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Abstract

A large pilot-scale free water surface (FWS) constructed wetland polishing effluent from an annual
(spring) discharge municipal lagoon was operated for ten years followed by eleven years of
dormancy and then restarted with an increase in operating depth. No significant effect of system
aging was observed on Biological Oxygen Demand (BOD), total phosphorus (TP), and soluble
reactive phosphorus (SRP) removal efficiencies, although internal TP water column
concentrations in the first wetland and pond cells increased with time due to resuspension of
accumulated sediments. Nitrate and ammonium removal efficiencies were higher during the start-
up period due to plant establishment, while organic nitrogen and nitrate removal efficiencies
increased during the restart period, likely due to a combination of the increased operating depth
and accumulated sediments. No seasonal temperature effect was observed for nitrate or BOD
removal efficiency, however, TP removal efficiencies increased with increasing influent
concentrations due to seasonal algae growth. TSS removal efficiency increased significantly
during the restart period, most likely due to an increase in the operating depth. Phosphorus was
found to be mostly stored in the soil, followed by sediment and plants, while nitrogen was found
to be stored more in plants, followed by soil and sediment. The wetland system was shown to be
effective at the long-term removal of organic matter (BODs < 10 mg/L) and TP (87% average
removal efficiency), while TSS removal efficiency increased to 97% with an increase in operating

depth from 25 to 50 cm.
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CHAPTER: 1

Introduction

1.1 Background

Constructed wetland (CW) systems can find important niche applications in rural wastewater
treatment due to their low capital and operating costs but high space requirements compared to
other treatment technologies (Kadlec & Wallace, 2008; Vymazal, 2010). CWs have grown in
popularity as a wastewater treatment method during the last 50 years. This technique is also a
viable alternative for domestic wastewater treatment technologies (Gikas & Tchobanoglous, 2009;

Zhang et al., 2014).

Free Water Surface (FWS) CWs are similar to natural wetlands so that they have an exposed water
surface, a bed with rooted emergent aquatic vegetation, a layer of soil serving as a rooting medium,
a liner (which is not always present) that prevents infiltration and exfiltration, and inlet and outlet
structures that regulate water flow in and out (Kadlec & Wallace, 2008; Reed et al., 2005;
Tchobanoglous & Burton, 1991). FWS systems can remove a wide range of contaminants from
wastewater, including biological oxygen demand (BOD), total suspended solids (TSS), total
nitrogen (TN), total phosphorus (TP), E.coli, and metals, by microbial degradation, substrate
adsorption, plant absorption, sedimentation, filtering, and biological predation (Gorgoglione &
Torretta, 2018). The primary functions of plants in surface wetlands are to provide a physical effect
through their stems and roots, facilitating some physical treatments in a wetland such as filtering,
velocity reduction, sedimentation promotion, and decreased resuspension (Vymazal, 2013). Plant
dormancy can affect biological processes around or below-freezing temperatures, so the seasonal
influence on wetland treatment performance can be especially crucial in a cold climate (Faulwetter

1



et al., 2009). In addition to vegetation and soil, other factors that affect surface wetland
performance include wastewater quality, climatic conditions, flow rate, hydraulic retention time,

and water depth (Stefanakis & Headley, 2020).

Lagoon-based sewage treatment systems are one of the earliest types of wastewater treatment and
are still widely used in Canada to treat wastewater in small communities (Smith & Finch, 1985).
In 2017, a total of 1048 lagoon-based wastewater treatment systems were reported to operate in
Canada, representing nearly half of the total number of treatment plants (Environment and Climate
Change Canada, 2017). In Canada, municipal lagoon system discharges are regulated by Provincial
governments and more recently by the federal government through the Wastewater Systems
Effluent Regulations, which stipulates maximum concentrations of 25 mg/L for TSS and cBODs
and 1.25 mg/L NHz at 15°C + 1°C (WSER, 2012). Discharge criteria are also set by the appropriate
Provincial Department for each system based on the attenuation capacity of the receiving water
body, which can be more stringent than the federal criteria. Challenges for lagoon systems to meet
increasingly stringent discharge limits include TSS, due to algae production, TP even with batch
coagulation before discharge, and NH.* in winter months and during spring for seasonal discharge
lagoons (Federation of Canadian Municipalities, 2004). Polishing technologies are necessary to
meet these challenges and constructed wetlands can provide an appropriate solution for seasonal
discharge lagoon systems which do not discharge during winter. Meeting higher discharge limits
can facilitate approval for extending the discharge period(s) which can have the important benefit

of increasing the hydraulic capacity of a seasonal discharge lagoon.



1.2 Study objectives

It is hypothesized that a period of dormancy for a mature FWS constructed wetland polishing

municipal lagoon effluent will not impact treatment performance while increasing the operating

depth and the addition of a grass filter can improve TSS removal efficiency.

This study aims to characterize and evaluate the FWS constructed wetland system and vegetated

filter performance. This research will provide new knowledge on the long-term performance of a

FWS wetland system polishing the effluent from an annual discharge municipal lagoon system.

The specific research objectives are as follows:

VI.

Evaluate the performance of a FWS constructed wetland and vegetated filter to polish
municipal lagoon effluent.

Evaluate the effect of increasing operating depth on system performance in general and on
TSS removal in particular.

Evaluate the effect of system aging and seasonal temperature on wetland system
performance.

Determine removal rates and Kinetic rate constants and make design recommendations.
Quantify the N and P storage reservoirs in the system and conduct a system mass balance
for N and P.

Determine the relative importance of soil, sediment, and plant reservoirs for nutrient

storage and the impacts on system longevity.

1.3 Thesis layout

Chapter 1 presents background information on wetland system performance. This chapter also

includes the objectives of this research study. Chapter 2 provides a comprehensive literature



review including the performance and mechanisms for pollutant and nutrient removal in surface-

flow constructed wetlands.

Chapter 3 presents the results of the wetland system and vegetated filter system concentrations for
different nutrients. The chapter also addresses the aging and temperature effects on the wetland
system. Finally, the wetland performance and removal rates over time using the P-k-C* model

were investigated.

Chapter 4 describes a complete system mass balance for phosphorus and a partial mass balance
for nitrogen. The chapter also explains the storage of nutrients in the soil, sediment, and plant zone

of the wetland system.

Finally, Chapter 5 presents all the conclusions resulting from this research study and

recommendations for future research work in the area.
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CHAPTER: 2

Literature Review

2.1 Facultative discharge lagoons and treatment

Millions of cubic meters of wastewater are discharged into city sewer systems every day from
residences, businesses, institutions, and industry. Municipal wastewater is one of the most
significant polluters of Canada's surface waters with typical characteristics described in Table 2.1.
Wastewater must be treated before it can be released into the environment (Canadian

Environmental Sustainability Indicators, 2020).

Table 2.1: Typical concentrations of water quality contaminants in North American untreated
domestic wastewater

Parameter Concentration (mg/L)
Low Medium High
TSS (mg/L) 100 220 350
COD (mg/L) 250 500 1000
BODs (mg/L) 110 220 400
TN (mg/L) 20 40 85
TP (mg/L) 4 8 15

Adapted from: Tchobanoglous & Burton (1991)

Lagoons are particularly well suited to treat wastewater from rural communities as they are less
expensive to build and operate than other systems. However, they take up more land than other
wastewater treatment systems, although land in rural areas is usually more available and less
expensive. Lagoon systems can be designed for continuous discharge or controlled discharge.
Controlled discharge lagoons can either discharge once a year (annual discharge) when flow in the

receiving water body is highest during spring, or multiple times a year (seasonal discharge),



usually during spring and fall, as lagoons can experience high ammonia effluent concentrations

during winter and high algal solids during summer (Federation of Canadian Municipalities, 2004).

The removal of BODs from facultative lagoons can be as high as 95% with effluent BOD < 30
mg/L; however, effluent TSS can range from less than 30 mg/L to greater than 100 mg/L,
depending on algal densities and discharge structure design (USEPA, 2002). Ammonia nitrogen
removal can also be significant (up to 80%) depending on the temperature, pH, and detention
duration in the system, although, the removal cannot be maintained over cold periods (USEPA,
2002). The chemical addition of alum or ferric chloride can reduce typical TP concentrations to
less than 1.0 mg/L with continuous dosing or between 0.5-1.0 mg/L with batch dosing (Federation
of Canadian Municipalities, 2004). Increasingly stringent TP discharge limits will likely require

phosphorus polishing technologies for municipal lagoon systems.

2.2 Constructed wetlands

Constructed wetlands (CWs) have several advantages over conventional systems, particularly
when they are to be installed in small communities, including low construction and operation costs,
ease of operation, and efficiency and reliability in pollutant removal. As a result, they are becoming
increasingly popular in both developed and developing countries (Kadlec & Wallace, 2008; Reed
et al., 2005; Vymazal, 2010). A constructed wetland is a shallow basin that may be filled with
some form of filter material (substrate), commonly sand or gravel, and flora that can withstand
saturated conditions. Wastewater enters the basin and flows over the surfaces or through the
substrate before being discharged through a device that regulates the depth of the wastewater in

the wetland.



The hydraulics, chemical, and biochemical processes in constructed wetlands can be considerably
influenced by a cold winter environment, as is the case in many parts of Canada. Reduced physical
and biological activity because of dormant plants and the delayed reaction rate of soil or aquatic
microbes at cold temperatures may impact system performance on a seasonal basis (Mahlum et
al., 1995). As a result, many of Canada's constructed wetland systems are designed for seasonal

discharge (Pries, 1994).

2.2.1 Types of constructed wetlands

Constructed wetlands for wastewater treatment can be divided into four categories based on the
dominant macrophyte's life form: emergent, submerged, free-floating, and rooted with floating
leaves (Vymazal, 2010). Further classifications could be developed based on wetland hydrology
as free water surface and sub-surface wetlands. Wetland systems with a free water surface (FWS)
are those where the water surface is open to the environment. A subsurface flow wetland is
normally built as a bed or channel with an appropriate media (Igbal et al., 2022). The subsurface
wetlands can be categorized based on the direction of the flow as horizontal wetlands and vertical

wetlands (Omondi & Navalia, 2020; Vymazal & Kropfelova, 2008).

2.3 Free surface wetlands

Macrophytes

Influent | Water level control

------- w— Effluent
Water Sludgellitter layer

Soil and root layer

Impermeable liner Bed slope ~1%

Figure 2.1: Free water surface wetland characterization (Stefanakis et al., 2014)



The very first fully constructed wetland with a free water surface (FWS) was developed in 1967
in the Netherlands (de Jong, 1976). During the 1970s, the FWS wetlands were established in North
America (Constructed Wetlands - Water Canada, 2009). Free surface wetlands are very popular
and used in the United States of America, Canada, and Australia (Omondi & Navalia, 2020;
Vymazal, 2010; Zeng et al., 2019). The shallow water column can have a high oxygen
concentration and promote nitrification while the sediment or sludge layer is often anoxic and can

promote denitrification (Hassan et al., 2021; Vymazal, 2010).

Free surface wetlands are typically utilized for runoff from roads and highways, agricultural farms,
and urban territories (Kadlec & Wallace, 2008; Okurut, 2000; Vymazal, 2013). FWS is also used
for dairy wastewater, agricultural wastewater, municipal wastewater, landfill leachate, abattoir
factory, fish hatcheries, and wood waste leachate (Cameron et al., 2003; Kadlec & Wallace, 2008;
Okurut, 2000; Vymazal, 2013; Vymazal & Kropfelova, 2008). A shallow sealed basin or sequence
of basins with 20-30 cm of rooting soil and a water depth of 20—40 cm is characteristic of an FWS
CW with emergent macrophytes (Kadlec, 1995). Plants are rarely harvested, and the litter provides
a source of organic carbon for denitrification, which can occur in anaerobic zones within the soil
surface (Vymazal, 2010). In FWS wetlands, water can be lost totally in some circumstances due

to evapotranspiration and seepage within the system (U.S.EPA, 2000).

FWS wetlands passively provide effective treatment, reducing the need for mechanical equipment,
energy, and trained operators (USEPA, 2000). FWS wetlands are potentially less expensive to
build, run, and maintain than subsurface treatment systems (Hassan et al., 2021). Moreover, these
systems are a valuable addition to a community's "green space," as they provide wildlife habitat as
well as public recreational opportunities (Omondi & Navalia, 2020; Stefanakis & Headley, 2020;

USEPA, 2000; Vymazal, 2010). The removal of BOD, TSS, COD, metals, and organics in



municipal wastewater can be effectively removed with sufficient detention time. Phosphorus and
nitrogen removal can also be effectively reduced with longer retention times (Gorgoglione &
Torretta, 2018; USEPA, 2000). However, FWS wetlands can require a lot of area, especially if
nitrogen or phosphorus treatment is necessary (Hassan et al., 2021; Vymazal, 2010). Surface
wetlands can be a nuisance source of mosquitoes, ticks as well as other vectors (Gorgoglione &

Torretta, 2018; USEPA, 2000).

2.4 Removal Mechanisms of Pollutants in Surface Wetlands

Pollutants including suspended particles, metals, BODs, nutrients, hydrocarbons, and pathogens
can be found in municipal wastewater, urban runoff, and agricultural and industrial activities, all
of which can harm aquatic species and ecosystem health. Global environmental cycles have been
significantly influenced by human activity. Humans have increased the input of nutrients into
biogeochemical cycles, particularly nitrogen (Vitousek et al., 1997) and phosphorus (Reckhow &
Simpson, 2011), through farming methods, urbanization, industrialization, and other changes
(Picard et al., 2005). The effectiveness of the CW in improving water quality is dependent on a
variety of dynamic and interconnected processes that can be loosely grouped into three categories:

physical, chemical, and biological (Bosnina, 2021).

Eutrophication or nutrient enrichment of aquatic environments can increase the growth of algae
and aquatic plants, as well as the loss of component species and ecosystem function (Smith et al.,
1999). Eutrophication is the world's most serious water quality issue (Carpenter et al., 1998). For
example, EPA criteria for total nitrogen and total phosphorus were not met by 61% of 2048 water
bodies in the United States (Picard et al., 2005). Wetlands have been studied as a potential solution
to the world's eutrophication and water quality issues (Fraser et al., 2003). In treatment wetlands,

total nitrogen and total phosphorus removal can range from 3-98% to 31-99%, respectively,
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however, average removal across multiple studies is only approximately 50% (Dotro et al., 2017;

Kadlec & Wallace, 2008).

The removal mechanisms of wastewater pollutants in constructed wetlands were shown in Table

2.2 below.

