged 79%, and the average mercury removal across the entire
plant was approximately 96%. Mercury loadings on the secondary (activated sludge)
treatment process were elevated to near plant influent levels due to the recycle of spent
scrubber water from sewage sludge incinerator emissions control equipment. This
internal recycle of spent incinerator scrubber water resulted in elevated mercury loadings
to the incinerators, and effectively reduced the mercury control efficiency of the
emissions control equipment to near zero. Measurements indicated that approximately
95% of the mercury mass entering the plant was discharged to the atmosphere via sludge
incinerator emissions. Their results indicate that municipal wastewater treatment facilities
can remove mercury from wastewater quite effectively. However, where wastewater
sludge was incinerated, almost the entire mass of mercury removed from the wastewater
can be discharged to the atmosphere.

Environment Canada (2001) carried out a mercury-sampling program to quantify
the mercury present in three typical wastewater treatment plants and one landfill in 2000.
Over 180 gas, wastewater, sludge and biosolids samples were collected and analyzed for

total mercury. A representative group of 15 samples were also analyzed for methyl
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mercury. An ultra-clean sample collection and analysis method was employed. An
approximated mass balance was constructed for each plant using the data collected.
Samples taken at all three plants indicated that greater than 90% of the total mercury
loading to the secondary MWTPs were removed and became associated with the primary
solids and biosolids, and less than 0.02% of the total mercury exited in the form of biogas
with an average concentration of 75.7 ng/m’, and a range of 22.1 to 235 ng/m’ (n = 10).
Low methyl mercury concentrations in waste activated sludge (WAS) with an average
concentration of 9.5 ng/L, and a range of 3.72 to 18.6 ng/L (n = 7) indicated that
methylation of mercury at each plant did not widely occur.

Gilmour and Bloom (1995) reported on the effects of a MWTP derived mercury
source on treatment plant operations and biosolids quality. They studied the total mercury
(THg) and methylmercury (MeHg) effects in a MWTP in which elemental mercury (Hgo)
was used as a seal in 3 trickling filter center columns. Each seal contained several
hundred kilograms of Hg. The seals had leaked repeatedly over time, prompting
replacement of the mercury seals with mechanical seals. A mass balance conducted three
times while the seals were in place showed that the plant acted as a net source of both
mercury and MeHg during routine operation. The average amount of mercury released in
the sludge and effluent were 157 g mercury/day and 0.4 g MeHg/day, respectively. Of
this total, 138 g mercury and 0.3 g MeHg were in excess of the influent wastewater
component, and were contributed by the MWTP itself. Approximately 95% of the total
mercury was released in the sludge with only 6 to 7 g mercury/day released to the
receiving water body. However, on average, about 70% of the MeHg leaving the plant

was released to the river. Effluent MeHg concentrations were 4-6 ng/L.
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Goldstone et al. (1990) studied the biotransformations of mercury during
wastewater treatment. They observed the in siru methylation of mercury, especially in the
presence of bacterial solids. In their study, no detectable MeHg was found in the raw
sewage and settled sewage effluents and all MeHg was detected in the returned activated
sludge samples, which meant that MeHg was produced by in situ biological methylation.
A further filtration and centrifugation study confirmed that almost all the MeHg in the
returned activated sludge was associated with biosolids. Environment Canada (2001) also
reported that methylation of mercury was found in the presence of biosolids and
anaerobic digestion. Methyl mercury was found in dewatering sludge cake with a mean
concentration of 3.0 ng/g, and a range of 0.16 to 3.54 ng/g and may be one of the major
sites where methylation occurred.

Sommar et al. (1999) identified and quantified volatile mercury compounds
evolved from the digestion of municipal sludge. Volatile elemental mercury and
methylmercury were detected in the off-gas of anaerobic digesters with concentration in
the range of 50 -110 ng/m’.

Bodaly et al. (1998) studied the effect of wastewater treatment on total and
~ methyl mercury concentrations in effluents, and their contribution to concentrations in the
receiving water bodies. The concentrations of total mercury and MeHg in unfiltered
samples of untreated and treated domestic sewage from three treatment facilities and
receiving river water within the City of Winnipeg were determined. The concentrations
of mercury in the Red and Assiniboine rivers ranged from 3 to 31 ng/L.. Total mercury
was associated with the suspended sediment concentrations in the rivers. The
concentrations of MeHg in these rivers were 0.2 to 0.3 ng/L. Total mercury

concentrations in raw sewage ranged from 2 to 150 ng/L. The average mercury removal
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efficiency was around 88% for the entire treatment process. MeHg concentrations in the
raw sewage were 0.5 to 4.3 ng/L° However, after treatment at two treatment facilities,
MeHg was greatly reduced to 0.1 to 0.4 ng/L. Most treated sewage had MeHg
concentrations that were similar to levels in the receiving rivers. However, one of the
facilities was discharging higher concentrations of MeHg, up to 2 ng/L to the Assiniboine
River.

The behavior and removal of heavy metals and mercury during activated sludge
wastewater treatment processes has been discussed previously (Chipasa 2003; Nelson et
al., 1981; Balogh and Liang (1995); Environment Canada (2001); Gilmour and Bloom
(1995); Goldstone et al. (1990); Sommar et al. (1999); Bodaly ez al. (1998)). Mercury has
an affinity for both inorganic and organic particulates, and hence soluble mercury can be
removed during the wastewater treatment process by adsorption to activated sludge
(Goldstone et al., 1990; Mugan, 1996; Wang and Huang, 2002). Higher mercury removal
efficiencies during activated sludge treatment than during primary clarification have been
reported by a majority of the authors (Lester, 1983; Goldstone ez al., 1990; Balogh and
Liang, 1995; Gilmour and Bloom, 1995; Environment Canada, 2001). A sewage
treatment plant can be viewed as a simplified system where pH and redox potential are
maintained relatively constant, and many factors affecting the fate of mercury and other
heavy metals have been reported (Patterson and Kodukula, 1984; Sterritt and Lesster,
1981; Wang et al., 1999, 2003). These studies at both bench-scale and field scale
indicated that in the activated sludge treatment process, mercury removal was affected by
DOM, activated sludge retention time, pH, suspended solids and initial influent

contaminants concentration.
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Wang and Huang (2002) studied the interactions of heavy metals including Hg2+
with secondary activated sludge particulates using sludge samples collected from four
full-scale MWTPs. Results showed that Hg2+ was very absorbable and the uptake by
secondary sludge was significantly affected by pH and high concentration of DOM. The
percentage of Hg2+ uptake increased with increasing pH because pH influenced the
chemical speciation of mercury and their distribution between biosolids and solution
phase. DOM can form complexes with heavy metals including mercury, thus the presence
of high concentration of DOM will affect mercury uptake. However, the effect of DOM
on mercury uptake was not significant because the concentration of DOM is low in
neutral and low pH conditions.

Nelson et al. (1981) studied the factors affecting the fate of heavy metals in the
activated sludge process by batch-reactor experiment. They studied the effect of
biological solids retention time (SRT) on heavy metal adsorption. Metal affinity for the
bacterial solids increased as biological SRT increased from 1 to 5 days in laboratory
reactors fed a soluble substrate. It was also reported that most metal removal followed a
pattern of accumulation of mixed liquor suspended solids (MLSS) as SRT increased,
which indicted this metal was strongly associated with the biomass, and the maximum
removal efficiencies for most metals occurred at SRT is of 9 to 12 days (Sterritt and

Lester, 1981).

2.4 Analytical Techniques for Mercury in Wastewater and Sludge
Over the past few years, the methods of analysis for low concentrations of total
mercury and methylmercury have been reported (Lee, 2002; Jones et al., 1995; Bloom,

1989; Watras et al., 1995; Cai et al., 1996; Pichet et al., 1999). Historically the analytical
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techniques were unable to quantify total mercury and organic mercury at low part-per-
billion (ng/L) or part-per-trillion (pg/L) levels and hence EPA Methods 1631, 245.7and
7473 were developed to meet these ultra-low level mercury monitoring requirements by
GC/CVAFS (gas chromatograph with cold vapour atomic fluorescence detector) or
GC/CVAA (gas chromatograph with cold vapour atomic absorption).

EPA Method 7473 was designed for measuring total mercury in solids, aqueous
samples, and digested solutions in both the laboratory and field environments by thermal
decomposition, amalgamation and atomic absorption spectrophotometry. An oxygenated
decomposition combustion tube at 700°C is used to release mercury from solid and
aqueous samples in the instrument. The sample is thermally and chemically decomposed
within the decomposition combustion tube. Flowing oxygen carries the decomposition
products to the catalytic section of the combustion tube where oxidation is completed and
halogens and nitrogen/sulfur oxides are trapped. The remaining decomposition products
are then carried to an amalgamator that selectively traps mercury. After the system is
flushed with oxygen to remove any remaining gases or decomposition products, the
amalgamator is rapidly heated, releasing mercury vapor. Flowing oxygen carries the
mercury vapor through an atomic absorption spectrophotometer detector and it is
measured at 253.7 nm as a function of mercury concentration. Total mercury in soils,
sediments, bottom deposits, and sludge type materials as well as in aqueous wastes and
ground waters can be measured without sample pre-treatment using this method.
Alternatively, this method can be used for the measurement of total mercury from total
decomposition sample preparation methods, such as Method 3052, or for detection of
extracted or leached mercury compounds or species from methods such as the SW-846

3000 series methods.
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The typical working range for the AAS (atomic absorption spectrophotometric)
method is 0.05 - 600 ng (< 2 ng/L) (Salvato and Pirola 1996; U.S. EPA 1997). The
instrument detection limit for this method is 0.01 ng for total mercury (1-2 ng/L).
However, it was less sensitive than Method 1631 described below.

Before the year 2000, total mercury in various samples was determined using the
less sensitive EPA analytical Method 245.1 (manual) or 245.2 (automated). Both Method
245. 1 and 245.2 use potassium permanganate digestion, stannous chloride reduction, and
direct flameless AA detection. The sample is digested in diluted potassium
permanganate-potassium persulfate solutions and oxidized for two hours at 95°C.
Mercury in the digested water sample is reduced with stannous chloride to elemental
mercury and measured by conventional cold vapor atomic absorption spectrometry. The
sensitivity of Method 245.1 and 245.2 was 0.2 ug/L and yielded very few detectable or
quantifiable concentrations in MWTP effluents. Sample contamination also was a major
issue.