Table 2.2: Pollutant and nutrient removal mechanisms of wastewater in constructed wetlands

Pollutant Process or mechanism of removal

TSS Sedimentation and/or filtration

BODs The aerobic or anaerobic degradation process
Sedimentation of organic particles

Nitrogen Ammonification

Settling of organic N

Nitrification and denitrification
Nitrogen uptake by roots and plants

Process of volatilization of ammonia and ANAMMOX

Phosphorus | Reactions of adsorption
Settling of particulate P
Phosphorus absorption by roots and plants

Precipitation with some cations

Pathogenic | Sedimentation and filtration or

organisms | UV ray action

Excretion of antibiotics by plants and other bacteria

Adapted from: Water Environment Federation (1994)

2.4.1 Suspended solids

Suspended solids are predominantly removed through flocculation, sedimentation, filtration, and
interception in wetland systems (Kadlec & Wallace, 2008). Death of invertebrates, fragmentation
of detritus from plants, generation of plankton and microorganisms within a water column or

attached to plant surfaces, and formation of chemical precipitates such as iron sulfide are all
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examples of suspended solid formation within the wetland (Abou-Elela, 2019). TSS in effluents
may be reduced to 5-15 mg/L by using free-surface wetlands as a secondary treatment (Reed et
al., 2005). Empirical relationships across numerous studies suggest a 75% removal rate for influent

TSS concentrations greater than 20 mg/L (Kadlec & Wallace, 2008).

2.4.2 Organic matter

The primary mechanisms for BOD removal in constructed wetlands are typically particulate
settling as well as aerobic and anaerobic microbial degradation (Karathanasis et al., 2003).
Atmospheric oxygen diffusion, convection (wind effect), and macrophyte root transfer into the
plant rhizosphere are all routes for supplying oxygen for aerobic breakdown, while anoxic to
anaerobic conditions may exist in the sediment layer (Abou-Elela, 2019). The removal of BOD is

well documented and follows first-order kinetics (Kadlec & Wallace, 2008).

2.4.3 Nitrogen

Nitrogen compounds are among the most significant constituents in wastewater, because of their
role in eutrophication and their impact on oxygen levels in receiving water bodies. These
compounds also increase plant development, which significantly improves the biogeochemical
cycles of the wetland. Optimizing the most fundamental chemical transformations of this element

is a difficulty in ecological engineering because the wetland nitrogen cycle is so diverse.

Ammonia (NH4*), nitrite (NO>), nitrate (NOz’), nitrous oxide (N20), and dinitrogen gas (N2) are
the most important forms of nitrogen in wetlands treating municipal or domestic wastewater
(Kadlec & Wallace, 2008; Lee et al, 2009). Volatilization, ammonification,
nitrification/denitrification, plant absorption, and matrix adsorption are some of the nitrogen
removal mechanisms in constructed wetlands as shown in Figure 2.2. Microbial

nitrification/denitrification is the primary removal mechanism in most constructed wetlands.

12



Ammonification is the first step in the process of converting organic nitrogen to inorganic nitrogen.
Microbial growth is aided by the energy generated during the ammonification process (Vymazal,
2007). Nitrifying bacteria in aerobic zones convert ammonia to nitrite and then to nitrate.
Denitrifying microorganisms in anoxic and anaerobic zones convert nitrates to dinitrogen gas
(Cooper et al., 1996; Watson et al., 2020). Organic nitrogen is also invariably present in FWS
wetlands and is the main N component of sediments and plant tissue (Kadlec & Wallace, 2008).
Plants and seasonal temperature changes are two factors that have a significant impact on the

system’s nitrogen removal efficiency (Picard et al., 2005).

NH, N2/N;O

= Q-

nerani:

1
DN 4= DON <= NH," ceron

Figure 2.2: Nitrogen transformation in FWS constructed wetland (Reddy & DelLaune, 2008)

Note: PON = Particulate organic N; DON = Dissolved organic N.

2.4.4 Phosphorus

Wetlands can accumulate phosphorus for both short and long-term periods using biological,
chemical, and physical mechanisms. In constructed wetland systems, phosphorus is removed by
microbial and plant uptake, integration into organic matter, substratum adsorption, and chemical
precipitation as shown in Figure 2.3 (Kadlec & Wallace, 2008; Mann, 1997; Richardson, 1985).
Phosphorus can be dissolved in water, a solid mineral in the soil structure, or a solid organic in
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biomass. Mostly organic phosphorus and orthophosphate enter most treatment wetlands; however,
significant organic phosphorus is transformed into orthophosphate during organic matter

degradation (Dotro, Langergraber, et al., 2017).

Flow rate, flow direction, water and soil chemistry, pH, and oxidation-reduction potential all affect
sorption. Soil sorption capacity is minimal, although it rises when there is a significant proportion
of mineral cations in the soil (Richardson, 1985). Because macrophytes’ decomposition
reintroduces the nutrient back into the system, their uptake is considered short-term and temporary
(Kadlec, 2010). Metal cations such as calcium, iron, and aluminum may abiotically coprecipitate
with dissolved phosphorus in the water column. Particulate phosphorus can be incorporated into
the sediment by sedimentation and can also be accreted into the soil through soil formation. Soil
accretion is responsible for the system's long-term and permanent P storage (Richardson &

Marshall, 1986).

Runoff,
Atmospheric

Deposition %/ N
Litterfall OQutflow

v
POP < DOP <> DIP ——— PIP —

Periph: P
Y 4 ;'7;"!&' ! AEROBIC
[Fe, Al or

Figure 2.3: Phosphorus transformation in FWS constructed wetland (Reddy & DelLaune, 2008)

Note: POP = Particulate organic P; PIP = Particulate inorganic P; DIP = Dissolved inorganic P; DOP =
Dissolved organic P; Al = Aluminum; Fe = Iron; Ca = Calcium.
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2.5 Factors affecting FWS wetland performance

2.5.1 Climatic conditions

Wetlands are heavily influenced by climatic conditions since they are shallow bodies of water
exposed to the atmosphere. Seasonal temperature ranges, freezing periods, and precipitation
patterns must be considered during system design (Bendoricchio et al., 2000; Bosnina, 2021).
Significant interactions with the atmosphere via precipitation and evapotranspiration influence
water circulation in wetlands. These elements have an impact on the treatment process in treatment
wetlands as precipitation dilutes concentrations and increases flow, whereas evapotranspiration
increases concentrations while lowering flow (Kadlec & Wallace, 2008; Okurut, 2000; Vymazal,

2010).

2.5.2 Soil and geological conditions

The site's soils should be identified for planning purposes. Soils are divided into groups depending
on a variety of physical and chemical features (Kadlec & Wallace, 2008). Depth of seasonal high
groundwater, depth of confining layers of clays, soil textures, and chemical composition are
examples of soil characteristics that may be useful during project design, particularly for bank
building or leaking into the groundwater. In some applications, such as phosphorus or metal
removal, the sorption potential of the soils will be a design variable (Bendoricchio et al., 2000;

Stefanakis & Headley, 2020).

2.5.3 Hydrological factors

The factors such as the source of water, depth of water, flow rates, residence time, etc., influence
the wetland hydrodynamics and the physical and chemical properties of the wetland substrate
sediments (Stefanakis & Headley, 2020). The hydrodynamics in a wetland determine the types of
flora and fauna that emerge in each region and the nutrient dynamics and biological processes that
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take place. The more time water spends in a wetland, the more likely it is for waterborne

contaminants to interact with the wetland environment (Kadlec & Wallace, 2008; Okurut, 2000)

2.6 Design considerations for FWS wetland

The design criteria and guidelines for various parameters of FWS wetlands are established by
several researchers. The size of FWS wetlands is usually determined by their area or volume

(Stefanakis & Headley, 2020).

2.6.1 Volumetric and Areal loading-based kinetic model for wetland performance

The reaction kinetics for the contaminant of interest are often used to quantify the complicated
decomposition, transformation, and removal processes that occur in treatment wetlands. Wetland
designers often use chemical kinetic theory to represent the kinetics and hydraulic behavior of
wetland treatment. The design of CW is based on two first-order models: the volumetric-based
model by Reed et al. (2005) and the areal loading-based model by Kadlec & Wallace (2008). The
volumetric-based model (Eq.2.1) is based on the rate constant and a plug-flow approach, while the

areal-based model (Eq.2.2) used P-C*-k values with the tank-in-series approach.

Ci . V*n .
In (C_o) =Kt 5 Equation 2.1

Where, C; = inlet concentration (mg/L)
Co = outlet concentration (mg/L)
Kt = volumetric first-order kinetic rate constant, d*
V= treatment volume of the wetland, m*
n = porosity (percent, expressed as a decimal fraction)
Q = average flow rate through the wetland, m*/d

CO = C* _ 1
Ci-Cx (1+k/Pq)’

Equation 2.2

Where, C+ = background concentration (mg/L),
k = first-order areal rate constant (m/yr),
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P = apparent number of tanks in series,
g = hydraulic loading rate (m/yr).

The Tank-in-series model created by Kadlec & Wallace (2008) has been the most often used
modeling system to characterize treatment performance. The significance of influent
concentrations, HLR, and HRT on first-order k-values has been proven in investigations. This
model assumes steady-state conditions: no infiltration, no evapotranspiration, and constant flow.
Even though this assumption does not accurately reflect field conditions, the TIS and P-C*-k
models have been used to estimate discharge concentrations in treatment wetlands with acceptable
performance (Kadlec, 2003). Rate coefficients, which vary for each treatment performance

parameter, are used to complete wetland design sizing and estimations for pollutant removal.

Table 2.3: P, C* (mg/L) and k (m/yr) values for different constituents

Constituents | P?  C*(mg/L)?® k(m/yr)? | P® C*(mg/L)® k(m/yr)®
BOD 1 2 33 1 1 23
TN 3 15 12.6 3 0.4 3.9
NH3 3 0 14.7 3 0 3.8
NOs 3 0 26.5 3 0.02 101

Source; Treamentwetiands 1y, Kadlec & Wallace (2008),
b Brighton, Ontario wetland by Kadlec et al. (2012)

The value of parameters C™ and P used in the investigation of different wetlands are as follows.
For most pollutants, background concentrations, or C* values are close to zero for NHz and NOs',
however, Brighton wetland used C*=0.02 mg/L for NH3-N. Most of the FWS wetlands used P=1
for BOD and P=3 for nitrogen constituents. The irreducible background concentrations, C*, were
also calculated using the lowest effluent concentrations recorded in the Constructed wetlands for
each contaminant (Trang et al., 2010). The average annual k- values for ten years in Brighton
wetland treating municipal lagoon effluent are 23 m/yr for BOD, 3.9 m/yr for TN, 28.5 m/yr for
ammonification, 3.8 m/yr for nitrification, 101 m/yr for denitrification (Kadlec et al., 2012).
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Moreover, the average annual k- values by Kadlec & Wallace (2008) at the 50" percentile was

observed as 33 m/yr for BOD, 12.6 m/yr for TN, 14.7 m/yr for ammonia, and 26.5 m/yr for nitrate.

Most design criteria given in the literature are based on personal experience rather than scientific
evidence, making them difficult to apply across a range of influent concentrations, flow rates, and
soil conditions. Long-term monitoring projects at different wetlands sites would allow the

estimation of acceptable rate coefficients.

2.6.2 Cell configurations and retention time

The number and arrangement of individual wetland cells (in parallel and series), as well as their
dimensions, are important design steps after determining the FWS wetland area. Multiple
wetland cells can provide the advantages of allowing for more design and operation flexibility, as
well as improving overall system performance (Bendoricchio et al., 2000). The average water
depth in CW ranges from 0.1 to 0.6 m (Bendoricchio et al., 2000; Reed et al., 2005). The retention
time should range from 2 to 3 days for each wetland cell (USEPA, 2000). Bendoricchio et al.
(2000) suggest retention times should be 5 to 10 days for BOD and TSS removal and 8 to 14 days
or longer for nitrogen removal, while Crites (1994) suggests a retention time of 15 to 25 days for

phosphorus removal.

The length-to-width ratio is highly significant in wetland design, because of its effect on flow
distribution and hydraulic short-circuiting. The effectiveness of pollution removal is increased
when the hydraulic performance is good, which is achieved by the design of the shape and
hydraulic structures (Bendoricchio et al., 2000). Typically, the aspect ratio is between 2:1 to 5:1
(Economopoulou & Tsihrintzis, 2004) but some studies also resulted in a good performance with
a length: width ratio of 10:1 (Hammer, 1989). Deep open water ponds within constructed wetlands

are beneficial to facilitate mixing and reduce short-circuiting between wetland cells, providing
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sedimentation of smaller particles, and enhancing the wetland system's visual and recreational
value (Bendoricchio et al., 2000). Also, deep water ponds allow oxygenation and increase the
overall retention time of the wetland system. The inclusion of open water areas in FWS treatment
wetland systems has been divided into two categories (a) Deep zones inside the wetland and (b)
Ponds preceding wetlands. Ponds help settle incoming TSS, but they also produce TSS through
algal cycling. Pre-treatment ponds are essential for systems with high-influent solids. For example,
APAI (1995) reported that although the settling ponds only took up 15%-25% of the total area,

they were responsible for 94%-97% of the solid removal.

2.7 Effects of temperature and age on FWS wetland

Even in reasonably cold weather, FWS wetlands can operate during the winter because water may
be regulated to flow under ice (Kadlec & Wallace, 2008). As temperatures drop, however,
complete freeze-up occurs, resulting in over-ice water flows and ice buildup. Microbial processes
are greatly reduced by cold water temperatures, and the plant cycle is dormant in freezing
conditions. Ice and snow obstruct oxygen transmission to under-ice water. The overall observed
treatment slowdown is the result of these separate process effects combined in complicated ways

(Kadlec et al., 2012).

Uusheimo et al. (2018) investigated wetlands that received nitrogen-rich wastewater. During the
ice-free period, the highest removal efficiency was found at 79% for ammonium-nitrogen (NH4"-
N), 71% for nitrate-nitrogen (NO3™-N), and 88% for phosphate-phosphorus (PO4*-P). Truu et al.
(2009) found that temperature also affects nitrogen efficiency in wetland systems. Nitrogen
removal and nitrification will be reduced when temperatures fall below 10°C (Bendoricchio et al.,
2000). However, winter performance in constructed wetlands in Denmark, Sweden, and North

America was not significantly lower than in other seasons (Jenssen et al., 1993).
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Kadlec et al. (2012) studied a FWS wetland located in Brighton, Ontario, Canada treating
municipal lagoon wastewater for ten years from 2001 to 2010. The study presents monthly
averages for ten years and found no clear effect of system age on treatment. They found that total
phosphorus (TP) entering the wetland follows a strong seasonal pattern with higher inlet
concentrations in late summer (July—September) and lower inlet concentrations in winter months,
which corresponded to lower removal in late summer and higher removal in winter. Also, TSS and
BOD resulted in higher concentrations and higher removal in winter and early spring. However,
nitrogen had higher removal in the spring and summer periods as compared to the winter season
(Kadlec et al., 2012). The age and temperature effects on nitrogen removal over ten years from
2002-2011 were studied in a FWS wetland treating post-tertiary sewage for the municipality of
Eskilstuna, Sweden (Waara et al., 2015). A temperature effect on wetland performance was
observed with average temperatures between 8-10°C (April to October) removing 70-100% of TN,
which temperatures below 8°C (November to March) removing 0-30% of TN. However, no effect

of system aging was observed on TN reduction.

2.8 Plant effects in FWS wetlands

Plants use nutrients for metabolic growth. Plant uptake can be a significant source of nutrient
removal in wetland systems, particularly at low loading rates (Gottschall et al., 2007). They may
also absorb trace compounds found in the root zone, which are then retained or released as gases
in some situations. The roots are primarily responsible for uptake, and they are most typically
found in wetland soils, while adventitious roots can occasionally be discovered in the water column
(Kadlec & Wallace, 2008). The purpose of aquatic plants in FWS systems is to stabilize the surface
of the beds, create good conditions for physical filtration, and provide a large surface area for

associated microbiological development (Brix, 1994). Decomposing plant biomass may produce
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the organic carbon needed for denitrification (Vymazal, 2013). Additionally, the macrophyte helps
to stabilize the wetland media, lowers clogging, enhances hydraulic conductivity, creates a suitable
environment for bacteria to grow, absorbs nutrients, and oxygenates the water (Stefanakis et al.,

2014).

Floating-leaved plants

Free-floating plants

Submerged plants

<€ Littoral zone >

Figure 2.4: Various aquatic plants found in the littoral zone of the wetland (Rana & Maiti,
2020)

The cattail species is a perennial freshwater wetland macrophyte that can reach a height of three
meters or more and the leaves are thick, ribbon-like structures with a spongy cross-section that
shows air passages (Vymazal, 2013). Typha latifolia has flat, arching, pale grayish-green leaves
and the stems are sharply triangular or gently rounded and softly angled, reaching up to 3 m tall in
certain species or even higher. Roots penetrate down to 70-80 cm, allowing for more aeration in
the root zone. Scirpus validus roots, on the other hand, hardly penetrate 10-30 cm in manmade
wetlands (Vymazal, 2013). However, unlike other standing aquatic species, the plants have a great
capacity for nutrient removal, especially in wetlands receiving nutrient-rich water (Okurut, 2000).
The N and P standing stock values range from 12.5t0 585 g m2 and 1.8 t0 112.5 g m?, respectively

(Kadlec & Wallace, 2008). Previous research has found that macrophytes play a significant role
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in pollutant removal. COD and BOD reductions of about 89% were found in planted systems, on
the other hand in control systems the reduction rate is about 85% (Karathanasis et al., 2003).
Bachard and Horne (1999) found higher removal of nitrogen in a Typha sp. wetland (565 mg N

m2d 1) compared to a Scirpus sp. wetland (261 mg N m2 d1) in California.

2.9 Review of various FWS wetland systems treating or polishing municipal

wastewater

There has been significant research done on using wetlands to treat wastewater (Hammer, 1989;
Jorgensen & Mitsch, 1989; Kadlec & Wallace, 2008; Moshiri, 2019; Reed et al., 2005; Sedlak,
1991; Tchobanoglous & Burton, 1991). For more than 35 years, treatment wetlands have been
implemented in Canada to clean wastewater and stormwater (Kadlec et al., 2012). In North
America, free-surface wetlands are the most common type of wetland used for wastewater

treatment (Brix, 1994).
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Table 2.4: Summary of inlet concentrations and percentage removal for FWS wetlands

Location TSS BOD COD TN TP HRT References

Full-scale studies

Brighton, IN (mg/L) 132 54 13.6* 0.378 9.4d (Kadlec et al.,

Ontario ® %Removal 45% 41% 18%* 33% 2012)

Garip, IN (mg/L) 92 292 616 36 6.6 29d (Gunes et al.,

Italy P %Removal 66% 90% 92% 50% 35% 2012)

Pompea, IN (mg/L) 36 39 100 25* 9.1 5-14d (Tsihrintzis et

Greece ° %Removal 84% 80% 82% 28%* 32% al., 2007)

Tianjin, IN (mg/L) 97 119.9 396 330 15-3 (Li&lJiang,

China ? %Removal 80% 85% 51% 70% d 1995)

Pilot-scale studies

Truro, IN (mg/L) 483 1329 36.6* 3.5 25d (Boutilier et

NSP %Removal 78%  69% 46%* 39% al., 2010)

Sri Lanka P IN (mg/L) 162.7 60.4 1.68 18hr (Jinadasa et
%Removal 76% 54% 15% al., 2006)

Miho, Japan® IN(mg/L) 150 200 140 100 10 6d (C. Liuetal.,
%Removal 98% 90% 82% 47% 53% 2009)

Laboratory-scale study

Kerala, India® IN (mg/L) 400 511.1 537.6 128* 16d (Midhun et
%Removal 94% 84% 87% 37%* al., 2016)

This IN (mg/L) 116 126 6.6 1.2 40d

study ? %Removal 97% 57% 51% 83%

® FWS wetland after lagoon treatment

b FWS wetland after septic tank treatment
¢ FWS wetland using raw wastewater

* Nitrogen in the form of TKN

A long-term study was conducted in Brighton, Ontario treating continuous discharge municipal

lagoon effluent with a FWS wetland (Kadlec et al., 2012). The system had an average flow rate of
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3072 m*/d and 9.4 days of hydraulic retention time and was operated under an ice layer during the
winter months. The inlet concentrations were observed as 13.2 mg/L TSS, 5.4 mg/L BOD, 13.6
mg/L TKN, and 0.378 mg/L TP. The wetland resulted in 45% TSS, 41% BOD, 18% TKN, and 33
% TP removal efficiency. Also, they discovered that the constructed wetland may be used
throughout the year in a relatively cold region, but the spring growing season saw the most
removals except TP. The cold temperatures slow down the treatment due to a lack of microbial
processes and a lack of oxygen transfer under ice and snow. Also, vegetation plays important role

in the spring and summer seasons.

Gunes et al. (2012) conducted a full-scale study of the FWS wetland situated in Garip village near
Lake Egirdir, Turkey with a flow rate of 462 m*/d and around 29 days of HRT. The average
concentrations at the FWS wetland inlet were 92 mg/L for TSS, 292 mg/L for BOD, 616 mg/L for
COD, 36 mg/L for TN, and 6.6 mg/L for TP. The study revealed that the system removed
approximately 66%, 90%, 92%, 50%, and 35% of TSS, BOD, COD, TN, and TP from the high-
strength domestic wastewater, respectively. The full-scale FWS wetland system located in
Pompeo, Crete, South Greece was investigated by Tsihrintzis et al. (2007). The flow rate of the
wetland system was 144 m®/d and retention time was varying between 5-14 days. The influent
concentrations were 36 mg/L, 39 mg/L, 100 mg/L, 25 mg/L, and 9.1 mg/L for TSS, BOD, COD,
TKN, and TP respectively. The system resulted in 84% TSS, 80% BOD, 82% COD, 28% TKN,
and 32% TP removal efficiency. They also concluded that the FWS system performed well in

BOD, COD, and TSS removal compared to a vertical subsurface wetland system.

Two small-scale FWS domestic wastewater treatment wetland located in Truro, Nova Scotia was
investigated by Boutilier et al. (2010) between October 2007 and April 2009. Each wetland had a

100 m? surface area, was loaded with 1,400 L/d of domestic septic tank effluent and had an
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estimated hydraulic retention time (HRT) of 25 days. The average influent concentrations were
observed as 48 mg/L TSS, 133 mg/L BOD, 37 mg/L TKN, 3.5 mg/L TP, and 2.2 mg/L SRP. Both

wetlands in total were reduced by 78% TSS, 69% BOD, 46% TKN, 39% TP, and 35% SRP.

The Tianjin Institute for Environmental Protection located in China explored the effectiveness of
FWS CW for municipal sewage treatment. 97 mg/L TSS, 120 mg/L BOD, 40 mg/L TN, and 3.3
mg/L TP were observed at the inlet of the wetland. The treatment results for CW in Tianjin for
TSS, BOD, TN, and TP are respectively 80%, 85%, 51%, and 70% at a flow rate of 200 m®/d and
a retention time of 1.5 to 3.0 days (Li & Jiang, 1995). Jinadasa et al. (2006) examined the
performance of three pilot-scale free water surface constructed wetlands in treating domestic
wastewater in tropical climatic conditions. The wetland was built to treat domestic wastewater in
Sri Lanka with a flow rate of 13 m3/d and 18h of HRT. The raw influent wastewater concentrations
were 162.7 mg/L for TSS, 60.4 mg/L for BOD, 13.3 mg/L for NO3, 1.8 mg/L for TP, and 1.68 for
SRP. The study resulted that the system has the potential for removing 76% TSS, 54.3% BOD,
58.6% NO3, 38.8% TP, and 14.9% SRP. Furthermore, Liu et al. (2009) studied a pilot-scale FWS
wetland located in Miho village, Japan, and operated using the influent wastewater flow of 500
L/d with a hydraulic retention time (HRT) of six days. The influent concentrations were observed
as 150 mg/L, 200 mg/L, 140 mg/L, 100 mg/L, 88 mg/L and 10 mg/L for TSS, BOD, COD, TN,
NH.*, and TP respectively. The removal efficiency for TSS, BOD, COD, TN, NH4*, and TP was

97.7%, 90.1%, 81.7%, 46.7%, 46.9%, and 52.5%, respectively.

Ozengin & Elmaci (2014) investigated an FWS wetland on a laboratory scale in Turkey with weak
domestic wastewater (COD-250 mg/L) and strong domestic wastewater (COD-500 mg/L) with 3
days of retention time. Both wastewaters were examined for planted (with Lemna minor L.) and

unplanted systems in a reactor with a surface area of 1200 cm? and a water depth of 6 cm. The
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average removal efficiencies obtained from the evaluation of the system in the weak domestic
wastewater treatment were 60.29 and 57.88 % for COD, 16.78 and 11.73 % for BOD, 31.09 and
13.1 % for total nitrogen, 36.61 and 17.53 % for total phosphorus, 36.4 and 16 % for
orthophosphate in planted and unplanted reactors, respectively. However, the average removal
efficiencies obtained from the evaluation of the system in the strong domestic wastewater
treatment were 91.42 and 87.67 % for COD, 79.09 and 69.92 % for BOD, 72 and 63.6 % for total
nitrogen, 66.62 and 54.79 % for total phosphorus, 61.82 and 51.7% for orthophosphate in planted
and unplanted reactors, respectively. The wastewater treatment efficiency of a constructed wetland
system using a laboratory-scale model with 16 days of HRT and treating domestic wastewater was
examined by Midhun et al. (2016) in Kerala, India. The inlet concentrations were 400 mg/L for
TSS, 511.1 mg/L for BOD, 537.6 mg/L for COD, 128 mg/L for TKN, and 91.4 mg/L for NOs. The
surface flow constructed wetland system showed a removal efficiency of 94%, 84%, 87%, 37%,

and 98% respectively for TSS, BOD, COD, TKN, and NOs.

2.9.1 Discussion

The removal percentages of TSS and BOD are often high in full-scale FWS-constructed wetlands
that treat domestic wastewater, although the removal percentages of nutrients (N and P) are
typically low and mostly variable (Doku & Heinke, 1995; Gunes et al., 2012; Kadlec et al., 2012;
Li & Jiang, 1995; Tsihrintzis et al., 2007). However, the research conducted in Brighton wetlands
resulted in only 45% of TSS removal due to very low inlet concentrations and they are also hitting
natural background concentrations (Kadlec et al., 2012). The removal of TSS in all other full-scale
and pilot-scale studies listed above was around 80%. The full-scale studies in Canada resulted in
a variation in the BOD removal rate from 34% to 98% (Boutilier et al., 2010; Doku & Heinke,

1995). While the full-scale studies besides Canada resulted in better performance in terms of BOD
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removal rates ranging from 84 to 94% (Gunes et al., 2012; Li & Jiang, 1995; Tsihrintzis et al.,
2007). Very few researchers investigated the performance of COD removal in FWS wetlands. The
full-scale study in Mediterranean countries observed above 90% of COD removal (Gunes et al.,
2012; Tsihrintzis et al., 2007), while 75% of COD removal resulted in research investigated by
Doku & Heinke (1995) in North-west territories in Canada. The laboratory studies resulted in

better performance for BOD and COD removal efficiency (Midhun et al., 2016).

The N removal in full-scale and pilot-scale FWS wetlands by most of the authors was lower than
50% (Kadlec et al., 2012; Liu et al., 2009; Midhun et al., 2016). A very high range of TP removal
efficiency (33-97%) in full-scale FWS wetlands was found in the literature (Doku & Heinke, 1995;
Gunes et al., 2012; Kadlec et al., 2012; Li & Jiang, 1995; Tsihrintzis et al., 2007). The laboratory-
scale study conducted by Ozengin & Elmaci (2014) concluded that FWS wetland performed better,
and the removal efficiency of nutrients was also high with a higher range of domestic wastewater
as compared to weak domestic wastewater. The pilot-scale and laboratory studies observed a low
amount of N and P removal (Jinadasa et al., 2006; Midhun et al., 2016; Ozengin & Elmaci, 2014),

while full-scale wetlands performed well in P removal.

2.10 Nutrient sinks and mass balance in FWS wetlands

The attenuation of organic compounds in wetland systems includes complex interactions between
physical, chemical, and biological processes (Imfeld et al., 2009). All these activities take place in
the many wetland compartments, including water, plants, algae, bacteria, sediments, and soil. Both
nitrogen and phosphorus can exist in a variety of states (particulate, dissolved, organic, inorganic),
and the various activities that occur inside the wetland compartments react differently to each of
these states. Mass balance methods can be used to characterize the accumulation of N and P in the
different wetland storage compartments.
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The deposit of nitrogen as organic matter in the sediments may lead to nitrogen storage in
constructed wetlands (Bastviken, 2006). The settling of solid particles, mortality of the below-
ground biota, and litterfall cause the deposition and accumulation of nitrogen in constructed
wetland soils (Lee et al., 2014). Wetland soils and sediments usually contain most of the
phosphorus that is present. The remaining phosphorus is found in plants and litter, with very little
mass being found in microorganisms, algae, or water (Kadlec & Wallace, 2008; Vymazal, 2007).
The long-term storage of phosphorus mainly depends on soil and sediment accumulation (Dolan
etal., 1981; Reddy et al., 1999). N accumulation in different wetland sediments ranged from 15.9
to 26.6 g/m? (Wu et al., 2012). Moreover, Dunne et al. (2007) studied that in comparison to the
sum of all other ecosystem compartments (above-ground plant biomass, plant litter, and below-
ground plant biomass), phosphorus storage in an isolated emergent marsh wetland topsoil (0-10

cm) was highest and more than 87 %.