EPA Methods 1631 and 245.7 are both suitable for determination of part-per-
trillion level mercury in samples ranging from seawater to wastewater effluent. Method
1631 specifies digestion using bromine monochloride. The sample is treated with
hydroxylamine hydrochloride and then reduced by the addition of stannous chloride. The
sample is placed into a bubbler and purged with an inert carrier gas. The eluted mercury
is captured on a gold-coated cartridge. This first stage cartridge is then thermally
desorbed onto a second, analytical gold cartridge. The second cartridge is then thermally
desorbed into an atomic fluorescence detector. Both Method 245.7 and 1631 use similar
digestion, and chemistry. Digestion is performed using bromine monochloride.

Hydroxylamine hydrochloride is then used to neutralize the BrCl. Final reduction is done
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with stannous chloride. Gold preconcentration is not used in Method 245.7. A permeation

dryer is used to remove water vapor from the sample before sending the carrier gas

directly to a CVAF detector. Both methods require clean sampling techniques and a clean

environment in which to digest and run the samples.

The method ranges and method detection limit (MDL) for Methods 1631 and

245.7 are 0.5 to 100 ng/L, 5.0 to 100 ng/L; 0.2 ng/L and 1.7 ng/L, respectively. Both

methods 1631 and 245.7 are capable of generating quantifiable values where previously

“less than” values had to be used. Method 1631 is used for low and sub-part-per-trillion

levels analysis and the cost of ultra-clean analysis for Method 1631 is approximately

twice that of Method 245.7, as the QA/QC requirements become more stringent and

repeated sampling and analysis resulted in analysis cost increasing (Lee, 2002; U.S. EPA,

1996).

Table 2.3 Summary of applications of analytical methods for total mercury

Application Methods Method range MDL Reference
Ambient In-Stream | EPA Method 0.5-100 ng/L with | 0.2 ng/L with | Bloom,
Monitoring 1631E (Ultra CVAAS; CVAAS; 1989;

Clean) 0.001-0.06 ng/L. 0.1 ng/Lwith | Watras et

with CVAFS CVAFS al., 1995

NPDES EPA Method 5.0-100 ng/L 1.7 ng/L Lee, 2002
Monitoring 245.7 (Clean

Techniques)
Environmental EPA Method 0.05-600 ng 0.01 ng Hg Salvato
Monitoring (soil, 7473 (Clean (<50 ng/L) (10ng/L)at1 | and Pirola,
sediment, sludge, | Techniques) with CVAAS mL aqueous 1996
aqueous waste, and sample size
ground water
Biosolids, Selected | EPA Methods 0.2-10 pg/L for 02pg/ L Lee, 2002

Effluents

245.1 or 245.2
(No Special
Requirements)

Method 245.1,
0.2-20 pg/L for
Method 245.2

Note: NPDES (National Pollutant Discharge Elimination System)
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Total mercury and MeHg were determined using a cryogenic gas chromatograph
with a highly sensitive cold vapour atomic fluorescence detector (CVAFS) by Bloom
(1989), Jones et al. (1995) and Watras et al. (1995). The detection limits for total
mercury ranged from 0.001 to 0.06 ng/L, from 0.001 to 0.02 ng Hg/L for MeHg, and
from 0.004 to 0.02 ng Hg/L for Hg® (Watras et al., 1995). Pichet et al. (1999) also
reported that they used modified versions of CVAAS and CVAFS to reach the detection
limits down to 0.1 ng/L for total mercury and 1 pg/L for MeHg. The summary of current
analytical techniques for total mercury is listed in Table 2.3. Based on the reviews of
current analytical techniques, from Table 2.3, in this study, EPA Method 7473 (Clean
Techniques) with CVAAS was applied for determination of total mercury in wastewater,
sludge, biosolids and biogas samples collected during the July 2003 - June 2004 sampling

period at ROPEC.

2.5 Models to Predict the Fate of Mercury in MWTPs
2.5.1 Literature Review on Mercury Modeling

Metals are among the most frequently detected contaminants in municipal
wastewater (Monteith, 1993). Metals discharged in treated wastewater streams can be
toxic to aquatic biota and can be potential hazards to the receiving water body.
Additionally, metals accumulated in wastewater sludge may restrict disposal options for
the produced sludge. Regulatory authorities in North America have implemented
legislation to reduce the emissions of metals in both liquid and solid effluents (U.S.
Clean-water Act, 1987; Ontario Municipal-Industrial Strategy for Abatement, 2002;
Provincial Nutrient Management Act, 2002). Because control of liquid and solid effluent

quality is complicated and in order to reduce the cost of implementing regulations,
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reliable models that can be used to predict the behaviour of metals in wastewater
treatment plants are needed.

Models developed to describe the fate of heavy metals in municipal wastewater
treatment plant unit processes, can be employed by treatment operators and regulators to
predict the effects of variable input loadings of toxic trace contaminants on effluent
quality and residual sludge quality. Based on discharged effluent or sludge, models can
also be utilized to determine allowable headwork concentrations.

The literature contains numerous models for soluble chemical speciation
calculations in various media. Adsorption models and empirical models have been
developed to predict the speciation and distribution of metals between the soluble and
biosolids phases in activated sludge wastewater treatment environment. Equilibrium
chemical principles including soluble complexation and surface adsorption reactions
were used to calculate the distribution of metals in activated sludge (Nelson ez al., 1981;
Patterson and Kodukula, 1984; Fukushi ef al., 1996; Wang et al., 1999). More recently,
adsorption on the solid phase has been included in speciation models to allow calculation
of the distribution between soluble and particulate (adsorbed) phases. This was developed
to quantify the metal uptake by sludge particulates as affected by pH and DOM (Wang et
al., 2000; 2003; Wang and Huang; 2002). In order to calculate the speciation and
distribution of heavy metals including Hg’" in wastewater treatment plants, the
adsorption constants of heavy metals for activated sludge particulates were calculated.
The predicted heavy metal distribution results were then verified using the measured
metal distribution data from field samples (Wang et al., 2003). The model was developed
to calculate metal distribution as a function of pH to analyze the behavior of heavy metals

in aeration tank mixed liquors based on the adsorption constants and the field pH and SS
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conditions. The metal distribution in mixed liquor samples can be calculated by (Wang et

al., 1999; 2000; 2003):
B K,KT,SS
K,K,T,SS+|H"|+K,

2.1)

where:

R = the ratio of adsorbed metal to the total metal;

I'm = sludge site density (1.7x 10 mol/ g-SS for activated sludge);

Ky = acidity constant of sludge sites for the secondary sludge (10! mol/L);
K¢ = stability constant of metal-sludge complex (L/mol);

SS = suspended solids concentration (g/L).

The studies showed that 1) heavy metal uptake by sludge particulates is a
physical-chemical process that is not related to the sludge viability (Fukushi ez al., 1996;
Wang et al., 1999); 2) metal uptake by activated sludge is significantly affected by pH
and high concentrations of dissolved organic matter (DOM) (Nelson ez al., 1981; Tien
and Huang, 1987; 1991; Wang et al., 1999); and 3) in neutral and low pH conditions, the
DOM effects on metal uptake is not significant (Wang et al., 1999).

Compared with adsorption models (Nelson ef al., 1981; Patterson and Kodukula,
1984; Wang et al., 1999), the mechanistic model, termed TOXCHEM" (Monteith ef al.,
1993; Parker et al., 1994), was a significant improvement over earlier models to predict
the fate of heavy metals including mercury in MWTPs. TOXCHEM™ had adsorption and
heavy metal precipitation in its models. This fate model was employed in the present

study and will be described in detail below.
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2.5.2 TOXCHEM"

TOXCHEM", a commercial software, was developed by Enviromega Ltd. to
simulate the fate of toxic organics and heavy metals in wastewater sewer systems and
treatment plants (Enviromega, 1996; Monteith et al., 1993; and Parker et al., 1994). The
model includes both steady state and dynamic models to simulate operation of a
conventional activated sludge plant, incorporating grit removal, primary clarification,
aeration, and secondary clarification unit processes. The schematic diagram of the fate of
heavy metals in MWPT is illustrated in Figure 2.1. The definitions of terms describe each

of the terms used in subsequent equations, and detailed modeling equations were listed in

Appendix A.
e Note 2
Co C G e Cres Crnes/Crs
A > —
Qo, o Vg : Vp Q3 X3 Va Vs X, Q
Xl E Xz / me
. O
E NOte 3 CN+4
II-I-QII..III-@: u:
XPC E Qwas Xr
v -
Cq
Ca > S
Qs X
Vd d1 Cd Qtrka Xtrk
QSU XSli QfCa Xfc
O C,

Figure 2.1 Schematic diagram of the fate of heavy metals in MWPTs

Note 1: C3/C, are the contaminant concentrations before/after the weir in the primary clarifier.
Note 2: Cn.s/Cn+s are the contaminant concentrations before/after the weir in the secondary clarifier.
Note 3: The waste activated sludge can be wasted directly to the digester or mixed with the grit chamber

effluent prior to being wasted with the primary waste sludge.
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The removal mechanisms for trace heavy metals include: (1) metals sorbed to
biological solids and (2) metal precipitates. The mathematical basis for the hazardous
heavy metals process simulation is based on mass balances of the contaminants around
each unit process. In the current version of TOXCHEM™, equalization basins, channels,
trickling filters, rotating bio-contactors, anaerobic digestion, sludge dewatering and
centrifuges, have been modeled to help predict the behaviour of trace metals in more
complex MWTPs.

For all metals including mercury the biological rate constants are always assumed
to be zero. A sensitivity analysis feature is incorporated into the program to allow the
user to investigate the impact of design and operating conditions and the contaminants
physical/chemical properties on removal by various MWTP unit process and
mechanisms.

Unfortunately no parameter values exist for mercury in the model’s database.
Parameters for mercury in wastewater treatment processes can be obtained by conducting
full-scale sampling, to obtain the critical parameters, K, the primary solids partitioning
sorption coefficient of the metals sorbed onto volatile suspended solid particles and K2,
the partitioning sorption coefficient of the metals sorbed onto volatile suspended
biological solids, respectively, which are needed to run this software model. By
incorporating these parameters with full-scale treatment plant operating data, a particular
MWTP can be modeled. The method for determination of mercury partitioning sorption
coefficient K,,;, and K;» values will be discussed in detail in Chapter 4.

Inputs to the TOXCHEM" model include influent wastewater flow rate, influent
metal concentration, dimensions of individual process units, plant operating conditions

(for instance, mixed liquor suspended solids concentration), and raw wastewater, primary
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sludge, and secondary effluent suspended solids concentrations. The model then predicts
metals concentrations in primary sludge, return activated sludge, waste activated sludge,
and secondary settler effluent, based on mass balance calculations and removals through
precipitation and sorption. Volatilization of metals is not incorporated in the model. The
steady state model accounts for removal by sorption of soluble metals onto settleable
solids and precipitation of the metals into a settleable form. TOXCHEM" simulates
sorption of metals to bio-solids and the precipitation of metals based on the solubility of
the metal in the influent, effluent and digester effluent. The model assumes separate
sorption partitioning and solubility coefficients for the primary and activated sludge
systems. Additionally, anaerobic digestion will also have a specific solubility coefficient.