A mass balance study was conducted by Silbernagl (2017) on a three-cell surface flow wetland
following the primary treatment of treating domestic wastewater located in the Eastern Cape
province of South Africa. The inlet and outlet concentrations were recorded for four months from
April to September. The nitrogen storage in the wetland was 450 kg with 138 kg in plants and 312
kg in sediments, while the phosphorus storage was 57 kg with 13 kg in plants and 44 kg in
sediments (Silbernagl, 2017). Lee et al. (2014) studied the nitrogen mass balance in the FWS
system for 4 years from 2008 to 2012 treating piggery wastewater. The average nitrogen
concentration at the influent was 37,819 kg/year, and roughly 45% of that quantity was left in the
effluent. This resulted in denitrification accounting for 34% of the net nitrogen input, while
sediment accretion made up approximately 7% of the total input. Only 1% of the total nitrogen

load was held in the biomass of plants (Lee et al., 2014). The FWS wetland treating a slightly
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polluted river resulted in nitrogen removal by plants being 8-34 % of nitrogen input, whereas
sediment storage provided 21-34% of the nitrogen removal, according to the mass balance concept
(Wu et al., 2012). Research on a FWS wetland treating piggery wastewater reported a phosphorus
mass balance for 2 years from 2008 to 2010. During the monitoring period, the average inflow and
outflow phosphorus loads were 1,167 kg/yr and 408 kg/yr, respectively. The average phosphorus
retention rate was 65%, and the main accumulation was in sediments with 30% of the total. Less
than 1% of phosphorus was taken up by plants (Lee et al., 2012). However, no similar and detailed

study treating municipal lagoon wastewater was found for phosphorus and nitrogen mass balance.

2.11 Summary

Small rural communities need low-cost and easy-to-maintain wastewater treatment solutions.
Constructed wetlands may prove to be a cost-effective, low-maintenance, natural alternative that
is both aesthetically pleasing and provides habitat for wildlife. Several studies investigated that
free surface wetlands are useful to treat municipal wastewater at some level. The studies on
FWS wetlands demonstrate that suspended solid and BOD removal percentages are generally high,
however nutrient (N and P) removal percentages are often low and more inconsistent. Moreover,
few studies analyzed the COD and TN removal efficiency in FWS wetlands treating domestic
wastewater. Aquatic plants uptake nutrients, metals, and other contaminants and play a significant
role in reducing nutrient concentrations. The literature review suggests that considerable lack of
research on free surface wetlands based on temperature and system age effects. As well, there are

few published reports on CW applications in cold climates.

This research is capturing effects and changes in surface wetland removal efficiency due to age
and temperature and is characterizing long-term storage and nutrient fractioning in the different

wetland compartments. This study may increase our understanding of the ability and performance
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of treatment wetland systems to remove nutrients in a seasonal polishing wetland operating in a

colder climate region.
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CHAPTER: 3

Long-term Performance of a Free Water Surface Constructed
Wetland and Vegetated Filter Treating Municipal Lagoon Effluent

3.1 Abstract

A Free Water Surface (FWS) constructed wetland was established to polish lagoon effluent from
an annual (spring) discharge lagoon in the Town of Alfred, Ontario to extend the discharge period
from June to November. The wetland system commenced operation in 2000 and operated
seasonally for ten years followed by an 11-year dormant period. In 2021, the wetland was restarted
with an increased wetland operating depth from 25 to 50 cm. Wetland performance was compared
between the Startup Period (Years 1-3), the Mature operation Period (Years 4-10), and the Restart
Period. No significant effect of aging or the dormant period was observed on the treatment of
organic matter and total phosphorus (TP), but the removal rate of organic nitrogen and nitrate (NO
-N) was improved after a dormant period in 2021. The total suspended solids (TSS) removal
improved significantly during the Restart Period, likely due to the increase in operating depth. The
wetland system resulted in removing 97% TSS, 57% chemical oxygen demand (COD), 83%
Organic nitrogen, 37% NO,-N, 18% ammonia (NH.,-N), 83% TP, and 87% soluble reactive
phosphorus (SRP) in the restart period. No significant effects of seasonal temperature were
observed on biological oxygen demand (BOD) and NOs removal, while TP removal efficiency
was significantly higher from August to October compared with both early summer (June) and late
fall (November). First-order kinetic removal rate constants (k) were determined for BOD and
nitrogen species. The averaged k values for BOD, TN, NH,*, and NO; were 45.8 m/yr, 7.9 m/yr,

15.5 m/yr, and 3.0 m/yr, respectively.
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removal rate

3.2 Introduction

Lagoons are particularly well suited to treat wastewater from rural communities as they are less
expensive to build and operate than other systems (Steinmann et al., 2003). In Canada, municipal
lagoon system discharges are regulated by Provincial governments and more recently by the
federal government through the Wastewater Systems Effluent Regulations, which stipulates
maximum concentrations of 25 mg/L for TSS and cBODs and 1.25 mg/L NHz at 15°C + 1°C
(WSER, 2012). However, facultative lagoons alone are often unable to meet increasingly stringent
water quality criteria for pollutants (USEPA, 2022). One potential solution is to establish a
treatment wetland to polish lagoon effluent (Polprasert et al., 2005). A combined system in North
America typically consists of facultative lagoons for primary and secondary treatment, followed

by a constructed FWS wetland system (Kadlec et al., 2012).

Wetlands are designed and constructed to treat municipal, industrial, and agricultural wastewater
at a low cost by using natural processes including microbial transformation, plant uptake, and soil
adsorption. Many studies show the efficiency and performance of treatment wetlands all over the
world (Kadlec & Wallace, 2008). Constructed wetlands (CW) are considered among the most
appropriate solutions for rural and small communities (Wood et al., 1995), and have been utilized
for wastewater treatment in North America since the 1970s (Kadlec et al., 2009; Vymazal, 2010).
CWs can remove a variety of pollutants from wastewater, including BOD, COD, TSS, TN, TP,
total coliforms, and metals, by microbial degradation, plant absorption, substrate adsorption,
filtering by packed media, and biological predation (Kadlec & Wallace, 2008; Saeed & Sun, 2011).

Removal efficiencies greater than 80% are typical for TSS and BOD (Jenssen et al., 1993), while
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large variability has been reported for N and P removal from systems treating domestic and
municipal wastewater (Jenssen et al., 1993; Wu et al., 2011) and in several cases failing to meet
nitrogen and phosphorus treatment objectives (Fraser et al., 2004a; Greenway, 2005). Changes
in macrophyte species and density, media, wastewater type, retention times, loading rates, climatic
conditions, temperature, design, and size may also play an important role in the differences
between results (Brisson & Chazarenc, 2008; Gearheart, 1992; Tanner, 2001). Liu et al. (2016)
suggested that the increases in water depth of a constructed wetland from 20 cm to 60 cm have
little effect on improving nutrient removal efficiency. However, the study on FWS wetland
reported that a water depth of 20 cm presented the lowest TSS, TN, and TP removal rate and

observed better treatment efficiency between 30 to 50 cm of water depth (Guo et al., 2017).

The lack of long-term wetland studies is an important data gap as nutrient removal, and particularly
phosphorus removal is not clearly defined over short time frames (Land et al., 2016; Vymazal,
2018). The effects of wetlands maturation (Nilsson et al., 2020b) and seasonality (Land et al.,
2016), short-term studies may be insufficient to specify any general conclusions (Nilsson et al.,
2020a). Kadlec et al. (2012) studied a FWS wetland located in Brighton, Ontario, Canada treating
municipal lagoon wastewater for ten years from 2001 to 2010 with no clear evidence found on the
effects of system age. Also, the long-term study from 2002 to 2011 on a FWS wetland treating
post-tertiary sewage for the municipality of Eskilstuna, Sweden reported no indication of variation
due to the age of the wetland system (Waara et al., 2015). The seasonal and temperature effects on
wetland performance remain contentious (Vymazal, 2011). Picard et al. (2005) reported that
temperature has a greater impact on nitrogen removal in wetlands than they do on phosphorus
removal, which is mostly dependent on sediment adsorption instead of biological activities.

However, M&hlum et al., (1999) reported no effect of temperature on nitrogen, phosphorus, and
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BOD treatment efficiency. Also, Jenssen et al., (1993) found no seasonal effects in wetlands

situated in Denmark, Sweden, and North America.

A pilot FWS-constructed wetland system was established at an annual discharge lagoon (spring-
controlled discharge) for the Town of Alfred, ON, Canada. The objective of the wetland is to polish
lagoon effluent to discharge to a receiving brook from June to November, thus increasing storage
capacity in the lagoon. The pilot system was operated for 10 years while meeting treatment
objectives for BOD and TP but not for TSS, followed by 11 years of dormancy, before re-starting

the system in 2021 at a higher operating depth.

The objectives of this study are: (i) to evaluate the performance of a FWS constructed wetland and
vegetated filter to polish municipal lagoon effluent (ii) to evaluate the effect of increasing operating
depth on system performance in general and on TSS removal in particular, (iii) to investigate the
effect of system aging from 1-10 years of operation and the effect of an 11-year dormant period
on system performance, (iv) evaluate the effect of seasonal temperature on system performance,

and (v) recommend design criteria for seasonal lagoon polishing wetlands.

3.3 Materials and Methods

3.3.1 Site description and operation

The pilot-constructed wetland and vegetated filter are located at the municipal lagoon in the Town
of Alfred, Ontario, Canada approximately 70 km east of Ottawa (approx. population 1350)
(45°32°36” N, 74°51°32” W). The Town’s wastewater is treated in a two-cell facultative controlled
discharge lagoon that discharges once a year in the spring to the Azitica Brook, which later flows
into the Ottawa River north of the Town. The lagoon cells were built in the early 1970s. The

wetland system was constructed in 1999.
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Figure 3.1: Schematic diagram of Alfred Constructed Wetland System

The pilot-constructed wetland system consists of three cells in a marsh-pond-marsh configuration.
The wetland cells, FSW | and FSW I are shallow basin surface-flow wetlands operating at 25 cm
water depth from the year 2000 to 2009. The depth of the wetland was increased to 50 cm in the
restart year 2021 after a long dormant period to account for accumulated sediment and to improve
TSS effluent quality. The FSW 1 is 78m in length x 40m in width and FSW 11 is 39m in length x
40m in width. The pond dimensions are 78m in length x 40m in width. The depth of the pond was

95 cm from 2000-2009 and it averaged 120 cm in the year 2021. A vegetated filter was also
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established as a post-wetland polishing system. The vegetated strip is 30m length x 20m width at
a 2.5% slope. The runoff from the vegetated filter strip was collected at the end of the system in a

pond with dimensions of 20m in length x10m in width x 0.5m in depth.

The system was operated from 2000 to 2009 and then after eleven years, it was re-started in 2021.
The wetland was dosed from the lagoon with a ¥ HP (Myers WHR7-21C) sewage pump via 7.5
cm ABS piping to a 7.5 cm PVC perforated header pipe across the inlet of the first wetland cell.
The vegetated filter strip was dosed with the wetland outlet via 7.5 cm ABS piping to a 5.0 cm
PVC perforated pipe across the top of the filter. The wastewater runoff from the vegetated filter

was collected in a manhole and pumped back to the lagoon.

3.3.2 Sampling and analysis

3.3.2.1 2021 Operating Season:

The system was restarted at the beginning of July 2021 and operated until freeze-up at the
beginning of November. Water samples were collected weekly from five different locations across
the system flow profile: Lagoon (L), Wetland 1 outlet (W1), Pond dock, Wetland 2 outlet (W2),

and Vegetated filter return (VF) (Figure 3.1).

Grab samples were collected from the middle of the water column using a Nasco swing sampling
pole. Grab samples were in-situ analyzed for pH, dissolved oxygen, and temperature with a

HACH-HQ40D multimeter (LDO101 probe for DO and PHC101 probe for pH).

The collected samples were transported to the Environmental Engineering Research Laboratory
for analysis at the University of Ottawa. The samples were stored in the refrigerator at 4 + 2°C. All
grab samples were analyzed using the following standard methods for the Examination of Water

and Wastewater (APHA, 2012). Total suspended solids (TSS) were analyzed as per method 2540
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D. Total phosphorus (TP) and ortho-phosphates (PO4*-P) were measured as per method 4500-P B
& D (stannous chloride). Ammonia (NH4™ -N) and nitrate (NO3™ -N) were measured according to
methods 4500-NHs D and 4500- NOz™ D respectively. Total nitrogen (TN) and Chemical oxygen
demand (COD) were measured using the HACH method 10071 and HACH method 8000

respectively.

3.3.2.2 2000-2009 Operating Seasons:

The monitoring program was conducted by the Ontario Rural Wastewater Centre, Campus
d’Alfred, University of Guelph. The data remains unpublished except for the first operating year
2000 (Cameron et al., 2003). Grab samples were collected from the middle of the water column
using a Nasco swing sampling pole. Grab samples were in-situ analyzed for pH, dissolved oxygen,

and temperature with a YSI Pro1020 multimeter.

Grab samples were collected weekly to bi-weekly depending on the year and analyzed at the
ORWC'’s environmental quality laboratory at Campus d’Alfred, University of Guelph. The
following Standard Methods (APHA, 1998) were used: 5-day BOD (BODs) as per method 5210
B; total Kjeldahl nitrogen (TKN) according to method 4500-Norg B; NH4" according to method
4500-NH3 D; NOs™ according to method 4500-NOs” D; TP according to method 4500-P B;

orthophosphate (O-PO.*) as per method 4500-P E; TSS as per method 2540 D.

3.3.2.3 Monitoring Intensity:

Monitoring program intensity varied across the operating years. Influent (Lagoon) and wetland
outlet (W2) samples were collected for all operating years. Additionally, samples were collected
at the end of Wetland 1 (W1), Pond, and Vegetated Filter (VF) from 2000 to 2004 and during

2021. Complete datasets were available for BODs, TSS, TP, NH4", and NOs", with COD replacing
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BODs in 2021 as BOD levels were below the method detection limit. Additionally, OPO,* data

was available from 2000 to 2002 and 2021, and TN data from 2000-2003 and 2021.

3.3.3 Data Analysis

The correlation between the lagoon and W2 over the monitoring period was analyzed for TSS,
BOD, NOz", NH4", and TP. The correlation was not calculated for COD, TN, and SRP due to a
lack of data series. The data were divided into three phases to compare any effect of aging on
system performance: the Start-up Phase (2000-2002), the Mature Operating Phase (2003-2009),
and the Re-start Phase (2021). The aging effect was observed as per the available data for each
nutrient. The wetland performance for the aging effect was calculated in terms of concentrations

removal (%R) as:

Cin - Cout

%R = x100 Equation 3.1

where Ci, and Coyt Were the concentration of a given contaminant in the inflow and outflow sample.

Moreover, the data collected in the year 2021 at various wetland segments were compared to the

historical data from 2000-2004 as this period had a complete dataset including for the VF.

The effect of temperature was considered for BODs, TP, and NOs-N, the dominant nitrogen
species. The Lagoon and W2 data for all monitoring years were divided into three groups of
increasing temperature from June — August (15-19, 20-24, and 25-29°C) and four groups of
decreasing temperature from September to November (20-24, 15-19, 10-14, and 0-9°C) to compare

equivalent temperature and seasonal effects.

Wetland kinetic rate constants (k values) were determined using the P-k-C* tank in series (TI1S)

model by Kadlec & Wallace (2008).
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Co-C* 1
Ci-C*  (1+k/Pq)’

Equation 3.2

Where, Co, = outlet concentration (mg/L), Ci = inlet concentration (mg/L), C* = background
concentration (mg/L), k = first-order areal rate constant (m/yr), P = apparent number of tanks in

series, and g = hydraulic loading rate (m/yr).

The equation was used to determine average k values BOD, TN, NH4", and NOs™ removal. The
background concentration (C*) values were used as minimum concentrations observed in this
study as 1 mg/L for BOD, 0.6 mg/L for TN, and 0.05 mg/L for NO3". While the inlet concentrations
were very low, the C* value for NHs"=0 mg/L was found in the literature (Kadlec et al., 2012;
Kadlec & Wallace, 2008). Also, the values for P=1 for BOD and P=3 for TN, NH4", and NOs
were used for the kinetic model and observed by other studies (Kadlec et al., 2012; Kadlec &

Wallace, 2008).

Average data from the meteorological station of Ottawa Intl airport and Montreal Intl airport was
used to approximate the precipitation rate and daily mean temperature during the study period. The
hydraulic loading rate (HLR) and hydraulic retention time (HRT) were different for both wetland
and vegetated systems. The average inflow of wetland was 141 + 5 m3/day in all monitoring years
resulting in an HLR of 6.6 m®m?/yr. While the VF system was dosed at 44 + 6 m®/day from the
year 2000 to 2009 and 33 m®/day in the year 2021. The flow for both systems was assumed
independent of the frequency of precipitation rate. The retention times were different before and
after the dormant period as the depth increased in the year 2021. From the year 2000 to 2009 the

HRT was 15 days and in the year 2021 HRT was 40 days for the wetland system.
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3.3.4 Statistical Analysis

Significant differences in parameter concentrations were tested using a one-way analysis of
variance (ANOVA) test. Differences were tested between treatment components, operating years
(system aging), and time periods (temperature and season). Pearson’s Correlation Coefficient was
used to compare inlet and outlet data sets as well as the relationship between water quality

parameters.

3.4 Results and Discussion

The system was operated from June to November (2000-2009) and restarted in 2021 after an
eleven-year dormant period. The inlet and outlet data are presented as time series to observe any
long-term trends and are also grouped into three phases of operation to evaluate the effect of the
startup period (plant establishment), mature operation, and restart after a dormant period on
wetland performance. Longitudinal data across the wetland system is also presented to evaluate

the internal performance within the system.

3.4.1 Climatic conditions

The averaged meteorological data from the Ottawa and Montreal Intl Airports were used to
approximate the conditions at the research site, as it is roughly equidistant between the two
airports. The average monthly precipitation and temperature over the study period are presented
in Figure 3.2. Precipitation was quite variable but with consistent average values during the
wetland operating period. Average temperatures ranged from a low of -9 + 3 °C in January to a

high of 22 + 1°C in July.
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Figure 3.2: Monthly Average + STDEV precipitation (mm) and temperature (°C) from 2000 to
2021 (Average of two meteorological climate stations, Ottawa International Airport and
Montreal International Airport; Environment and Climate Change Canada)

3.4.2 Dissolved Oxygen and pH

The water quality parameters of dissolved oxygen (DO) and pH were measured during each
sampling event at each sampling location. Average values for the entire study period are presented
in Table 3.1 as no significant change was observed over time for either parameter. The inlet
(lagoon) and wetland water column remained highly aerobic ranging from 4.7 to 8.9 mg/L, while
the pH was neutral to slightly basic ranging from pH 7.4 to pH 8.3. This is consistent with FWS
wetlands, where outlet water’s pH was just above neutrality in the open water zone providing a
high pH environment due to high algal activity. The pH was in the range of 6.5 < pH < 9.0 required

for water discharge limits (Kadlec & Wallace, 2008).

Table 3.1: DO and pH observations (Mean £ STDEV) at various locations

Location DO (mg/L) pH
Lagoon 47+1.2 74+0.3

w1 82+29 80x05

P 79+28 81+04
W2 6.2+18 75+03
VF 89+29 83%06
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3.4.3 Total Suspended solids (TSS)

No clear trend in TSS removal or TSS outlet concentrations with time was observed (Figure 3.3).
Inlet and outlet concentrations varied widely from between 16 + 3 and 152 + 84 mg/L for the
lagoon and between 3 £ 1 and 55 = 36 mg/L for the wetland outlet, with outlet concentrations
exceeding inlet concentrations for 2 years. No correlation was observed between inlet and outlet
concentrations (R?=0.02). In comparison to the solids entering the system, the solids leaving the
system are frequently created from plant detritus and the resuspension of previously settled solids

in the wetland (Kadlec & Wallace, 2008).
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Figure 3.3: Wetland System Inlet and Outlet TSS (Mean £ 95%CIl) concentrations by Year

No significant differences in outlet TSS concentrations were observed between Startup and Mature
Phases with 35 + 29 and 26 + 13 mg/L, respectively; however, a significant decrease in TSS outlet
concentration was observed in the Restart Phase with 3 + 1 mg/L (P<0.05) (Table 3.2). This is the
only year, except during the first year of operation, where the treatment objective of 10 mg/L was
met and is likely due to the increase in operating depth in the wetland cells from 25 to 50 cm,
reducing the resuspension and export of sediment. Removal efficiencies increased from 41 and
60% during the Startup and Operating Phases to 97% with the increased operating depth during

the Restart Phase. Empirical relationships across numerous studies suggest a 75% removal rate for
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influent TSS concentrations greater than 20 mg/L (Kadlec & Wallace, 2008). In the FWS wetland
located at Truro, Nova Scotia treating septic tank effluent with HLR of 5.1 m3/m?/yr and influent
TSS concentrations of 48.3 mg/L resulted in 78% treatment efficiency (Boutilier et al., 2010).
Also, a FWS wetland treating secondary effluent with TSS inlet concentrations of 92 mg/L and
HLR of 59.4 m®m?/yr observed 66% TSS removal (Gunes et al., 2012). This study with a hydraulic
loading rate of 6.6 m®m?/yr exhibited lower TSS removal efficiencies as compared to literature
values during the Startup and Mature periods but higher removal efficiencies during the Restart

Phase with an increase in operating depth from 25 to 50 cm.

Table 3.2: TSS percentage removal at three different phases of wetland

Lagoon W2 Removal
(Mean £ 95 CI) (Mean £ 95 CI)  Efficiency (%)
Startup (2000-2002) ¥ 88 +54 35+29 60
Mature (2003-2009) 44 + 19 26 £13 41
Restart (2021) T 116 £118 3+1 97

tLagoon and W2 difference statistically significant (P<0.05) using ANOVA test

TSS removal through the system compartments exhibited similar trends through all operating
phases with a large initial reduction in the first wetland cell of 73-80% followed by further
reductions in the Pond cell to achieve 85-90% removal efficiencies (Figure 3.4). This is expected
as most TSS should be physically removed through sedimentation and filtration early in the system
(Kadlec & Wallace, 2008). However, TSS concentrations increased in the second wetland cell
during Startup and Mature Phases, indicating a resuspension of sediment at the 25 cm operating
depth. This contrasts with the much lower average concentration observed during the Restart
Phase, where the operating depth was increased to 50 cm, again suggesting that increasing the

operating depth significantly improved TSS effluent quality.
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Figure 3.4: Comparison of TSS (Mean £ 95%CI) concentrations at various wetland segments

The performance of the vegetated filter was quite variable during both the Startup and Mature
Phases with TSS concentrations of 22 + 27 and 13 + 7 mg/L, respectively, compared with 4 + 2
mg/L during the Restart Phase. During the Startup and Mature Phases, barley was grown and
harvested from the VF, while during Restart Phase the VF was operated as a grass filter. These
results indicate that the barley filter was not capable of reducing TSS to the objective of 10 mg/L,
possibly from the soil being disturbed during seeding and harvesting, while the grass filter
maintained very low TSS concentrations, suggesting a grass filter could provide an effective TSS
polishing step. It is reported that TSS may be reduced to 5-15 mg/L in free-surface wetlands used
for secondary treatment of municipal wastewater (Reed et al., 2005) while this study observed an
effluent concentration below 15 mg/L only in the Restart phase with a wetland operating depth

increased to 50 cm.

3.4.4 Organic Matter
No trend in inlet or outlet BOD concentrations was observed over time with relatively low average
lagoon BODs concentrations varying between 3 = 2 and 21 + 12 mg/L and wetland outlet

concentrations varying between 2 + 2 and 9 + 1 mg/L (Figure 3.5). Inlet and outlet concentrations
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demonstrated a strong correlation (R?=0.69), with wetland outlet concentrations consistently

meeting the treatment objective of 10 mg/L.
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Figure 3.5: Wetland System Inlet and Outlet BODs (Mean £ 95%CI) concentrations by Year

No differences in inlet or outlet concentrations were observed between the Startup and Mature
Phases with removal efficiencies of 44 and 50%, respectively (Table 3.3). BODs outlet
concentrations approached background water quality levels, which limit the removal efficiencies
observed. The Restart Phase demonstrated a similar level of treatment with a COD removal
efficiency of 57%. A similar lagoon polishing FWS system from 2000 to 2010 in Brighton, ON
reported 40% BOD removal with a low inlet concentration of 5.4 mg/L (Kadlec et al., 2012). FWS
wetlands treating domestic wastewater typically remove over 80% BODs (Doku & Heinke, 1995;
Gunes et al., 2012; Tsihrintzis et al., 2007) and 75% to 92% COD (Gunes et al., 2012; Tsihrintzis

et al., 2007), however, with higher inlet concentrations than is the case with this study.

Table 3.3: BODs/COD percentage removal at different phases of wetland

Parameter Lagoon W2 Removal
(Mean £95CI) (Mean+95CIl) Efficiency (%)
Startup (2000-2002) ¥  BODs 11+9 4+2 44
Mature (2003-2009) +  BODs 9+4 4+2 50
Restart (2021) COD 126 + 13 54 +4 57

tLagoon and W2 difference statistically significant (P<0.05) using ANOVA test
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The same trend in treatment was observed for all three operating phases with significant reductions
in BOD or COD only occurring in the first wetland cell with concentrations approaching
background levels (Figure 3.6). This indicates that one FWS cell would be sufficient to polish
lagoon effluent to maintain BODs less than 10 mg/L at the loading rates applied. No significant
differences in any of the operating phases were observed between the wetland outlet and the

vegetated filter.
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Figure 3.6: BODs (2000-2002 & 2003-2004) and COD (2021) (Mean + 95%CI) concentrations
at various wetland segments

3.4.4.1 Seasonal temperature effects:

The seasonal temperature did not have a significant effect on BOD lagoon or wetland outlet
concentrations as shown in Figure 3.7. However, BOD outlet concentrations ranged from 3-6
mg/L and were likely impacted by background concentration thresholds. Kadlec & Wallace (2008)
suggested that BOD removal is not improved at higher wetland water temperatures, which is
consistent with these findings. Conversely, the Brighton wetland system with an average inlet
concentration of 5.4 mg/L performed better during winter while no significant removal was

observed between June and November (Kadlec et al., 2012).
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Figure 3.7: Wetland System BODs (Mean + 95%CI) concentrations at various seasonal
temperature ranges

3.4.4.2 BOD removal rate coefficients:

The kinetic rate constant for BODs removal for the first wetland cell was calculated using Eq. 3.2
from 2001-2004 with k = 45.6 + 12.9 m/yr (P=1; C*=1 mg/L). The kinetic rate constant for COD
removal was calculated for 2021 with k = 32.6 m/yr (P=1; C*=35). These values are similar to
each other as well as to the 50% percentile k value for systems with BOD < 30 mg/L of 33 m/yr
(Kadlec and Wallace, 2008). The Brighton wetland system reported a lower k value of 23 £ 5 m/yr
which is likely due to the lower influent BOD concentration observed with that system (Kadlec et
al., 2012). Given the similar k values to literature and the similar k values between COD and BOD
observed, these values can be used with a degree of confidence for system design. Furthermore,
the similar trends in organic matter reduction and k-values observed between the three Phases
suggest that increasing the water depth at the Restart Phase had no significant effect on organic

matter reduction in the system.

3.4.5 Nitrogen
The time series of inorganic nitrogen inlet and outlet concentrations are presented in Figure 3.8.

Inlet nitrate concentrations increased from the detection limit value of 0.10 mg/L to 0.44 mg/L
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over the Startup Phase of the system, while outlet concentrations remained at or close to detection
limit values, suggesting plant uptake during the macrophyte establishment phase. During the
Mature Phase, a relatively constant but small reduction in nitrate concentration was observed at
0.12 = 0.06 mg/L while inlet concentrations varied between 0.30 and 1.25 mg/L. This indicates
that both plant uptake and denitrification played marginal roles in the net reduction of nitrate in
the system and suggests that low-carbon FWS systems are not effective at denitrification.
However, during the Restart Phase, nitrate concentrations were reduced by 1.45 mg/L from 3.90
to 2.45 mg/L, suggesting improved conditions in the sediment supporting denitrification. Inlet and
outlet nitrate concentrations were strongly correlated (R?=0.94) due to limited treatment in the

system.