All other processes (i.e. chemical addition) in the TOXCHEM" model are assumed to
have no effect on the sorption or solubility of the metal. In the case where multiple
streams are mixed before entering a process, the model calculates new partitioning
sorption and solubility coefficients for the mixed stream based on a mass flow-weighted
basis. A new metal liquid concentration will then be calculated based on this value. If the
liquid concentration is above the newly calculated solubility level then the metal will
form a precipitate. Once a precipitate is formed TOXCHEM" assumes that the precipitate
will not re-dissolve. Three major mass balances employed in TOXCHEM to simulate the

fate and transport of mercury in MWTPs are described as below.
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2.5.2.1 Influent Mass Balance
The influent total mercury concentration is partitioned into soluble, sorbed and

precipitate fractions by initially calculating the influent mercury concentration based on

Eq.2.2:

C
C. =0 2.2
e K, X,) (2.2)

where,

C,,,, = current influent soluble concentration of total mercury, pg/L

C, = influent total mercury concentration (total soluble, sorbed and precipitate), pg/L
K., = primary solids sorption coefficient, L/g

X, = influent volatile suspended solids concentration, g/L

If C,,, is greater than the mercury's primary solubility limit, the soluble

concentration is set to the influent solubility and the concentration of mercury present as

precipitate is calculated as Eq. 2.3:
Cpo = Co —(14+ K5 X,)C, (2.3)

where,

Cp, = concentration of the mercury precipitate, ug/L
C,,; = solubility limit of the mercury, pug/L

If C,,,is less than the mercury's primary solubility limit then the concentration

of mercury present as precipitate (C,,) is zero and the soluble concentration (C

soli ) iS
equal to Cp,, . The total mercury concentration at any point in the treatment process is
calculated as the sum of the soluble, sorbed and precipitate fractions.

Assumptions associated with modeling the fate of mercury in the unit processes

are as follow:
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The aeration basin is a series of equal-volume CSTRs.

Sludge wasting occurs only from the clarifiers.

The soluble mercury concentration in the activated sludge waste and recycle
streams is equal to the secondary clarifier-influent soluble mercury concentration.
The soluble mercury concentration in the primary sludge waste stream is equal to
the primary clarifier-influent soluble mercury concentration.

The equilibrium-sorbed mercury concentration is a first-order function of the

liquid-phase mercury concentration.
e Sorption is reversible.

e Sorption and desorption occur instantaneously.

e Precipitates in the primary clarifier are removed to the same extent as TSS.

e Precipitates in the secondary clarifier are concentrated in the same ratio as the

biomass.

2.5.2.2 Biological Processes Mass Balance

The effluent leaving a biological process is considered to have a different

characteristic (sorption and solubility) from the influent to the process. For example, the

influent of biological process is equal to the primary effluent, therefore the sorption

partitioning coefficient of total mercury in the primary effluent (K,,), is different from the

sorption partitioning coefficient of total mercury sorbed onto the biological solids (K;2) in

the effluent leaving the biological process. Thus, to calculate the total mercury

concentrations leaving a biological process the following equations are used:

C —“—CS
o (1 +KP2Xb)

*

where,

G

Test

K ,, = sorption coefficient of the total mercury to biological solids, L/g

= biological process effluent liquid concentration of total mercury, pug/L

X, = concentration of volatile suspended solids in the biological process, g/L

C, = biological process influent total mercury concentration (total liquid, sorbed

and precipitate), pg/L

(2.4)
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If C,,, is greater than the solubility of the total mercury in the secondary

effluent, then the following equations are used:

*

Cp = C;o +Cry —Cone (2.5)

Com = CsoIe (1 + KPZ Xb ) (26)

where,

C, = precipitate concentration of total mercury leaving the biological process, pg/L
C,, = precipitate concentration of total mercury entering the biological process, ng/L
C,,. = solubility of the mercury in the effluent of the biological process, pg/L

C,,. = effluent liquid concentration of the total mercury including the sorbed

fraction, pg/L

If C,

Test

is less than or equal to the C

sole >

then the value for C, is set equal to the

*

valueof C*,and C

20 . 1S set equal to C

Test *

For each stream leaving a biological process a value for mercury solubility and

mercury sorption will be calculated when leaving the process. For biological processes
the value of K, for the stream is set equal to K ,, and the value of Cg is set equal to

Csole ’
2.5.2.3 Digester Processes Mass Balance

The effluent leaving an anaerobic digester is also considered to have a different
solubility value than the influent to the process. To calculate the total mercury

concentrations leaving a biological process the following equations are used:
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o G 2.7
Test ~m (2.7)

where,

c,,,= concentration of total mercury leaving an anaerobic digester, pg/L
C, = concentration of the total mercury in the influent to the biological process, pg/L
K, = sorption coefficient of the total mercury in the influent stream, L/g

X, = concentration of volatile suspended solids in the anaerobic digester process, g/L

If Cy,, is greater than the solubility of the metal in digester effluent, then the

following equations are used:

C; = C;’O + C'Tesl - Cso[d (28)

C;m =C (1 +K,X, ) (2.9)

where,

C, = precipitate concentration leaving the anaerobic digester process, pg/L

C };a = precipitate concentration entering the anaerobic digester process, pug/L

Csoq = solubility of mercury in the effluent from the digester process, ug/L

C 'ou,= effluent liquid concentration of the total mercury including the sorbed
fraction, pg/L

If C;

Tes:

is less than or equal to the C,, , then the value for C is set equal to the

1
ot

[
Test *

value of C,,and C,, is set equal to C

For each stream leaving an anaerobic digester a value for mercury solubility will

be calculated. The sorption coefficient is considered to remain constant through the

anaerobic digester process. For the anaerobic digester process the value of C in the

stream is setto C_, .
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2.5.2.4 Stream Mixing

TOXCHEM™ modifies the value for X, and C; for total mercury modeling
whenever multiple streams are combined into a unit process. The model assumes that the
new value of K, and C will be based on a flow-weighted average of the value in the
streams that are combined together. An example of a mixing of two streams is shown in

the equation below:

_KpQ, +Kp0;

K}
00,

(2.10)

where,

K, = new sorption coefficient of the mixed stream, L/g,
K = sorption coefficient of the first stream, L/g,

0O, = flow of the first stream, m’/day,

K 1, = sorption coefficient of the second stream, L/g,

Q, = flow rate of the second stream, m’/day.

The same technique is used for calculating new values for C;.

Despite extensive laboratory and field studies over the past the decade, little
advance has been made in the modeling to predict mercury fate and transport in MWTPs.
No mathematical model has been developed to simulate and predict the fate and
behaviour of mercury as a function of sorption, complexation, precipitation and
Vélatilization during the municipal wastewater treatment process. The theoretical model
based on chemical reactions among heavy metal, activated sludge particulates and DOM,
only simulated mercury sorption on the activated sludge particulates and complexation
with DOM to predict the mercury distribution in mixed liquor and mercury removal
under various pH conditions (Wang et al., 2002; 2003). However, the mechanisms of

precipitation and volatilization were not considered in this sorption model. They used a
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batch equilibrium method for mercury uptake studies, and the experiment was conducted
in multi-metal systems. The mercury sorption constant was obtained from uptake
experiments using activated sludge samples collected from four full-scale ‘municipal
wastewater treatment plants at different SS concentrations. Because the adsorption
constants determined using different activated sludge samples had the same order of
magnitude, therefore the normalized adsorption constant (log Ks) of Hg2+ for activated
sludge particulates was set to 6.6. On the basis of the normalized adsorption constant and
the field pH and SS conditions, the distribution of Hg2+ in mixed liquor samples was
calculated by Eq.2.1.

Comparing with the above sorption model, TOXCHEM" used three mass balance
equations, metal adsorption constants in primary and secondary treatment processes and
solubility limits to calculate the fate of total mercury in the entire municipal wastewater
treatment plant. The adsorption constants and solubility limits could also be obtained by
many batch equilibrium experiments. Similar to Wang (2003), the mechanism of
volatilization of elemental mercury and MeHg was not accounted for in TOXCHEM".
However, it was reported that mercury volatilization in the natural environment was
modelled by MERC4, which was developed by EPA for use with the EPA’s WASP4
(Water Quality Analysis Program, recently upgraded to WASP6) water quality modeling
system. The MERC model is a generalized mercury transport, speciation, and kinetics
model. It was developed for application to a variety of natural sites experiencing mercury
contamination including ponds, streams, lakes, and estuaries. Mercury volatilization can
be modeled as a Fickian diffusion process using the two-layer film model and assuming

that resistance to transfer is predominantly in the liquid phase. The flux, Jvol, of elemental
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mercury from the water column to the atmosphere due to diffusive exchange was given

by:

J., =k, (Hg°] -[He°) @2.11)
where:
J,, = the flux of elemental mercury from the water column to the atmosphere,
(ng/m’day);

K, = coefficient of overall mass transfer for elemental mercury;
[Hg")s = saturation concentration of H go with respect to background atmospheric
concentrations, (pg/m3 );

[Hg"] = concentration of elemental mercury in the water column, and calculated by:

[Hg°] Jfg_]g (2.12)

€

where:

[Hgo] g = the background concentration of atmospheric elemental mercury, (u g/m’);
He= the dimensionless Henry's Law coefficient for elemental mercury.

It was reported that the vapour pressure of elemental mercury was strongly
dependent upon temperature, and it vaporized readily under ambient conditions. Its
saturation vapour pressure was 14 mg/m3 at 20°C (Bale, 2000).

It was also reported that two approaches, Flux Chamber Method and
Micrometeorological Method, had been applied for measuring mercury volatilization rate
(flux) over air- water surfaces to quantify the mercury volatilisation from a water body to
the atmosphere (Schroeder, 1995; Boudala ef al., 2000). In this study, the Flux Chamber
Method was applied for measuring the total gaseous mercury released from the secondary

clarifiers to quantify the total mercury loading in the gaseous streams at ROPEC.
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Summary: On the basis of extensive literature review above, it is important and feasible
to conduct investigations on the fate and transport of total mercury in wastewater, sludge
and gaseous streams at ROPEC through the approaches of complementing a full-scale
field sampling program, performing mass balances around each process unit and
establishing mercury models using TOXCHEM" to simulate and predict the fate of
mercury in differing ways: sorption, complexation, precipitation and volatilization in the

entire municipal wastewater treatment unit processes.

Note 2
Co 4} - 4\F Crws {} Cn-5/Cns6
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Figure 2.2 Schematic diagram of conceptual mercury model for predicting
the fate and transport of mercury in MWPTs

Note 1: C3/C, are the contaminant concentrations before/after the weir in the primary clarifier.