Ammonium inlet concentrations were low, varying from 0.08 to 0.84 mg/L but exhibited good
removal throughout both the Startup and Mature Phases; however, no significant reduction was
observed during the Restart Phase, indicating an effect of either the dormant period or the increased
operating depth on net nitrification. Inlet and outlet ammonium concentrations showed a weak
correlation of R?=0.19, which was impacted by the almost complete NH4* removal with varying

inlet concentrations observed during many operating seasons.
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Figure 3.8: Wetland System Inlet and Outlet NO3-N and NH4"-N (Mean + 95%Cl)
concentrations by Year

Organic N removal was high in both Startup and Restart Phases with 46 and 83%, respectively,
reflecting removal through sedimentation (Table 3.4). Inlet nitrate concentrations increased
sequentially through the three Phases, while treatment varied by operating phase. During Startup
Phase 50% removal was observed, likely due to plant uptake of low concentrations. This is
consistent with observations of a high N removal rate in starting phase of FWS systems due to
initial vegetation planting (Nilsson et al., 2020b). During Mature Phase only 7% removal was
observed, likely due to a lack of carbon to support denitrification, while during the Restart Phase
38% removal efficiency was observed, suggesting increased sediment levels provided better
conditions for denitrification, while increased operating depth could also play a role in reducing
oxygen transfer to the sediment. Ammonium reduction was high during both Startup and Mature

Phases at 83 and 66%, respectively, while only 18% removal was observed during the Restart
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Phase, suggesting that either the dormant period or the increased operating depth had a negative

impact on nitrification.

Table 3.4: Org N, NO3” and NH4* percentage removal at different phases of wetland

Lagoon W2 Removal
(Mean £95Cl) (Mean =95 CIl) Efficiency (%)
OrgN
Startup (2000-2002) 24+0.6 1.3+0.2 46
Restart (2021) 2312 04+0.2 83
NOs-N
Startup (2000-2002) 0.24+£0.13 0.12+£0.03 50
Mature (2003-2009) 0.96 £0.14 0.89+£0.76 7
Restart (2021) T 3.90+1.15 2.46 £0.24 37
NH4*-N
Startup (2000-2002) ¥ 0.42+0.21 0.07 £0.03 83
Mature (2003-2009) 0.43 £0.09 0.11+£0.03 66
Restart (2021) 0.45+0.23 0.37 £0.07 18

tLagoon and W2 difference statistically significant (P<0.05) using ANOVA test

Different trends in nitrogen reduction across the system were observed for different operating
phases (Figure 3.9). During Startup Phase, the first wetland cell removed 46% of organic N and
most of the nitrate and ammonium, with no further reductions observed in the system. During
Mature Phase, a surprising reduction of organic N was observed only in W2 but increased again
in the vegetated filter, no nitrate reduction was observed across the system, while ammonia
reduction occurred on in the first wetland cell and was constant thereafter. During the Restart
Phase, organic N was reduced in the first wetland cell, a trend of nitrate reduction was observed

throughout the system, while no reduction in ammonium was observed.
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A FWS wetland system for polishing municipal sewage observed no variation and aging effects in
nitrogen removal over ten years (Waara et al., 2015). The Brighton FWS system treating post-
lagoon effluent with an HLR of 19.3 m®/m?/yr had removal efficiencies of 17% for organic N, 36%
for NOs", and 17% for NH.* from respective inlet concentrations of 2.24 mg/L, 0.53 mg/L, and
11.31 mg/L and an average BODs of 5.4 mg/L (Kadlec et al., 2012). Pilot-scale FWS studies
reported a 39% removal efficiency for NO3™ with an influent concentration of 1.8 mg/L (Jinadasa
et al., 2006), and 42-59% removal efficiencies for NH4* with influent concentrations above 10
mg/L (Boutilier et al., 2010; Jinadasa et al., 2006; Liu et al., 2009). However, this study with a
loading rate of 6.6 m3/m?/yr observed that the Startup phase resulted in better removal efficiency
for NO3” and NH4" as compared to the Mature phase, while the Restart phase after a long-dormant

period performed well for Organic N and NO3™ removal.
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Figure 3.9: Comparison of NO3z", NH", and organic N (Mean + 95%CIl) concentrations at
various wetland segments by Operating Phase (a) Startup (2000-2002), (b) Mature (2003-2004),
and (c) Restart (2021)

3.4.5.1 Seasonal temperature effects:
Nitrate concentrations were independent of the seasonal temperature changes as shown in Figure

3.10, with no significant differences in the lagoon and W2 concentrations observed at any of the
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temperature conditions (P>0.05). The limited nitrate removal in the system likely resulted from a
lack of a significant anoxic sediment layer and low influent carbon. This contrasts with a treatment
wetland in Tres Rios, Arizona, where nitrate removal was better in warmer temperature ranges

between 15-30°C at influent concentrations from 1 to 4 mg/L (Kadlec & Reddy, 2001).
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Figure 3.10: Wetland System NO3s™ (Mean £ 95%CI) concentrations at various seasonal
temperature ranges

3.4.5.2 Nitrogen removal rate coefficients:

The Kinetic rate constants were calculated from Eq. 3.2 and compared with values from the similar
Brighton wetland (Kadlec et al., 2012) as well as the 50" percentile values presented in Kadlec
and Wallace 2008). The average annual k-value for TN was 7.9 + 4.7 m/yr (C*=0.6 mg/L, P=3)
which is comparable to the 50" percentile k-value of 12.6 m/y and higher than the 3.9 m/y reported
for the Brighton wetland. The average annual k-value for NH4* reduction was 15.5 + 7.8 m/yr
(C*=0 mg/L; P=3), which is similar to the 50" percentile k-value of 14.7 m/y and higher than 3.8
m/y reported for the Brighton wetland. The average annual k-value for NOs” was 3.0 + 2.3 m/yr
(C*=0.05 mg/L, P=3), which is much lower than the 50" percentile k-value of 26.5 m/y and 101

m/y reported for the Brighton wetland. The very low kinetic rates for nitrate removal are likely
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related to a lack of available carbon for denitrification in the system and suggest that the plant litter

is not a sufficient carbon source.

3.4.6 Phosphorus

Inlet average TP concentrations ranged from 0.63 to 3.27 mg/L over the study period with higher
concentrations observed during the first 4 years of operation. Outlet concentrations were greatly
reduced to between 0.04 and 0.19 mg/L with no apparent trend or correlation to influent (R?=-
0.01) (Figure 3.11). The average outlet concentrations consistently met the treatment objective of
0.3 mg/L TP.
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Figure 3.11: Wetland System Inlet and Outlet TP (Mean * 95%CI) concentrations by Year

High removal efficiencies of 83-94% were observed as well as no significant differences in outlet
concentrations over the three operating periods (P>0.05) (Table 3.5). SRP concentrations were
also reduced to very low concentrations during Startup and Restart Phases of 0.05 £ 0.02 and 0.03

+ 0.02 mg/L, respectively.
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Table 3.5: TP and SRP percentage removal at different phases of wetland

Lagoon W2 Removal
(Mean £95Cl) (Mean =95 ClI) Efficiency (%)

TP
Startup (2000-2002) ¥ 1.88 £ 0.80 0.11 £ 0.07 94
Mature (2003-2009) 1.11+0.28 0.17 £ 0.04 85
Restart (2021) 1.20+1.08 0.20 £0.25 83
SRP
Startup (2000-2002) ¥ 1.18 +0.41 0.05+0.02 96
Restart (2021) T 0.23+0.42 0.03 £ 0.02 87

tLagoon and W2 difference statistically significant (P<0.05) using ANOVA test

The Brighton FWS wetland study treating municipal lagoon effluent for ten years reported an
average of 32.5% TP removal rate with 0.4 mg/L of inlet concentration and HLR of 19.3 m¥m?/yr
with no effect of wetland aging observed (Kadlec et al., 2012). A FWS wetland treating septic tank
effluent located at Truro, Nova Scotia was studied by Boutilier et al. (2010) with a loading rate of
5.1 m3/m?yr and an average influent concentration of 3.5 mg/L TP and 2.2 mg/L SRP. They
reported a treatment efficiency of 39% and 35% for TP and SRP, respectively. Two full-scale FWS
domestic wastewater treatment wetlands removed 35% of inlet TP concentrations between 6.6 to
9.1 mg/L (Gunes et al., 2012; Tsihrintzis et al., 2007). This study observed consistent removal

efficiency greater than 83% for both TP and SRP, which is better than the comparative literature.

A clear trend of increasing TP in both W1 and Pond cells was observed from the Startup to Mature
Phase and from the Mature to Restart Phase (P<0.05) despite a decreasing trend in lagoon
concentrations (Figure 3.12). This suggests that TP in the water column of W1 and Pond is
increasing with accumulating sediment, which is supported by a strong correlation observed

between TSS and TP of W1 and Pond cells during the Restart Phase (R?=0.67). However, this
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effect has not been observed in the second wetland cell, where no differences in TP were observed
between the three Phases (P>0.05). The two long-term mechanisms of P removal are sediment
accumulation and adsorption to wetland soils (Dolan et al., 1981; Reddy et al., 1999). The very
low SRP concentrations throughout the system, with no significant differences between Startup
and Restart Phases (Figure 3.12), strongly suggest that the clay soils of the system have not reached
saturation after 11 years of loading. The trend of TP reduction with treatment cells observed in the
Restart Phase and the strong correlation to TSS suggests that as sediment levels increase, the
subsequent treatment cells play an important role in sediment control and corresponding TP

settling, which was not observed during the Startup or Operating Phases.

No significant differences between W2 and VFS were observed for either TP or SRP during any

of the operating Phases (P>0.05).
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Figure 3.12: Comparison of TP and SRP (Mean + 95%CI) concentrations at various wetland
segments

3.4.6.1 Seasonal temperature Effects:
The lagoon concentrations were strongly related to seasonal temperature variation with TP
increasing from 1.0 mg/L in early summer to a maximum of 2.2 mg/L at the height of summer and

then declining to 0.7 mg/L in late fall (Figure 3.13), most likely corresponding to the production
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of algae in the lagoon. Outlet concentrations were stable at 0.23 = 0.03 mg/L during the summer
months, despite increasing inlet concentrations, and were stable but significantly lower during the
fall at 0.10 + 0.03 mg/L (P<0.05), despite declining inlet concentrations. This suggests that internal
production of algae and plant detritus during the peak growing season (June-August) resulted in
higher export of TP than in the fall season. An increase in outlet TP was also observed in the very
late fall with the lowest temperature range of 0-9°C, suggesting a possible release of phosphorus

from decaying litter following plant senescence.
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Figure 3.13: Wetland System TP (Mean + 95%CI) concentrations at various seasonal
temperature ranges

The lack of vegetation in colder temperatures is also one factor that decreases phosphorus removal
efficiency (Kadlec, 2010). A study on various wetlands resulted in low to no effects on TP due to
temperature changes (Kadlec & Reddy, 2001). The Brighton wetland operated in all seasons and
resulted in higher TP removal in the winter and early spring (January to April) with temperatures
below 10°C and 0.6 mg/L inlet concentrations in that season. Also, the study observed a negative
removal rate with an average inlet concentration of 0.2 mg/L in summer and early fall as wetlands

released phosphorus and increased outlet concentrations (Kadlec et al., 2012). However, this study
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resulted in better performance in higher temperatures during the Summer (25-29°C) and Fall (10-

24°C) seasons with more than 90% removal efficiency.

3.5 Conclusion

The wetland system was shown to provide effective long-term treatment of municipal lagoon
effluent. No aging effect was observed for BOD and TP removal, while internal TP concentrations
increased with time and are likely related to increasing sediment levels. TSS removal efficiency
was significantly higher during the restart phase and is likely due to the increase in operating depth
from 25 to 50 cm. Higher NO;- and NH,* removal efficiencies were observed during the start-up
period and can be attributed to plant growth during wetland establishment and higher removal rates
of organic N and NO; were observed during the restart phase, likely due to a combination of

increased water depth and sediments in the wetland system.

The wetland system was effective at removing organic matter and nutrients with average removal
efficiencies of 97% TSS, 57% COD, 83% Organic N, 37% NO;-N, 18% NH.,*-N, 83% TP, and
87% SRP in restart period. The vegetated filter generally did not contribute to increased water

quality, likely due to the high removal efficiencies observed in the wetland system.

No seasonal temperature effect was observed for either BODs or NO3z". However, a seasonal
temperature effect was observed on TP performance as the removal efficiency was higher during

the late summer and fall compared with early summer and late fall.

The kinetic removal rate (k) was calculated for the lagoon polishing wetland system using the first-
order P-k-C* model. The averaged k values were: 45.8 m/yr for BOD, 7.9 m/yr for TN, 15.5 m/yr
for NH,*, and 3.0 m/yr for NO;. The BOD, TN, and NH,* removal rate constants were within the

ranges observed in the literature from similar applications, while the NO; k-value was lower than
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in other similar studies and suggests limited denitrification potential from low-carbon wastewater

sources.
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CHAPTER: 4

Long-Term Removal, Partitioning, And Storage of Nutrients in a
Free Water Surface Constructed Wetland Polishing Municipal
Lagoon Effluent

4.1 Abstract

The research was conducted on a marsh-pond-marsh free surface flow wetland system situated in
Alfred, Ontario polishing municipal lagoon effluent on a seasonal basis. The wetland operated for
10 years, was dormant for 11 years, and was restarted in 2021. At the end of the 2021 operating
season the wetland compartments of soil, sediment, plants, and water column were characterized
for nitrogen and phosphorus species and compared with the nutrient mass fluxes over the 11
operating years. The system was loaded with 267 kg of phosphorus (P) over operating years with
partitioning of: 50.8 £ 25.7% in soil, 25.1 £ 7.9% in sediment, 10.9 £+ 3.8% in plants, 1.1 + 0.4%
in the water column and 12% exported in the effluent. The system was loaded with 1258 kg
nitrogen (N) over operating years with partitioning of: 9.6 + 1% in soil, 6.8 + 1.4% in sediment,
16 £ 6% in plants, 1.6 + 0.4% in water, 44.4% exported in effluent and 21.5 + 12.6% lost to the

atmosphere.

Keywords: Constructed wetland, Sediments, Soil, Plants, Nutrient accumulation, Mass balance

4.2 Introduction

Wetlands offer essential environmental services like nutrient management, nutrient retention, and
wastewater treatment (Zedler & Kercher, 2005). Constructed wetlands (CWs) are artificial systems
that follow a combination of biological, chemical, and physical processes found in natural
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wetlands, but in a more contained environment (Vymazal, 2010; Ezzat & Moustafa, 2020).
Constructed wetlands are designed systems that are intended and built to use natural processes
including wetland vegetation, soils, sediments, and associated microbial communities to help treat

wastewaters (Vymazal, 2010).