Note 2: Cyn-s/Cn-¢ are the contaminant concentrations before/after the weir in the secondary clarifier.

Note 3: The waste activated sludge can be wasted directly to the digester or mixed with the grit chamber
effluent prior to being wasted with the primary waste sludge.

: Volatilization mercury stream; —®: Wastewater streams; ====p: Sludge streams.
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Currently, the low level sensitive analytical techniques for total mercury provide
ultra clean techniques of MDL down to 0.2 ng/L. This low level detection will avoid the
difficulties associated with non-detectable contaminations. Based on the mercury
modeling review, a mercury conceptual model can be established for simulating the fate
and transport of mercury in the ROPEC wastewater treatment plant. As illustrated in
Figure 2.2, the differences between a conceptual model of the fate of the different species
of mercury in MWTPs and TOXCHEM" are mercury volatilization in grit chamber,
primary clarifiers, aeration basins and secondary clarifiers, which should be included in
the TOXCHEM" to identify and quantify the mercury volatilization. If mercury
volatilization were insignificant, the current version of TOXCHEM" could be employed
as an appropriate tool to help simulate the fate of mercury in municipal wastewater

treatment plants.
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CHAPTER 3 Experimental Materials and Methods

Introduction

Up to late 1980s, the detection limit of mercury in water samples was very high
(0.1 pg/L) due to poor sampling and poor analytical techniques (Driscoll et al., 1994). At
present the detection limit of mercury in water samples has been improved by combining
both sampling and handling techniques and methods of mercury analysis i.e. cold vapor
atomic fluorescence spectrophotometry (CVAFS), detection limits 0.001 ng/L and cold
vapor atomic absorption spectroscopy (CVAAS), detection limits 0.1 ng/L. For
methylmercury determination, the detection limits could be as low as 1 pg/L in water
samples using CVAFS (Pichet et al., 1999)

In the present study, the “clean hands-dirty hands” method of sample collection
was combined with low detection limit CVAAS for a full-scale sampling program at the
Robert O Pickard Environmental Centre (ROPEC). The analysis of the wastewater and
sludge samples from ROPEC was performed from July 2003 up to June 2004. Total
mercury (THg) mass balances for the primary, the secondary and the entire treatment
process were performed and the partitioning sorption coefficients for total mercury
between the dissolved and the particulate phase of the wastewater for the primary
clarification and activated sludge treatment processes (K and Ky;) were also
determined. This data were used to simulate the ROPEC treatment process and establish

the baseline for predicting the fate of mercury in wastewater, sludge and gaseous streams

at ROPEC using TOXCHEM".
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3.1 Description of Facility and Operation Data

ROPEC serves the urban Municipality of Ottawa-Carleton with a population of
more than 780,000 people. The facility is designed to treat an average daily flow of
545,000 m’/d with a maximum peak daily flow of 1,362,500 m*/d (Gore & Storrie
Limited, 1994). The plant is designed to remove suspended solids, carbonaceous
biochemical oxygen demand (BOD) and phosphorus compounds, and its effluent is
disinfected with chlorine prior to discharge to the Ottawa River. Biogas produced during
anaerobic digestion of primary and secondary wastewater sludge is used to supplement
plant energy needs. The ROPEC plant operation data, which have been applied in the

modeling simulation, are summarized in Table 3.1. The average effluent criteria used in

Table 3.1 Summary of ROPEC wastewater treatment plant characteristics

Parameter

Wastewater flow rate (m’/d)*

Influent total suspended solids concentration (mg/L)*
Grit chamber surface area (m?)

Grit chamber depth (m)

Primary clarifier surface area (m?)

Primary clarifier depth (m)

Suspended solids removal in primary clarifier (%o)*
Aeration basin volume (m3 )

Aeration basin depth (m)

SRT (Sludge retention time) (day)*

Mixed-liquor suspended solids concentration (mg/L)*
Return activated sludge suspended solids concentration (mg/L)*
Secondary clarifier surface area (m?)

Secondary clarifier depth (m)

Final effluent suspended solids concentration, (mg/L) *

420,000

215

4,750 (Units = 10)
53

11,780 (Units =15)
34

65

92,160 (Units = 8)
7.4

5

1,200

5,000

38,430 (Units =16)
4

<10-15

* This value is total average value during sampling period.
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the design of the secondary treatment facilities were more conservative than the Ontario
Ministry of the Environment (MOE) regulations. The compliance criteria for MOE are
shown in Table 3.2. These differences between design and compliance criteria help to

ensure that the ROPEC effluent meets the MOE requirements.

Table 3.2 Differences between design effluent criteria at ROPEC and the MOE requirements

Parameter Design Criteria Compliance Criteria
(mg/L) (mg/L) (mg/L)
BOD 15 25
SS 15 25
TP 1 1

Data examined from 2001 show that the plant provides high quality effluent

exceeding government guidelines greater than 95% of the time.

3.2 Sampling Methods

The sampling for total mercury in wastewater, sludge, biosolids and gaseous
streams was carried out, from July 2, 2003 to June 24, 2004 at ROPEC. The sampling
plan is illustrated in detail in Table 3.3. The site plan and sampling locations are
illustrated in Fig.3.1. A process schematic of the liquid treatment at ROPEC is shown in

Fig. 3.2.
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In order to reduce sample variability, a defined sampling plan was used for

collecting samples from wastewater, sludge, biogas and biosolids.

3.2.1 Wastewater, Sludge and Solids Sample Collection

In the present study, the “clean hands-dirty hands” method of sample collection
for trace mercury was conducted based on St. Louis et al. (1994). Samples were collected
in 500 mL polyethylene bottles, which were cleaned with hot HNOs. The cleaned bottles
were filled with 1% ACS grade HCI and stored in new polyethylene zip bags until used
for sampling (St. Louis et al., 1994).

Samples collected in bottles were stored in a refrigerator overnight at 10°C. The
unfiltered samples were transported to the analytical laboratory in a cooler for immediate

analysis. Otherwise, samples were frozen at -18°C until being analyzed.

3.2.2 Biogas and Gaseous Sample Collection

Samples for total gaseous mercury (elemental mercury and methylmercury) in
the atmosphere of the primary clarifier and aeration basin, were collected 70 cm above
from the liquid surface and were analyzed with a Tekran 2537A ultra- trace mercury
analysis system (detection limit < 10 pg/m®). For secondary clarifiers, the flux chamber
method was used for measuring the mercury flux fate from the water surface using a
rectangular floating Teflon flux chamber, which was placed on top of the water surface
of the clarifier (surface area of 0.12 m? dimension of 0.2 m x 0.2 m x 0.6 m). The
airflow rate in the flux chamber was 0.6 m*/h (Carpi and Lindberg, 1998; Boudala er al.,

2000, O’Driscoll et al., 2003), and the outlet was analyzed with the Tekran 2537A
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system. The details of the flux chamber method were as follows (Schroeder, 1995;
Boudala et al., 1999):
With the flux chamber situated on top of the water surface, the mass flow rate of
mercury, R, (in ng/min) can be calculated by:
R,=Ri+R; 3.1

where,

R;= the rate at which gaseous mercury enters the chamber (in ambient air) through the
inlet ports;
R; = the rate at which mercury is emitted from (or deposited to) the water surface.

The rate of release (or uptake) of mercury at the environmental surface being
investigated, R, is calculated by rearranging Eq. 3.1, so that:

R{=R,-R; (3.2)

R, and R; could be addressed by measuring mercury concentration at chamber
outlet and inlet respectively, then times the ratio of air flow to surface area of liquid open
to chamber. It is important to note that R, can assume either a positive value
(corresponding to an emission of mercury), or a negative value (corresponding to a
deposition of mercury). All gaseous samples were taken from July 27 to August 1, 2003.
The total gaseous mercury sampling set-ups are shown in Figs. 3.3 — 3.5A. The
illustrations of the flux chamber with Tekran 2537A mercury vapor analyzer system are

shown in Fig. 3.5B.



Figure 3.4 Total gaseous mercury sampling set-up over

46

e

e

W
- 3

aeration basin (# 4) at ROPEC



2003/ 7730

Figure 3.5A Water to air mercury flux rate measuring set-up over

secondary clarifier (# 2) at ROPEC
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Figure 3.5B Illustration of the experimental set-up of the dynamic flux chamber with
Tekran 2537A mercury vapor analyzer system (MFC: mass flow controller)
Source: Boudala et al., 2000
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3.3 Analytical Methods
3.3.1 Total Mercury in Liquid and Solid Samples

Analyses for total mercury in wastewater, sludge and biosolids samples were
performed with an SP-3D Mercury Analyzer. The SP-3D is an automatic mercury
analyzer based on thermal decomposition, dual-step gold amalgamation and detection via
CVAA at 253.7 nm to measure the quantity of mercury contained in any sample matrices
(solid, liquid or gas). Samples can be analyzed with high sensitivity and precision without
any pre-treatment procedure. The analysis is sensitive to 0.01 ng mercury and in liquid
hydrocarbons, the detection limit can be 0.002 pg/L (parts per billion). Compared with
other CVAA instruments, the SP-3D Mercury Analyzer (Figure 3.6) has the following

features:

o Requires no compressed gases for operation, producing its own zero-grade
carrier gas internally.

e No sample digestion required with combustion configuration.

e Capable of analyzing any sample type (solid, liquid, and gas matrices) without
any pre-treatment procedure.

o Sensitivity down to 0.01 ng mercury, the detection limits can be 2 ng/L.

Figure 3.6 SP-3D Mercury Analyzer
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Procedure Modifications

Wastewater samples underwent pre-treatment which consisted of applying
ultrasonication to 100 mL of sample for 30 min for homogenizing. After homogenizing,
100 uL of liquid sample was taken by micropipette to accurately load the ceramic holder
(i.e. sample boat), and then covered with additive B (active alumna) and additive M (50%
sodium carbonate and 50% calcium hydroxide). The additive application for liquid
samples is illustrated in Fig 3.7. The sample boat was then put into the heating furnace of
the SP-3D unit. The combustion tube was tightly covered prior to starting the machine.

Upon combustion at 700°C, mercury was collected and converted as gold-amalgam on a

gold sand trap in the mercury collector.

Spread a layer of additive B on the bottom of
the sample boat. With the micropipette, measure
the liquid sample amount and drop it onto the
layer of additive B.

Note: Use almost care not to smear the wall of

Sample boat the boat with the sample.

Additive B

Put a layer of additive B over the sample.

Additive M Finally, cover the layer of additive B with a layer

~y -
M of additive M.