Wetlands store nutrients and convert them from biologically available to non-biologically
available forms and vice versa (Reddy et al., 1999). Uptake and release by plants, macrophytes,
and microorganisms; sorption and exchange interactions with soils and sediments; chemical
precipitation in the water column; and sedimentation and entrainment are some of the phosphorus
retention mechanisms (Reddy et al., 1999; Vymazal, 2007). The soil is the most important long-
term ecosystem P storage compartment, according to studies of wetland ecosystem structure and
function (Dolan et al., 1981; Richardson & Marshall, 1986). The deposit of nitrogen as organic
matter in the sediments may lead to nitrogen storage in constructed wetlands (Bastviken, 2006).
The long-term storage of phosphorus mainly depends on soil and sediment accumulation (Dolan
et al., 1981; Reddy et al., 1999). N accumulation in different wetland sediment ranged from 15.9
to 26.6 g/m? (Wu et al., 2012). Debusk & Reddy (2004) reported that phosphorus concentrations
were 1150 mg/kg and 640 mg/kg at 0-10 cm and 10-30 cm depth of soil, respectively. The range
of the P concentration of soil is 200 to 5000 mg/kg, with a mean of 600 mg/kg (Strickland et al.,

2010).

Typha latifolia is an aquatic macrophyte that emerges from the water and plays an essential role
in wetland transition (Weisner, 1993). Typha latifolia has been utilized to treat municipal
wastewater as a secondary and/or tertiary treatment with significant performance (Chung et al.,
2008). In emergent marsh wetlands, below-ground biomass can be considerably higher than above-

ground biomass (Richardson & Marshall, 1986). Reddy & Smith (1987) reported that nitrogen and
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phosphorus standing stock for emergent species in the range of 14-156 g N/m? and 1.4-37.5 g P/m?
respectively, but they also indicated that more than 50% of this could be stored below ground.
Plants uptake soluble reactive phosphorus and convert it to tissue phosphorus, where a portion will

ultimately be deposited into wetland soils and sediments (Vymazal, 2007).

Interconversion of all types of phosphorus occurs in wetlands. Soil accumulation,
adsorption/desorption, precipitation/dissolution, plant/microbial assimilation, fragmentation and
leaching, and mineralization are phosphorus conversions in wetlands (Vymazal, 2007). Braskerud
(2002) defines phosphorus mass balance as phosphorus retention as the difference between
phosphorus mass inflow and mass outflow. In constructed wetlands, nitrogen is removed through
several processes, including substrate adsorption, plant absorption, volatilization, ammonification,
nitrification, and denitrification. However, nitrification and denitrification are the main removal
mechanism in most constructed wetlands (Sudarsan et al., 2021). The nitrogen accumulation and
the amount loss to the atmosphere between the nitrogen mass inlet and mass outlet are described
as nitrogen mass balance. This research study is focused on the nutrient accumulation in sediments,
plants, and soil. The objectives of this study were: i) Investigate and compare the sediment, soil,
and plant nutrient storage in a wetland system. ii) Compute phosphorus and nitrogen mass balances

in the wetland system over the operating period.
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4.3 Materials and methods

4.3.1 Site description and operation

The Alfred wetland system (45°32°36” N, 74°51°32” W) is situated around 70 kilometers east of
Ottawa. The effluent from the village of Alfred is currently controlled in a two-cell wastewater
lagoon that discharges once a year in the spring to the Azitica Brook, which eventually runs into
the Ottawa River north of the village. The constructed marsh-pond-marsh wetland — vegetated
filter system was designed to polish municipal lagoon effluent to meet stringent summertime

discharge requirements to a dry stream.

+——

Pumping Stafion ~ 500m North of Lagoons

Figure 4.1: Aerial photograph of the Alfred Wetland and the Municipal Sewage Lagoons

The FSW I and FSW 11 wetland cells are shallow basin surface-flow wetlands with a water depth
of 25 cm from the years 2000 to 2009. The depth of water was increased to 50 cm after a long
dormant period in the restart year 2021 to account for accumulated sediment and to improve TSS
effluent quality. The FSW I is 78 m long and 40 m wide, while the FSW 11 is 39 m long and 40 m
wide. The Typha latifolia cattails were densely planted in both wetlands, with a few bulrushes

(Scirpus acutus) along the edges of both wetlands. The pond measures 78 m long and 40 m wide
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with an average depth of 95 cm from the year 2000-2009. The average depth of the pond was 120

cm in 2021.

The system was operated from 2000 to 2009, and then it was restated in 2021 after an eleven-year
dormant period. In the lagoon, a % HP dosing pump (Myers WHR7-21C) was installed with a 3-
inch outlet pipe. The pump was set to operate every 5 minutes and 30 seconds with intervals of 11
minutes. The lagoon wastewater was pumped to the header pipe of wetland cell 1 using a 3-inch

ABS pipe. Wetland effluent was pumped back into the lagoon.

4.3.2 Sampling and analysis

4.3.2.1 Sediment sampling:

A total of 24 sediment samples were collected across the wetland and pond cells. Samples were
collected using a Sludge Judge™ on October 28™, 2021. All the samples were analyzed for total
solids (TS), volatile solids (VS), total phosphorus (TP), orthophosphate (PO4>-P), total nitrogen
(TN), ammonia (NHs"-N), nitrate (NO3™-N) at the environmental engineering laboratory at the
University of Ottawa. The samples were analyzed using the following procedure as per ‘Standard
Methods for the Examination of Water and Wastewater’ (APHA, 2012). TS and VS were analyzed
as per method 2540 G. TP and POs*-P were measured as per method 4500-P B & D (stannous
chloride). NHs" -N and NOs -N were measured according to methods 4500-NHs; D and 4500-
NOs" D respectively. TN was measured using the HACH method 10072. Grab samples were in-
situ analyzed for pH with a HACH-HQ40D multimeter (PHC101 probe for pH). Three sludge
samples from the start, middle, and end of cell 1, pond, and cell 2 were shipped to the Agriculture

& Food Laboratory at the University of Guelph for total organic carbon (TOC) analysis.
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4.3.2.2 Plant sampling:

Three wetland plant samples (above-ground biomass) were collected from each wetland cell on
October 13", 2021. Wetland plant density was measured in 1 m x 1 m squares, in addition to plant
height and stem diameter using a digital caliper. The wet weight for each sample was measured in
the University of Ottawa environment engineering laboratory and then sent to the Agriculture &

Food laboratory at the University of Guelph for plant tissue TP and TN analysis.

4.3.2.3 Soil sampling:

Soil samples were collected from the inlet, middle, and outlet of both wetland cells and the pond
cell. Each sample was subdivided into three depths for analysis (0-5, 5-10, and 10-15 cm). All soil
samples were collected on October 27", 2021, and then sent to the Agriculture & Food laboratory
at the University of Guelph for Extractable-P analysis. Soil inorganic nitrogen was extracted by
mixing for 90 minutes 6 grams of air-dried soil with 2M KCI (Keeney & Bremner, 1966) with the

extractant analyzed for NH4* and NOs" as the sediment samples described above.

4.3.2.4 Water Quality Sampling and Analysis:

Wetland water quality monitoring was conducted from 2000 to 2009, the system was dormant
from 2010 to 2020 and resumed operation in 2021. Water quality samples for nutrients were
collected from the influent (lagoon) and wetland system outlet (W2) on a weekly to bi-weekly
basis during overall operating periods. Complete data sets for TP were available, while data for
SRP was only available from 2000 to 2002, and 2021. Complete datasets for NO3-N and NH4*-N

were available, while TN data was available for 2000-2003 as well as in 2021.

4.3.3 Wetland water balance
A water balance was conducted on the wetland system for each season of operation. Inflow was

measured while outflow was calculated using a water balance approach as described in Equation
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4.1. The inflow of the wetland system was controlled by the inlet pump rate and varied somewhat
by year, with an average of 141 m®/day and a range of 134 — 152 m®/day. Daily precipitation and
temperature data were obtained from Environment Canada weather stations at the Ottawa and
Montreal Intl. Airports were averaged as the research site is roughly equidistant between the two
weather stations. To calculate the daily evapotranspiration rate in the wetland system, the formula
described in Equations 4.2(a) and 4.2(b) by Hamon (1963) was used as it required fewer data inputs
and performed better compared to other methods (Lu et al., 2005). Exfiltration from the wetland

system was negligible due to the compacted clay base of the system.

Outflow = Inflow + Precipitation — Evapotranspiration Equation 4.1
7.5Tq

Evapotranspiration (ET in mm) = 0.63 * D? * 10Ta+273 Equation 4.2 (a)

D= % arccos {— tan(@) - tan [23.450 sin (%- 3600)]} Equation 4.2 (b)

Where; D = ratio of maximum sunshine duration (in an hour)
Ta = Daily temperature (°C)
@ = Latitude of site location
J = Julian day of any date of interest

4.3.4 Nutrient Storage Reservoirs and Mass Balances

The wetland system was divided into four nutrient storage compartments: soil, sediment,
macrophytes, and water column. As phosphorus is conservative, a complete mass balance in the
system was determined as described in Equation 4.3 and compared with storage compartments as

described in Equation 4.4.

Pin — Pout = Pstorage Equation 4.3

Pstorage = Pplants + Psediments + Psoil + Pwater Equation 4.4
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Nitrogen storage can be calculated from Equations 4.5 and 4.6; however, a complete mass balance
is not possible due to losses to the atmosphere (N2 and N20), additions through biological nitrogen
fixation, and incomplete TN data series. However, storage components can be compared with the

annual N loading during 2021.

Nin —Nout = Nstorage Equation 4.5

Nstorage = Npiants + Nsediments + Nsoil + Nwater Equation 4.6

4.3.5 Statistical analysis

The sediment and plant data were analyzed using a one-way analysis of variance (ANOVA) test
to determine if there was any significant difference in the concentration of constituents between
wetlands cells. The soil data was reviewed using a one-way analysis of variance (ANOVA) test to
find any significant difference between different depths for each cell as well as between cells at
equivalent depths. The statistical significance for the ANOVA test is considered as P<0.05. The

statistics were performed using the Data Analysis Tool in MS Excel.

4.4 Results and Discussion

4.4.1 Water Balance

The average monthly precipitation (PPT) and ET rate over the operating period are presented in
Figure 4.2. The average monthly water balance over the operating years was calculated from the
percentage rate of outflow to inflow. The monthly outflow was increased on average by 3.6% over
the study period with a maximum monthly increase of 19.3% and a decrease of 14.3%. Generally,
higher ET led to slightly lower outflows in June, July, and August of 0.9, 2.5, and 2.0%,
respectively, while average outflows increased by 4.6% in September, 11.4% in October, and

11.1% in November due to higher precipitation and lower ET.
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Figure 4.2: Average + STDEV monthly PPT & ET rate (mm) over the operating period

4.4.2 Sediment Characterization

The wetland and pond sediments will comprise settled particulates from the influent, decomposing
plant litter, microbial biomass, and possibly precipitates. Wetland systems function as sediment
traps, storing more suspended particles than are usually discharged (Arp & Cooper, 2004). The
sediment layer is the only sustainable storage compartment for phosphorus and other non-volatile
compounds in the wetland system as soil adsorption sites will eventually become saturated and

plant storage reaches a steady state after the initial establishment period.

4.4.2.1 Sediment Characteristics:

The average sediment characteristics for the wetland and pond cells are described in Table 4.1.
The average pH value for sediment in both the wetlands and pond was 7.5. The pH was between
6.5 to 8.5, which is the optimal range for ammonification (Patrick & Wyatt, 1964), nitrification

(Amatya et al., 1970), and organic matter oxidation.
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Table 4.1: Sediment Characteristics

Parameter W1 Pond W2
(Mean % Stdev) (Mean + Stdev) (Mean = Stdev)
Sediment Depth (cm) 19+6 15+5 20+ 6
TS (mg/L) 7568 + 3104 (7665) | 44294 + 52367 (33980) | 8144 + 1495 (7950)
VS (mg/L) 1779 + 310 (1825) 3661 + 3723 (2900) 1438 + 374 (1520)
TOC* (mg/L) 575 + 311 (705) 596 + 194 (499) 604 + 204 (552)
TN (mg/L) 43 + 11 (43) 128 + 114 (119) 46 + 18 (40)
NO3s-N (mg/L) 7.1+4.4(6.3) 55.2 + 45.5 (40.8) 8.7 +3.3(7.9)
NH4*-N (mg/L) 3.5+£3.8(1.7) 23.8+41.1(7.1) 12.2+4.2 (12.3)
TP (mg/L) 24.8£7.2(26.1) 78.0 £52.4 (84.4) 28.7 £2.9 (28.6)
POs*-P (mg/L) 0.9+1.1(0.3) 15.2 + 20.4 (7.5) 1.3+0.5(1.3)
C:N:P* 19.6:1.5:1 15.1:1.4:1 20.5:2.0:1
TN/VS (%) 24+0.7 35+1.2 3.7+29
TP/IVS (%) 1.4+0.5 28+ 17 22+0.9
pH 7.5+0.1 7.5+0.2 7.5+£0.2

*For TOC: the value of n=3 for all three locations.
Note: The value in the bracket shows the median value for that parameter.

High TS concentrations, as well as high TS to VS ratios, were generally observed in the sediment
samples across the system. This is most likely from clay soil becoming entrained with some
sediment samples. High average TS and VS values were observed in the pond as compared to
wetland cells 1 and 2, however, no significant differences were observed due to the high variance
in pond sediment concentrations (P>0.05). TOC concentrations were very similar between the
three cells and ranged from 575-604 mg/L (P>0.05). As with VS, the two wetland cells had similar
average concentrations while the pond cell had higher average concentrations for the nitrogen and
phosphorus species, with TP being significantly higher (P<0.05). The organic P fraction was
predominant in all three cells and organic N predominated in the wetland cells, while surprisingly

high nitrate concentrations were observed in the Pond sediment. Lower NH4" observed in the
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wetland cells compared with the pond sediment could relate to a combination of plant uptake and
greater nitrification in the shallower water column. Plants have been shown to significantly affect

total N reduction in constructed wetlands (Chung et al., 2008; Fraser et al., 2004b).

The C:N:P ratios were very similar between the two wetland cells, while there was proportionally
less carbon in the pond sediment. The N:P ratio in wetland sediments ranged from 1.5 to 2.0 in
both wetlands. This ratio was lower than the plant’s N:P ratio of 10:1 to 12:1. The C and N loss to

the atmosphere also resulted in a higher proportion of P in the wetland sediment system.

4.4.2.2 Sediment Accumulation:

The sediment accumulation rate is a critical design and operating factor for constructed wetland
systems and is required for the design of operating depth, sludge storage depth as well as
desludging frequency. It was hypothesized that sediment accumulation would be greatest in W1
compared with P and W2 and that sediment accumulation would be higher at the beginning of each

cell.