Additive M

Sectional view of a finished sample boat.
Additive B

Figure 3.7 Additive application for liquid samples: B+S+B+M
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The SP-3D utilizes "dual-step” amalgamation before the carrier gas (pure air)
transfers the mercury to the CVAAS detector for detection at 253.7nm. After liberating
the mercury, the mercury collector was cooled to recover its normal function for
repetitive use. Buffer of 1 N KOH solution was used for liquid, sludge and solid sample
determination to absorb halogenic ions (e.g. Cl" and Br’) and sulfide to minimize
acid/moisture effects on the gold-coated sand, which caused interference with the
determination of total mercury.

Freeze drying was used to homogenize the sludge and biosolids samples to avoid
mercury loss during the conventional thermal drying process. Less than 50 mg of freeze
dried sludge or biosolids sample was accurately weighed, then set into the sample boat on
a layer of additive M’ (100% sodium carbonate powder, Na,COs3). The sample boat was

then completely filled with additive M’. A view of final sample is shown in Fig 3.8.
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Figure 3.8 Additive application for biosolids CAKE samples: M’+ S + M’

Quality Assurance/Quality Control (Q4/QC)

Mercury standard solution samples were determined before and after each 5
samples were measured to ensure the SP-3D Mercury Analyzer was in good working
condition during sample determination. Reference material of sediment (MESS-2) from
the Canadian National Research Council was used as a standard during total mercury

determination. The QA/QC results obtained in this study were all within the limits
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recommended by the reference material data sheets. The average recovery for analysis of
all samples was > 95%. Additionally, on April 2004, five freeze dried sludge samples
(WAS, TWAS, DIG01, RAW and CAKE) collected on December 21, 2003 were sent to
Nippon Instruments Corporation (NIC) (Osaka, Japan) in duplicate for inter lab
comparison for total mercury determination. The results of this study were in agreement
with NIC’s results and provide additional confidence in the analysis (see Appendix C,
NIC analytical report).

To verify results, some biosolid samples and a portion of the sludge samples taken
in duplicate were also sent to Accutest Lab (Ottawa, Ontario). Mercury samples sent to
Accutest Lab were divided into two streams for analytical analysis; one stream for
wastewater samples and another one for solid samples. At the Accutest lab solid samples
were digested for 3 hours using a mixture of potassium permanganate, sulphuric acid,
nitric acid and potassium persulphate at 95°C. The excess permanganate was then reacted
with hydroxylamine hydrochloride. Mercury was then reduced with stannous chloride
and measured using a Varian atomic absorption spectrometer 400 CETAC as per
Standard Method 3112 (Standard Methods for the Examination of Water and Wastewater
(APHA 1989)). The detection limit for this method is 10 png/L. Liquid samples were also
sent to the Accutest Lab for verification; however, almost all of the liquid samples sent to
Accutest were not detectable, due to the higher method detection limits of Standard

Method 3112 for liquid samples (0.1 pg/L).

3.3.2 Total Mercury in Gaseous Samples
Total gaseous mercury (TGM) analysis at the aeration basins, primary clarifier

and over the secondary clarifier with flux chamber (O’Driscoll et al. 2003; Carpi and
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Lindberg 1997, 1998; Kim and Lindberg 1995) was performed with a Tekran 2537A
automatic analyser. Iﬁ brief, the analytical train of this apparatus is based on
amalgamation of mercury onto a pure gold surface followed by thermodesorption and
analysis by CVAFS at 253.7 nm. The dual cartridge design of the Tekran 2537A allowed
alternate sampling and desorption, resulting in continuous measurements of mercury in
the air stream. Particulate matter in the air was removed by a 47 mm diameter Teflon
filter (0.45 pum). Near real-time measurements of ambient mercury concentrations to <10
pg/m3 are achievable with the instrument (Schroeder et al. 2002).

A QC protocol in the laboratory, including overall control of the sampling
analysis trains was applied before and after field experimentation. No contamination of
the mercury analyser was expected because it was an automated device working within a
closed and clean environment. However, the Tekran analyser was recalibrated after the
experimentations and was found to be within 2% of the pre-campaign calibration
(Schroeder et al. 2002; O’Driscoll et al. 2003).

Biogas samples at room temperature were also analyzed with the SP-3D analyzer.

Glass drier trap

Flowmeter

Pump

Mercury collector tube M-65 in series

Figure 3.9 Simplified biogas sampling train
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Biogas samples at ROPEC were collected in a 20 L Teflon bag and then were pulled
through a glass drier trap and two glass gold traps (i.e. mercury collector tube »M-65),
which had been preheated at 700°C for 1 hour to reduce the blank of the gold trap. Biogas
samples were drawn in by an air sampling pump operating at 300 mL/min to accurately
record the volume of biogas drawn through the gold traps (Fig 3.9). The two glass gold
traps were then loaded into the sample boat shown in Fig 3.10 and placed in the

combustion tube of the SP-3D Mercury Analyzer to quantify the total mercury.

s
N\

N

Figure 3.10 Mercury collector tubes M-65 in a sample boat

3.3.3 Analysis of Conventional Parameters TSS, VSS and pH

Conventional MWTP parameters TSS, VSS and pH in wastewater and sludge
samples were determined by employing methods from Standard Methods for the
Examination of Water and Wastewater (APHA, 1989). The TSS and VSS concentration
were analyzed gravimetrically. An Orion general-purpose pH electrode (Orion No.

910500) was used to measure pH values.
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Chapter 4 Results and Discussion

4.1 Fate of Total Mercury within a MWTP
4.1.1 Total Mercury Concentrations in Wastewater, Sludge and Gaseous Streams

In the present study, over 195 wastewater, sludge, dewatered biosolids and biogas
samples were collected and analyzed for total mercury and 677 gaseous samples were
auto-sampled and analyzed in situ during the sampling period of July 02, 2003 to June
24,2004 at the ROPEC municipal wastewater treatment plant.
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Figure 4.1 Measured total mercury concentrations in various wastewater
streams at different sampling time (starting from July 02, 2003)

4.1.1.1 Total Mercury in Wastewater Samples
The total mercury concentrations in the wastewater streams are shown in Fig. 4.1,

which shows the total mercury concentration in raw sewage had the highest concentration
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of 2.06 pg/L on July 14, 2003 (day 14), and then decreased to an average concentration
around 0.69 ng/L.

Fig. 4.1 also indicates that high total mercury concentrations occurred during the
spring and summer time period, and lower total mercury concentrations occurred during
the winter season (days 150 ~ 240). Therefore, there were high total mercury loadings to
the ROPEC plant during the summer time due to some unknown reasons. Similarly, Fig.
4.1 also shows the highest total mercury concentrations in other liquid streams i.e. PE, FE,
TC and DC, followed a similar profile to the raw influent (high total mercury
concentration in the summer and spring period and lower total mercury concentration in
the winter). The results showed that the overall average concentration of total mercury
with standard deviations of all samples was: 0.69 + 0.40, 0.53 + 0.34, 0.46 + 0.29, 0.76
0.45, and 0.91 £ 0.69 ug/L in RS, PE, FE, TC and DC, respectively.

& Primary Effluent
& Final Effluent
=== Linear (Primary Effluent)

187 s Linear (Final Effluent)
g 1.6+ y=0.7366x + 0.0125
g 2_
. _ R?=10.7598
B 14
&
® 8 14
238
8=
S% 08 -
§3 y=0.6138x + 0.0322
=& 06 - R?=0.7398
Q 4
28 04
T“ ”c’tr
s 027 &
0 T T T T 1
0 0.5 1 1.5 2 25

Total mercury concentration in raw sewage (ug/L)
Figure 4.2 Correlations of total mercury concentrations between raw
sewage and primary effluent, and final effluent
The correlations of total mercury concentrations between raw sewage and primary
effluent, and final effluent are presented in Fig. 4.2. Fig. 4.2 indicates the total mercury

concentrations in PE and FE were correlated with the total mercury concentration in RS
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(R? = 0.76 for the primary effluent, and R? = 0.74 for the final effluent), and supports the
data collected by Chipasa, (2003).

In the present study, the mean concentration of total mercury in the final effluent,
0.46 ng/L, was higher than ROPEC’s historical monitoring data from 2002 (most values
were not detectable, less than 0.1 pg/L). The discrepancy might be due to the different
analytical approach they used (Method 3112, AAS, MDL = 0.1 pg/L). Other reasons may
be: 1) When the Method 3112 was employed at low concentration, especially close to the
method detection limits, the error would be increased and the results may not be reliable.
2) During their sample pre-treatment, the samples were digested with Aqua Regia at
95°C for 2 hours. In this case, at very low total mercury concentration, loss of total
mercury would take place and it might account for a large portion of the total mercury in

the sample.

4.1.1.2 Speciation of Mercury in Wastewater Streams

The speciation of total mercury in the wastewater stream raw sewage and final

Table 4.1 Speciation of total mercury in wastewater samples

Concentration Concentration Soluble
Sample ID (ug/L) Sample ID (ug/L) Fraction
FE (DEC15UF) 1.86 FE (DECI15F) 1.12 0.60
FE (DEC17UF) 1.50 FE (DECI17F) 1.32 0.88
FE (DEC19UF) 1.66 FE (DECI19F) 1.09 0.66
FE (DEC21UF) 1.26 FE (DEC21F) 1.09 0.87
FE (DEC23UF) 1.32 FE (DEC23F) 1.64 n/a
Average 1.52 1.25 0.75
Standard Deviation 0.25 0.24 0.14
RS (DEC17UF) 1.50 RS (DEC17F) 0.64 0.43
RS (DEC19UF) 1.25 RS (DEC19F) 0.80 0.64
RS (DEC21UF) 1.63 RS (DEC21F) 0.68 0.42
RS (DEC23UF) 1.44 RS (DEC23F) 0.55 0.38
Average 1.46 0.67 0.47
Standard Deviation 0.16 0.10 0.12

Note: 1) UF: unfiltered, F: filtered. 2) FE: final effluent, RS: raw sewage. 3) n/a: not
available. 4) Measuring date: 02/02/2004.
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effluent samples was conducted on February 02, 2004. In this procedure 500 mL of
wastewater sample was split into two equal volumes. One of the volumes was filtered
through 0.45 um Whatman glass fibre membrane filter paper. The samples were then
analyzed by CVAAS and a SP-3D Mercury Analyzer. The distributions of total mercury
between the dissolved and the particulate phases of wastewater are presented in Table 4.1.
Table 4.1 indicates the soluble fraction of total mercury in the final effluent with standard
deviation of all samples and in the raw sewage was about 75% =+ 14, and 47% =+ 12%,
respectively. That meant that approximately 75% of total mercury that remained in the
final effluent was in the soluble state, while 47% of total mercury in the raw sewage was

in the soluble phase.
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Figure 4.3 Measured total mercury concentrations in various sludge
stream samples (starting from July 02, 2003)

4.1.1.3 Total Mercury in Sludge and Biosolids Samples
The total mercury concentrations in the sludge streams (RAW, MLSS, WAS,
TWAS and DIG) and dewatered biosolids (CAKE) at the different sampling times are
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illustrated in Figs. 4.3 and 4.4, respectively. Fig. 4.3 shows that the highest total mercury
concentration in the sludge streams occurred during the summer time (16 days, and then
decreased to a lower concentration.

The variation of total mercury in the wastewater stream MLSS was minimal. The
concentrations ranged between 0.50 and 1.00 pg/L. The highest concentration of total
mercury in the MLSS was measured in the sample collected on July 16, 2003.

Based upon the data shown in Fig. 4.3 the total mercury mean concentrations in
RAW, MLSS, WAS, TWAS and DIG were estimated as: 33.00 + 8.00, 0.78 £ 0.33, 2.82
1+ 0.37, 30.00 £ 7.00 and 36.00 £ 13.00 ug/L, respectively.

Total average concentration of
34 A CAKE = 1.94 ug/g

Total mercury concentration
(ug/g, dry weight)
»
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Figure 4.4 Measured total mercury concentrations in dewatered
biosolids CAKE samples (30% Solids) (starting from July 02, 2003)

Fig. 4.4 shows the total mercury concentration in CAKE samples. Fig. 4.4
indicates the total mercury concentration was in the range of 1.20 to 3.60 pg/g (30% TS,
dry weight). The highest concentration of total mercury was measured on July 2003 (0-30
days). The average total mercury concentration in all the CAKE samples was 1.94 £ 0.73
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ng/g, (30% TS, dry weight), which was in agreement with a previous study 1.37 to 2.84
ng/g (14% to 29% TS, dry weight) (Environment Canada, 2001).

Quality Assurance/Quality Control (QA/QC)

Five replicate samples of WAS, DIG01, RAW, TWAS and biosolids CAKE were
collected on December 21, 2003 and sent to the NIC laboratory to have an inter lab
comparison measurement for total mercury between the laboratories at the University of
Ottawa and NIC. The results of the intercomparison for total mercury in the sludge
samples between two laboratories are shown in Table 4.2. Table 4.2 shows that
variability of total mercury concentration in the sludge samples was small with the
relative difference between the two laboratories in the range of 8 ~ 12%. The analytical

results for total mercury from NIC are listed in the Appendix C.

Table 4.2 Comparison of total mercury in sludge samples between two laboratories

Sample Total Mercury Concentration (ug/g)
University of Ottawa NIC Relative Error %
WAS (TS 0.5%) 0.44 £ 0.09* 0.39 11
CAKE (TS 30%) 1.37+0.26 1.38 £0.20* -1
DIGO1 (TS 2.6%) 1.25+0.18 1.17 £0.12 6
RAW SLUDGE (TS 4.5%) 0.74 £0.13 0.65+0.13 12
TWAS (TS 6%) 0.49 £ 0.05 0.53 £0.09 -8

*Standard deviation of replicate analyses

4.1.1.4 Total Mercury in Gaseous Samples

The mean concentration of total gaseous mercury (TGM) in the biogas collected
from anaerobic digester #1 was 175.70 + 5.25 ng/m’. This is consistent with the results of
a previous study (Sommar et al., 1999) in which it was reported that the concentration of
total mercury detected in the biogas was in the range of 109 to 175 ng/m>. The ratio of
TGM in the biogas to the total mercury concentration in the DIG samples showed that
TGM in biogas was approximately 10 times greater than the elemental mercury saturation
vapor pressure 14 mg/m’ at 20°C (Bale, 2000). The concentration of TGM in the biogas

was about 100 times higher than that concentration in typical ambient air (Sommar ef al.,
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Figure 4.5 Variations of total gaseous mercury concentration over
primary clarifiers

1999; Boudala et al., 2000). Hence it may be identified as one of the sources of gaseous
mercury to the atmosphere.

The secondary clarifiers have a surface that is similar to the water surface in lake,
and hence the flux chamber method was used to measure the volatilization rate (flux rate)
of total gaseous mercury from secondary clarifier to the air. The total mercury flux from
water to air over the secondary clarifiers could be calculated by using following equation

(which is based on the Eq.3.2):

Flux (ng/m>h) = Q (Fc — Fa)/SA 4.1)

where,

Q = chamber air flow (0.6 m’ /h)

Fc = mercury concentration at chamber outlet (ng/m3 )
Fa = mercury concentration at chamber inlet (ng/m3 )
SA = surface area of liquid open to chamber (0.12 m?)
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On substituting SA = 0.12 m%, Q = 0.6 m’/h, the total average chamber blank
value of 0.12 ng/m*h and the values of Fc and Fa obtained from the readings of the
Tekran 2537A mercury vapor analyzer system, the mean flux was 0.89 + 1.01 ng/mz/h
(146 samples). Flux measurements over secondary clarifiers were similar to the data
measured over pristine freshwater lakes, with diurnal cycles observed over clarifiers
similar to what has been observed in freshwater lakes (Boudala et al., 2000).

The mercury flux over the secondary clarifier with a strong diurnal cycle was
consistent with the results of previous researchers in which mercury fluxes over the open
water surfaces (e.g. lakes) were most strongly correlated with solar radiation, although
the flux was also significantly correlated with water temperature, air temperature, DOC

concentration in water, and negatively correlated with relative humidity (Schroeder er al.,
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Figure 4.6 Variations of total gaseous mercury concentration over aeration
basins

1989; Xiao et al., 1991; Poissant and Casimir, 1998, Boudala er al., 2000). The measured
average mercury concentration in ambient air in the present study was 1.23 + 0.07 ng/m3

(N = 16 samples).
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The concentrations of TGM over primary clarifiers, aeration basins and water to
air total mercury volatilization over secondary clarifier are shown in Figs.4.5, 4.6 and 4.7,
respectively. The concentrations measured in the atmosphere over the surface of the
primary clarifiers and aeration basins suggested low levels of mercury volatilization to
the atmosphere (i.e. data similar to ambient air).

TGM concentration in ambient air has been reported to be 1.7 + 0.2 ng/m3
(Sommar et al., 1999). Glass et al. (1990) also determined the mercury levels in ambient
air at Duluth, Minnesota and reported in the range of 1 to 6 ng/m’. The measured mean
TGM concentration of 1.23 + 0.07 ng/m’ in the present study is consistent with previous
studies (Glass et al., 1990; Sommar et al., 1999). The concentration of TGM, which
emanated from treatment units of primary clarifiers, aeration basins and secondary

clarifiers at ROPEC also were similar to the ambient air concentration.
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Figure 4.7 Mercury flux over secondary clarifiers

A summary of the total mercury concentration in the wastewater, sludge and
gaseous stream samples with standard deviations is listed in Table 4.3. Table 4.3 shows

that the total mercury concentration in the wastewater streams in the order:



RS>DC>TC>PE>FE. Thus it seems that the total mercury concentration in the liquid
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streams decreased after primary clarification and activated sludge treatment.

Table 4.3 Summary of total mercury concentrations measured at ROPEC

Total average
. . Number
Sampling location measured of samples Range of results
concentration* pe
Raw Sewage (RS) 0.69 £0.40 ng/L 24 0.28 ~2.06 pg/L
Raw Sludge (RAW)
(TS 4.4%) 33.00 = 8.00 pg/L 16 20.00 ~ 51.00 pg/L
Waste Activated Sludge
(WAS) (TS 0.5%) 2.82£0.37 ug/L 10 2.10 ~ 3.65 pg/L
Final Effluent (FE) 0.46 £ 0.29 ug/L 24 0.17 ~ 1.45 pg/L
Dewatered biosolids
(CAKE) (Dry Weight, TS 1.94 £0.73 pg/g 15 1.20 ~3.60 pg/g
30%)
TGM in biogas from 175.70 £ 5.25 6 170.30 ~ 182.90
anaerobic digester ng/m’ ng/m’
TGM volatilization from 2
secondary clarifier 0.89 £ 1.01 ng/m’/h 146
Gaseous elemental mercury 3
from primary clarifier 1.39+0.20 ng/m 261
Gaseous elemental mercury 3
from aeration basins 1.41£0.32 ng/m 270
Mixed Liquor Suspended
Solids (MLSS) 0.78 +£0.33 ug/L 23 0.37~1.99 pg/L
Primary Effluent (PE) 0.52+0.34 ug/L 24 0.18 ~1.50 ug/L
Thickening Centrate (TC) 0.76 £0.45 ng/L 6 0.20~1.33 pg/L
Dewatering Centrate (DC) 0.91 +£0.69 ng/L 7 0.20 ~ 1.80 pg/L
Thickening Waste Activated
Sludge (TWAS) (TS 5.4%) 30.00 £ 7.00 pg/L 17 20.00 ~ 40.00 pg/L
Digester Liquor (Dig01/02) ,
(TS 2.3%) 36.00 £ 13.00 ng/L 21 19.00 ~ 69.00 pg/L

* Value is expressed by total average with standard deviation of all samples.

It also shows that the total mercury concentrations in the sludge streams suggested
that the mercury was strongly associated with the solids. Comparing the total mercury
concentration and total solids concentration in WAS with those of in RAW, TWAS and
DIG, correspondingly, the ratio of total mercury concentration WAS/RAW, WAS/TWAS

and WAS/DIG remained the same at a ratio equal to 0.1. However, the ratios of total
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solids in WAS/RAW and WAS/TWAS have the same ratio approximately equal to 0.1.
These results strongly suggest that total mercury is associated with the solids particulates
in the wastewater treatment process units. It indicated that the total mercury
concentrations in the sludge streams were proportionally increased along with the

increasing of total solids concentration in the corresponding sludge stream.

4.1.2 Total Mercury Removal Efficiency around Treatment Units

Total mercury mass balances across the primary clarification, activated sludge
treatment unit process and across the entire facility were calculated on the basis of the
measured concentrations of total mercury in the wastewater and sludge streams, the
concentration of suspended solids and corresponding flow data obtained from the plant
operation records. Mass balance calculations were performed separately for each
sampling day and 24 sampling day data points in total were employed to carry out the
mass balance calculation based upon Egs. 4.2, 4.3 and 4.4.

Total mercury mass balance across the primary clarification process was
performed based on Eq. 4.2. Eq. 4.2 was used to estimate the total mercury removal
efficiency in the liquid phase of the primary effluent. The mass balance affected

determination of total mercury recovery on a mass basis.

Qin.RS x Cin.RS =Qoul.PE XCout.PE +Qmu,RAW ><C"om,RAW (42)

where,

Oin rs = flow rate of raw sewage influent, m*/d

C,,, rs = total mercury concentration of raw sewage influent, pg/L

Qous, pe = flow rate of primary clarifier effluent, m’/d

Cou. pe = total mercury concentration of primary clarifier effluent, pg/L

Qou, raw = flow rate of raw sludge effluent from primary clarifier, m’/d

Coui raw = total mercury concentration of raw sludge effluent from primary clarifier, pg/L

A total mercury mass balance across the activated sludge treatment process was
carried out based on Eq. 4.3. Similar to Eq. 4.2, Eq. 4.3 was used to estimate the total
mercury removal efficiency in the liquid phase of the final effluent across the activated
sludge treatment process. The mass balance also affected the determination of the total

mercury recovery on a mass basis.
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Qin.PE x Cin.PE = Qout.WAS X Com.WAS + Qout.FE X Cout.FE (43)

where,

Oy, p = flow rate of primary clarifier effluent, m*/d

Cin, pe = total mercury concentration of primary clarifier effluent, ug/L

QOou. was = flow rate of waste activated sludge, m’/d

Cou was = total mercury concentration of waste activated sludge, ug/L

Qou, re = flow rate of final effluent from secondary clarifier, m’/d

Cou, FE = total mercury concentration of final effluent from secondary clarifier, ug/L

Total mercury mass balance across the entire facility treatment processes was estimated
according to Eq. 4.4. Similar to Eq. 4.2 and Eq. 4.3, Eq. 4.4 was used to estimate the total
mercury removal efficiency in the liquid phase of the final effluent across the entire plant.
The mass balance affected the determination of the total mercury recovery on a mass

basis.

Qinrs X Cinrs = Qourie X Coprpr +Yield oypr X Crppr 4.4

where,

Yield c4xe = yield of biosolids, tonne/d
Ccake = total mercury concentration of biosolids, pg/kg

Total mercury removal efficiency for primary clarification, activated sludge
treatment unit process and entire facility treatment unit processes were calculated by the
following equations:

Percentage removal of total mercury in primary clarifier

= 1 — total mercury in primary effluent / total inputs of total mercury
x C
— (1= L xCrr y100% 4.5)
Qin.RS X in,RS
Percentage removal of total mercury in activated sludge treatment unit

= ] — total mercury in final effluent / total mercury in primary effluent

— =2 Cry 1000 (4.6)
Ope xCpp
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Percentage removal of total mercury within the whole facility

= 1 — total mercury in final effluent / total inputs of total mercury

L *Cr y100% 4.7)

Qin,RS x Cin,RS

=(1-

The calculated removal efficiencies were on the basis of the wastewater stream.
In theory, there should be good agreement between the input and output loadings for total
mercury as it cannot be degraded and settle out in the sludge or remain in the wastewater
stream. The ratio of ((In—Out)/In) x 100 ‘equals the percentage loss or gain of total
mercury. A positive value means loss and a negative value means a gain of total mercury
respectively. The detailed calculation sheets for the total mercury mass balance and
removal efficiency around each treatment unit are displayed in Tables 4.4, 4.5 and 4.6.

Table 4.4 shows the total mercury mass balances as well as removal efficiencies
of total mercury, TSS and VSS around the primary clarification treatment process. As
seen in Table 4.4, the mass balance was generally satisfactory for total mercury in the
primary clarification treatment with closures between —34 and +50%. The losses or gains
might be attributed to relative mismatching of influent and effluent samples. It also
indicates that the best total mercury removal efficiency of 67% was observed on March
24, 2004 corresponding to removal of 54% of TSS and 57% of VSS. The mean total
mercury removal efficiency with standard deviation of all samples was 27 + 23% with an
average of 42% of TSS removal efficiency and an average of 43% of VSS removal
efficiency.

The average error in the mass balance was 11% of total mercury around the
primary clarification process. The average daily total mercury loading in the plant
influent raw swage stream was 291 g/d, and approximately 76% of the total mercury
remained in the primary effluent stream. The highest total mercury loading of 863 g/d
entered the plant on July 16, 2003, consequently, the highest total mercury loading to the
primary effluent stream also can be observed on the same day with 27% total mercury
removal efficiency associated with more than 60% TSS and VSS removal efficiency. The

total mercury removal efficiency in the primary clarifier of 27 + 23% was lower than
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other studies that reported more than 50% mercury removal efficiency during primary
sedimentation (Goldstone et al., 1990; Balogh and Liang, 1995).

Table 4.5 shows that the average total mercury removal efficiency over all
samples of activated sludge treatment process was 12% + 28%. The mass balance on total
mercury in the activated sludge treatment process showed poor closure and ranged
between —74 and +57% with an average gain of —14%. The highest total mercury loading
of 606 g/d with a mass balance closure of +1% to the final effluent was found on July 16,
2003 with 3% removal efficiency in the activated sludge process. The highest total
mercury removal was observed on May 27, 2004 with 63% removal efficiency; however,
the mass balance closure showed a 57% loss. The results for the activated sludge
treatment disagree with the previous studies that indicated that total mercury was
predominantly associated with solids (Goldstone et al., 1990; Balogh and Liang, 1995,
Wang and Huang, 2002). If this were true then the total mercury concentration in the
effluent would have been much lower and the removal efficiencies would have been
higher.

Table 4.6 shows the average total mercury mass balances across the entire facility.
It indicates a total 35 + 18% mercury removal efficiency along with more than 90% of
TSS removal efficiency can be expected. The daily mass balance of total mercury over
the whole plant ranged between —39% and +52%, with about 7% loss. Correspondingly,
the highest total mercury removal efficiency of 65% occurred on May 27, 2004 with
about 80% TSS removal efficiency.

The summary of total mercury mass balances with removal efficiency calculations
are presented in Table 4.7. The average removal efficiencies with standard deviations
over all samples for total mercury around the primary clarification, activated sludge
treatment process and the entire wastewater treatment plant facility were 27 £ 23, 12 £ 28
and 35 + 18%, respectively. Correspondingly, the TSS removal efficiencies with standard
deviations overall samples in primary clarification and the entire plant were 42 + 31 and
94 £ 5%, respectively. The results indicated approximately 65% total mercury remained
in the treated effluent stream and was discharged to the receiving water body, and

approximately 35% of the total mercury was associated with the solids and removed.
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Table 4.7 Total mercury mass balances for the July 2003 - June 2004 sampling period at

ROPEC
Measured Average daily [Hg loading as a
. . Average !
Sampling location Aow* total Hg Hg loading | percentage of
concentration* (g/d)* the influent*
420,000 * 0.69 +0.40
bl - + 0
Raw Sewage (RS) 47,000 m*/day ug/L 291 £ 168 100%
Raw Sludge (RAW) 1,000 £200 | 33.00£8.00 o
(TS 4.4%) m’/day ng/L 3613 12£4%
Waste Activated
+ +
Sludge (WAS) 7’0‘3337(1;’000 2.82 —3'37 2043 7+1%
(TS 0.5%) y ng/
Primary Effluent 419,000 0.53£0.34 o
. 418,000 0.46 £0.29 0
Final Effluent (FE) 47,000 m’/day ug/L 191 £ 116 65+ 18%
Dewatered biosolids
: + 94 £ 0.
(CAKE) (dry weight, | r}fel/ d‘a9 @ 194 ?,J 6 70 £27 24+ 9%
TS 30%) y he/g
TGM in biogas from 3 3 »
anaerobic digester 31,000 m°/day| 176 = 5 ng/m 54+£0.2mg
TGM volatilization _ 0.002%
5 Flux rate=21
from secondary 38,400 m 2 0.8 mg
) ng/m°/day
clarifier
% Removal of total mercury in primary clarifier based on the percent of
.. . . 27 £23%
mercury leaving in the primary effluent compared to the total inputs
% Removal of total mercury in secondary clarifier based on the percent
of mercury leaving in the final effluent compared to the primary 12 +28%
effluent
% Removal of total mercury within facility based on the percent of 35 + 18%
total mercury leaving in the final effluent compared to total inputs -0
% Total mercury mass balance closure = 100 - (66 + 24 + 0.002) = 10%

* Total average with standard deviation of all samples.
(a) Value is given on a wet weight basis.
(b) Value is given on a dry weight basis.

In the present study, the total mercury removal efficiency (35%) in the entire plant

treatment process was lower than that observed in other MWTP studies. Balogh and

Liang (1995); Gilmour and Bloom (1995); and Mugan (1996) observed that almost all of

the mercury was associated with biosolids in dewatered biosolids sludge with total
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mercury removal efficiencies up to 95%, and only a very minor loading of total mercury
discharged to the receiving water body.

The total mercury in the gaseous streams accounted for only 0.002% of the total
input of total mercury. The results indicate that the total mercury gaseous emissions in
the various wastewater treatment processes were minor, which was consistent with a
previous study (Goldstone ef al., 1990). It has been also reported that less than 0.02% of
the total mercury exited in biogas of MWTPs based on the total mercury mass balance
performance across the whole treatment process at MWTPs (Environment Canada, 2001).
Concomitantly, total mercury mass balance results showed that mercury loss to the
atmosphere was negligible and would not affect the accuracy of the total mercury mass
balance in ROPEC. The mass balance of total mercury in the entire treatment process
showed good closure with an average loss of about 10%. Based on the general total
mercury mass balances, the data were used to calibrate and run the TOXCHEM™" model.

The reasons for the higher total mercury concentrations in the treated final
effluent and the lower removal efficiencies in the present study were most likely due to
the fact that approximately 75% of the total mercury that remained in the treated effluent
was in the soluble state. It might not be associated so tightly with biosolids particulates
and not be related to the total suspended solids concentration in the final effluent. Also as
discussed before, the strongly positive correlation between total mercury concentrations
in the raw sewage and the final effluent existed when the total mercury concentration was
higher in the raw sewage, the removal efficiency might be expected to be lower than
found by previous authors. Another likely reason might be the low mixed liquor
suspended solids concentration in the present study (less than 1,000 mg/L) in aeration
basins during the sampling period. It was lower than the conventional designed operation
values (1,200 to 1,500 mg/L). As mixed liquor suspended solids concentration increased,
the portion of mercury associated with the biosolids would increase; the content of total
mercury in the dewatered biosolids sludge would be correspondingly increased, and the

removal efficiency would be decreased.
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4.2 Modeling Calculations and Predictions

Modeling calculations were roughly divided into three tasks. These tasks
included: (1) determination of partitioning sorption coefficients K, & K, (2) plant
layout development; and (3) parameter identification.

The objective of these tasks was to develop a working simulation model that
could adequately predict the performance of the treatment plant under a variety of
operating conditions. The section on determination of partitioning sorption coefficients
Kp & K2 describes how these parameters were determined; while the plant layout
development describes the development of process flow schematics used for modeling
purposes. The parameter identification task describes how model parameters were

selected and calibrated.

4.2.1 Determination of Partitioning Sorption Coefficients K

In order to use the TOXCHEM™ model to simulate and predict the fate of mercury
within secondary wastewater treatment unit processes, it is essential to determine two
major parameters, K, and K. The partitioning coefficients for mercury in primary
clarification and the activated sludge treatment unit processes are not available in the
TOXCHEM database.

It was assumed that the value of the partitioning coefficient K, in the influent,
primary effluent and primary sludge streams around the primary clarifier were the same.
Similarly the partitioning coefficient Ky, in the mixed liquor suspended solids, waste
activated sludge and final effluent around the activated sludge treatment process
including aeration basin and in the secondary clarifier also were equal. The soluble
mercury concentration in the activated sludge waste and recycle streams was assumed to
be equal to the secondary clarifier-influent soluble mercury concentration; and the
soluble mercury concentration in the primary sludge waste stream was assumed to be
equal to the primary clarifier-influent soluble mercury concentration. The equilibrium-
sorbed mercury concentration was a first-order function of the liquid-phase mercury
concentration, the sorption was reversible, and sorption and desorption occurred

instantaneously.
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It was also assumed that when the current liquid total mercury concentration
(Ctest) was less than the mercury solubility limits, no mercury precipitation occurred and
the soluble total mercury concentration (Csowbie) €qual to Crest. If Crest was equal to or
more than the mercury solubility limits, the sorption capacity of the biosolids would be at
the maximum limit and therefore any additional mercury would precipitate and the
concentration of soluble mercury (Csoiubie) Would be equal to the mercury solubility limits.

Thus based upon Egs. 2.2 and 2.4, and assumptions made above, Eqs 4.8 and 4.9

were used to determine K, and Kpo:

CO RAW CO.RS
: = 4.8
(+KnXonm) [+ KnXow) *9
and
C() PE CvO WAS
: = : (4.9)
(1 +KP1Xb.PE) (1 +KP2Xb,WAS)

Employing the measured total mercury concentrations (Co, raw, Co, rs, Co, pE, and
Co, was) and VSS concentrations (Xo raw, X0, Rs, Xb, PE, and Xp was) in the streams around
the primary clarification and activated sludge treatment process, the partitioning sorption
coefficients K;; and Ky, were estimated for the different sampling days. The detailed
calculations of the partitioning sorption coefficients K, and K, are demonstrated in
Tables 4.8 and 4.9. The variations of calculated values of Ky and K, are presented in
Figs. 4.8 and 4.9, respectively. The calculated mean values with standard deviation
overall samples were K,; = 2.5 L/g £2.1 L/g and K> = 1.8 £ 1.2 L/g. The high variability
in the estimated K values in primary clarification and activated sludge process made it
impossible to identify any differences between these values (Parker e al., 1994).

The total mercury solubility limits employed in the present study were 0.50, 0.60
and 0.05 mg/L for the influent solubility limit, effluent solubility limit and digester
solubility limit, respectively (Table 4.10). These solubility limits were assumed based on
the mercury chloride and mercuric acetate solubility in water. The solubility of mercuric
acetate in water at 10°C is 250 g/L (Rosenblatt et al., 1975) and of mercury chloride at
20°C is 69 g/L (Shiu et al., 1990).
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The measured total mercury concentrations in the wastewater and sludge streams
did not exceed the assumed solubility limits. Therefore no precipitation would be
observed in the primary clarification, activated sludge and anaerobic digestion treatment

ProcCessces.

Table 4.10 Model parameters K1, Ky and solubility limits applied in the present study

Parameter Calculated Hg Adjusted Hg
Influent K, (L/g) 25+2.1° 6.4+54
Effluent K, (L/g) 1.8+ 1.2° 0.5+0.3
Influent solubility (mg/L) n/a 0.50°
Effluent solubility (mg/L) n/a 0.60°
Digester solubility (mg/L) n/a 0.05°

? Values are expressed as the total average with standard deviation of all samples.
® Assumed solubility Iimits.

4.2.2 Plant Layout Development

Based on the wastewater treatment unit processes at ROPEC, a simplified model
simulating ROPEC using the commercial software, TOXCHEM', was established for
predicting and quantitating the fate of total mercury across the entire treatment facility. A
process layout is shown in Fig. 4.10.

In this simple plant layout, the fate of total mercury was simulated in four unit
operations: (1) one primary clarifier object to represent the entire primary clarifier surface
area for primary clarification; (2) one aeration basin object to represent the entire aeration
basin volume for aeration; (3) one secondary clarifier object to represent the entire
secondary clarifier surface area for secondary clarification; and (4) one anaerobic digester
object to represent the entire anaerobic digester volume for anaerobic digestion.

Two removal mechanisms were considered: (1) mercury sorbed to biological
solids and (2) mercury precipitates. However, due to the assumed solubility limits
employed in this study were so high that they would have no impact on data and there
were no precipitation occurred. The fate of total mercury in gaseous streams from
primary clarifiers, aeration basins, secondary clarifiers and anaerobic digesters were not
simulated by the model, and the minor stream from sludge dewatering centrate to plant
influent was also neglected due to the low flow rate (~ 1,500 m>/d, 0.32% of the total

flow, Hydromantis Inc., 1994) and low total mercury concentration (0.91 * 0.69 Kg/L).
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The flow rate and the total mercury concentration of plant influent (raw sewage) were

equal to the flow rate and concentration of the primary clarifier influent.

Co G G Cs/ C4* Criva ‘ Cn+s/Cnee™
0, X0 A% > vV Q > V. > F >
> g p 3, a Vs
Ql Q2 X3 Qm, Xm XC) Qs
Xl XZ\ /
Qrc Q:
XPC CN+4
Qwas Xr
/
Cq Ca
sk ok
_> '
vd Qa, X4 Qui.
Xtrk
Qe Xse | Ca

Figure 4.10 A simplified schematic plant layout for predicting fate of total mercury
at ROPEC

Note: *C,/C, is the contaminant concentrations before/after the weir in the primary clarifier
**Cn-s/Cn+ are the contaminant concentrations before/after the weir in the secondary clarifier
***Minor stream from sludge dewatering centrate not included

The main disadvantage of the simple model is that it does not allow the effects of
the flow imbalances or disproportionately loaded processes, to be modeled. The non-
balanced splits would affect the loading and removal efficiency of total mercury in each
sub-stream. To sample each sub-stream (i.e. 15 primary clarifiers), the cost and time also
make this was an impossible task. However, if all processes had a reasonably
proportionate load (e.g., all 8 aeration basins have the same influent flow and

concentration), then modeling it as a single object is completely acceptable.
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4.2.3 Parameter Identification and Adjustment

After the plant layout was developed, the model was populated with appropriate
data. Three methods were used to develop the model parameter set, each of which was
used to varying degrees in this study: (1) direct measurement or knowledge of the
parameter (e.g. total mercury concentration, VSS and TSS in wastewater, sludge and
gaseous streams); (2) adjustment of the parameter such that model output matches known
plant performance (e.g. partitioning sorption coefficients K, and K;); and (3) default
data derived from the literature or similar studies (e.g. total mercury solubility values in

influent, effluent and anaerobic digester).

4.2.3.1 Basic Physical and Operational Data

All model parameters within TOXCHEM" were initially populated with default
data for all treatment units. These data describe each treatment process unit physical
characteristics, such as surface area and depth. Some of these data were changed for
subsequent simulations to reflect changes in operation, such as influent flow rate or out of

service tanks.

Primary Clarifier

The primary clarifier object in the simple layout actually represented 15 parallel
rectangular settling basins. The total surface area of these basins was initially entered as
11,780 m”. The average depth of the primary clarifier basins was entered as 3.29 m. The
basins actually vary in depth along the length of the basins, and different basins have
different dimensions. When simulations were performed, it will be important to change
the surface area to reflect any basins out of service. Changing the surface load would

impact on the primary sludge removal efficiency and amount of sludge predominant.

Aeration Basin

The total volume of all eight aeration basins is 92,170 m®. This value was entered
into the aeration basin object that represents the eight aeration basins in the simple layout.
Another key physical characteristic is to select the effective number of complete-mix

reactors in series used to model the plug-flow tanks. A total of six reactors were used to
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model each tank. It was based on one previous study at ROPEC (Hydromantics Inc,
1994), in which they reported that six reactors in series was chosen since there are six
aeration grids within each aeration tank, which allows each reactor to represent a section
of the tank with independent air flow control.

Operational data for the aeration basin object was the total air flow, and the air
flow distribution to the six tanks in series. Total air flow was 864,000 m>/d, and it was
distributed 25% to each of the first two reactors, and 12.5% to each of the four remaining
reactors. This distribution was not actual air flow distribution, but it was chosen to
approximate tapered aeration within the aeration basins.

It was possible that aeration could result in stripping of mercury into the
atmosphere. This could be of one concern at drop structure and in the aeration basin
where oxygen was added for biological activated sludge and mixing. Gaseous emanation
could be observed at primary clarifier (column condition) and aeration basin when air

striping may occur.

Secondary Clarifier

One secondary clarifier object was used in the simple layout to represent the 16
secondary clarifiers. The total surface area is 38,430 m’. The secondary clarifier object
was given water depths of 4.6 m at the centre and 4.05 m at the outside.

The main operational data for the secondary clarifiers are recycling rate and
wasting rate. The effective recycle fraction, which is the total recycle flow rate divided by
the total treated flow rate, is 60%. The wasting rate for the waste activated sludge was

4,500 m*/d.

4.2.3.2 Determining Influent Flow Rate and Concentration

Influent flows and concentrations (total mercury, VSS and TSS) changed
depending on the case being modeled. Influent water quality (VSS and TSS) was based
on the daily average composite samples for each sampling date.

To be perfectly correct the four influent streams should be included in the model:
(1) raw influent from the collection system; (2) hauled sewage and septage that were

pumped into a holding tank and released into the plant headworks; (3) centrate from the
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dewatering of digested sludge; and (4) centrate from the thickening of waste activated
sludge.

The raw influent from the collection system was automatically recorded based on
the measured influent flow that reflected the period being modeled. The other three
sources, which have a relatively minor impact on the total influent load, were assumed to
be constant for all subsequent analyses. Since plant influent data is actually measured
downstream of the confluence of these three sources, influent flow data could be adjusted
to reflect the likely values for the raw sewage exclusive of the other three sources. When
flow rate and composition data was available, it was possible to adjust these values in the

models if necessary.

4.2.3.3 Steady-State Calibration and Evaluation

The steady state calibration in the present study included two steps: (1) parameter
adjustment such that the pr