Sediment depth with distance from the inlet is presented in Figure 4.3. No significant differences
between the average depths in each cell were observed with an average of 18.2 £ 3.0 cm at 95%
C.1.; however, the average sediment depth was lower in the pond cell, possibly reflecting a more
compressed sediment layer in the deeper pond cell. Johannesson et al. (2011) investigated a
constructed wetland for 4 years treating sanitary wastewater and the depth of accumulated
sediment near the inlet zone ranges from 10-30 cm with a thicker layer closest to the inlet pipe. A
clear trend of increasing sediment depth with distance was observed in the first cell, which is
contrary to the hypothesis and suggests a migration of solids over time toward the end of the first
wetland cell. A trend in both the Pond and W2 cells of declining sediment depth with distance was

as expected, although no significant differences were observed (P>0.05). The similar levels of
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solids in the three cells suggest that the solids accumulation relates more to the natural production

of solids from decaying vegetation than to the influent TSS captured in the system.

m Depth of sediment
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Figure 4.3: Depth of sediment (Average £ STDEV) at the inlet (1), middle (M), and outlet (O)
locations of Wetland 1, Pond, and Wetland 2 Cells

The average rate of sediment accumulation is 0.86 cm/yr over the 21 years since the system was
constructed or 1.65 cm/yr if sediment accumulation over the 10 operating years. A constructed
wetland treating agricultural and urban drains resulted in 0.5 to 1.0 cm/yr of sediment
accumulation (Siobhan Fennessy et al., 1994). A natural wetland in Nebraska, U.S. observed that
sediment depth ranged between 23 to 38 cm and sediment accumulation rate was between 0.18
cm/yr to 0.29 cm/yr (Tang et al., 2015). This study resulted in a higher sediment accumulation rate

as compared to the cited literature values.

4.4.2.3 Sediment Areal Mass:

The areal mass of VS, N, and P in the sediment is presented in Figure 4.4. The two wetland cells
had a similar average areal mass for VS, N, and P, while the Pond cell contained a significantly
higher areal mass than either wetland cell (P<0.05). This indicates that the Pond was acting as an
important nutrient sink in the overall system. The higher areal mass in the Pond cell relates to

higher concentrations and somewhat lower depths indicating a higher density of sediment in the
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Pond. No significant differences were observed for VS and N from the inlet to the outlet zone of
either wetland (P>0.05), while significant differences were observed between the inlet and outlet
zone of the Pond cell (P<0.05), suggesting that solids migrating from Wetland 1 settled in the Pond
cell. Plant nutrient uptake in the wetland cells could also be a factor in the lower N and P mass

observed in the wetland sediments.

The total areal mass for TN was 8.4 + 3.3 g/m? in W1 and 9.7 + 6.5 g/m? in W2, while the total
areal mass for TP was 5.5 + 2.3 g/m? in W1 and 6.7 + 2.2 g/m? in W2. The pond retained high
areal mass for both TN and TP with 14.4 + 8.4 g/m? and 11.8 + 7.0 g/m?, respectively. A short-
term study by Li et al. (2020) on a surface flow CW treating rural domestic wastewater resulted in
a yearly accumulation of 71.7 g/m? of nitrogen and 18.2 g/m? of phosphorus. Wu et al. (2012)
reported nitrogen accumulation in different wetland sediments ranging from 15.9 to 26.6 g/m?.
This study observed lower nitrogen and phosphorus areal mass accumulation in wetland sediment
compared to other studies and reflects the relatively low input loading and suggesting significant

potential storage capacity in the sediment compartment.
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Figure 4.4: VS, TN, and TP areal biomass (Average = STDEV) at the inlet (1), middle (M), and
outlet (O) of Wetland 1, Pond, and Wetland 2 Cells
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4.4.3 Nitrogen and phosphorus in soil

Soil samples from wetland and pond cells were collected at three depths between 0 to 15 cm at the
inlet, middle, and outlet of each cell. As no differences in NO3", NH4" and P content within cells
at a given depth were observed (P>0.05), the data for each cell at each depth were grouped together
(Table 4.2). No significant differences in nitrate or ammonium concentration with depth or
between cells were observed (P>0.05). A significant decrease in soil P was observed in W1
between the 0-5 and 5-10 cm, declining from 8.0 + 2.7 to 3.1 + 1.2 mg/kg (P<0.05), while no
significant differences were observed between 5-10 and 10-15 cm (P>0.05). Also, no significant
differences with depth were observed in W2 (P>0.05), although a trend of decreasing P content
with depth was evident. A significant decline in P content was observed at 0-5 cm between W1
and W2 (P<0.05), although no significant differences were observed between the two wetland cells
at 5-10 and 10-15 cm depths. This indicates that W1, which experienced the highest P loading, had
the highest P adsorption. However, this was only significant in the first 5 cm of the compacted
clay liner, suggesting that P adsorption is mostly limited to the surface of the clay due to its very

low hydraulic conductivity.
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Table 4.2: NOs", NH4*, and Extracted P (Average + STDEV) content from the inlet, middle, and
outlet of W1, P, and W2 at three different depths (0-5 cm, 5-10 cm, 10-15 cm)

Location NOs
0-5cm 5-10 cm 10-15cm
(mg/kgdry)  (9/m?) (mg/kgdry)  (9/m?) [(mg/kgdry)  (g/m?)
W1 35.6+£185 25+13 [|441+309 3.1+x22 (51.6+347 36+24
Pond 81.0£658 57+46 [694+232 49+16 [66.0+£19.1 46+13
W2 509+£288 36+20 [459+317 32+22 [393+x171 28zx12
Location NH4*
0-5cm 5-10 cm 10-15cm
(mg/kgdry)  (g/m?) (mg/kgdry)  (g/m?) (mg/kgdry)  (g/m?)
W1 244+£150 17+11 |165+x80 12+06 ([(176+x74 12+£05
Pond 187+95 13+£07 |136+£55 13x04 (14472 10x05
W2 296+170 21+12 |180%x58 10+04 (25.2+183 18+13
Location Extracted-P
0-5cm 5-10 cm 10-15cm
(mg/kgdry)  (g/m?) |(mg/kgdry)  (9/m*) |(mg/kgdry)  (g/m?)
w1 80x27 056x021 |31+£12 021+£008 | 19+£0.7 0.13+0.05
Pond 46+22 032+0.16 | 27+£06 0.19£0.04 | 27205 0.19+£0.03
W2 20+04 0.14+003|17+03 0.12+0.02 | 1.3+£03 0.09+0.02

A short-term study by Eylon (1998) on FWS wetland treating dairy wastewater in Glendale,
Arizona found <2 mg/kg of NO3™ and 101-149 mg/kg of NH,4™ in the first 15 cm of clay soils with
average concentrations of <2 mg/L of NOsz and 196 mg/L of NH." respectively. However, this
study with an average NO3™ of 1.03 mg/L and NH4" of 0.42 mg/L over the operating period resulted
in high nitrate and loww ammonia accumulation in the soil as compared to literature values. The soil
absorbed a higher amount of NO3™ as compared to NH4" and is free to move to the roots by diffusion

and mass flow (Schjgrring, 1986). Phosphate ions have a strong affinity for clay minerals with a
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high anion exchange capacity. The amount of clay in soil has a significant impact on phosphate
adsorption and can improve phosphorus retention (Mwende Muindi, 2019; Davis, 1994). A study
by Reddy et al. (1996) reported that TP in the top 30 cm of wetland soil was 232 mg/kg and 75
g/m?2. A study of the Olsen-P adsorption capacity of Ontario soils reported a Qmax of 225+35
mg/kg from clay soil (Wang et al., 2015). The soil P measured in this study is much lower than the
reported adsorption maximum for clay soils, suggesting that adsorption is limited by low-
concentration gradients and very low hydraulic conductivity. However, this also implies that the
system is nowhere close to reaching P saturation. On the other hand, Ockenden et al. (2014) found
that the P accumulation in clayey soil was very low as compared to other types of soil and ranged

between 0.0006-0.01 g/m?, which is much lower than what was observed in this study.

4.4.4 Nitrogen and phosphorus uptake by plants

The essential nutrients in the life cycles of wetland plants are nitrogen and phosphorus (Lee et al.,
2012). The above-ground N and P in plant biomass for W1 and W2 were measured. Typha latifolia
dominated both wetland cells with similar plant densities of 40 + 9 and 41 + 22 plants/m? (Table
4.3). No significant differences were observed in N and P plant content nor in above-ground plant
nutrient content between W1 and W2 (P>0.05). According to Johnston (1991), the aboveground
plant uptake 6 to 12 g/m? of nitrogen and 0.7 to 1.7 g/m? of phosphorus. The plant species have an
aboveground nitrogen standing stock ranging from 1.4 to 37.5 g/m? (Reddy & DelLaune, 2008)
and aboveground phosphorus standing stock values ranging from 3 to 15 g/m? (Brix & Schierup,
1988). Also, Gottschall et al. (2007) found that above-ground N and P plant content in October
ranged from 4 to 16 g N/m? and 0.4 to 2 g P/m? respectively in a similarly constructed wetland in
Eastern Ontario treating much higher strength dairy farm wastewater. The N and P plant biomass

accumulation measured in this study is consistent with literature values.
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Table 4.3: Above Ground Plant Nutrients (Average = STDEV) in October from W1 and W2

Location Density N N P P
(Plants/m?)  (%dry) (g/m?) (%dry) (g/m?)
W1 40+£9 094+013 12.0%+8.2 0.09+0.03 1.15%x0.91
W2 41 £ 22 094+007 18.6+105 0.08+£0.04 1.49+0.75

The N:P ratio has been used as a sign of N or P deficiency (Suttle & Harrison, 1988). When N:
P<14, N appears to be the limiting factor, however when N: P>16, P appears to be the limiting
factor (Koerselman & Meuleman, 1996). This study shows N:P ratio in plants between 10:1 to
12:1 and implies that N became a limiting factor for plant growth. The study by Svengsouk &
Mitsch (2001) on Typha plants also resulted in N:P<14:1 with N limitation and suggested that
nitrogen limitation might be due to high phosphorus uptake, considerable nitrogen losses due to
denitrification, and nutrient translocation. Shaver & Melillo (1984) studied the efficiency of
nutrient uptake in T. latifolia and it was discovered that as nutrient availability increased, nutrient
uptake efficiency declined, while total uptake increased. Furthermore, as nutrient availability
increased, nutrient absorption from vegetative parts decreased. Most of the phosphorus is absorbed
by plant roots; absorption through leaves and shoots is limited to submerged species but the
amount is typically low (Vymazal, 2007). Plants usually store a small portion of the total P found

in wetlands, hence macrophytes in wetlands have a limited uptake capability (Brix, 1994).

4.4.5 Water Column Nutrient Storage and Seasonal Mass Removal

Nutrient concentrations and storage in the water column of the constructed wetland system during
the 2021 operating season are presented in Table 4.4. The system was effective at removing 51%
of TN and 83% of TP. Similar nutrient masses were stored in W1 and P due to higher

concentrations in W1 and higher water column depth in P, with lower masses reported for W2.
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Table 4.4: Water column nutrient concentration and storage (Average + 95 CI) for TN and TP in
W1, pond, and W2

Location | TN (mg/L) TN (g/m? TP (mg/L) TP (g/m?)
Lagoon 6.6+25 44+1.7 12+11 0.8+0.6

w1 3.6+0.5 1.8+0.3 0.7+0.5 04+0.3
Pond 3.5+04 42+0.5 04+0.2 05+0.2
W2 3.2+0.2 1.4+0.1 0.2+0.3 01+0.1

4.4.6 Phosphorus Mass Balance

There is a lack of consensus as to the relative importance and capacity of P storage compartments
within constructed wetland systems, which is critical to understanding the long-term viability and
performance of these natural systems for P treatment. Several studies determined the soil to be the
most important compartment for long-term phosphorus accumulation, followed by plant roots and
rhizomes, above-ground biomass, and plant litter (Dolan et al., 1981; Reddy et al., 1999; Dunne et
al., 2007). However, the distinction between sediment and underlying soil in a constructed wetland
is not clear. P adsorption to the base soil will be limited by the soil’s adsorption capacity. Seasonal
plant uptake of soluble phosphorus will convert SRP to plant tissue, a portion of which will become
plant litter, along with settling and filtration of influent TSS will form the accumulating sediment
layer. The sediment accretion is accepted as the only long-term storage compartment for P

removal.

A total mass balance for P was conducted on the constructed wetland with Equation 4.7
considering the 11 operating seasons and Equation 4.8 considering the P stored in the different
wetland compartments measured or estimated at the end of the 2021 operating season. Values for

P storage in macrophyte rhizomes and submerged vegetation were estimated based on relevant
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literature. The unknown compartment of bound soil P was calculated by substituting Eq. 4.7 into

Eqg. 4.8. The mass balance is summarized in Figure 4.5.

Accumulated P = Sum (Qin x Cin — Qout x Cout) Equation 4.7

Accumulated P = PsepiMeNT + PsolL_piant_available + PsoIL_strongly_boundt PMACROPHYTE_ (thizomes + above

ground) ¥ PWATER coLUMN Equation 4.8
Pin = PsTORAGE Pout =
267 kg > =235 kg > 32 kg
(100%) (88%) (12%)

v

Psepiment = 67 + 21 kg (25.1 £ 7.9%)
PsolL_plant available = 6 = 2 kg (2.2 + 0.7%)
PmacropHyTE = 29 + 10 kg (10.9 £ 3.8%)
PwatercoLumn = 3 £ 1 kg (1.1 = 0.4%)
*PsoiL_stongly_bound = 130 + 68 kg (48.6 + 25%)

* Calculated by the difference

Figure 4.5: Phosphorus mass balance in the wetland system

The wetland system was very effective at P mass removal, with 267 kg loaded into the system and
only 32 kg discharged, resulting in an 88% removal efficiency and total mass storage of 235 kg P

(Eq. 4.7).

The largest P storage compartment in the system appears to be soil, with P strongly bound to soil
representing 48.6 £ 25% of total P, which was calculated by difference. Plant extractable P,

measured in the top 15 cm of the system’s clay soil base, represented only 2.2 + 0.7% of total P
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and suggests that plant roots were effective at taking up most P in this form. W1 contained the

largest proportion of soil plant extractible P, followed by Pond then W2.

The second largest P storage compartment was the sediment with 25.1 + 7.9% of total P. The Pond

contained the largest proportion of sediment P, followed by W1 than W2.

The third largest P storage compartment was the wetland plants with 10.9 + 3.8% of total P. The
above-ground phosphorus storage in macrophytes was 6 + 3 kg representing 2.2% of the total P.
W1 contained the largest proportion of plant P, followed by W2. Phosphorus contained in the
plant rhizomes is greater than that of the above-ground biomass (Dunne et al., 2007) and was
estimated by applying a 3.8 ratio of rhizome P: above-ground P reported in a similar constructed
wetland system in Eastern Ontario treating agricultural wastewater (Gottschall et al., 2007). This

provided approximate phosphorus storage in the plant rhizomes of 23 + 11 kg for the system.

The final P storage compartment was the water column with 1.1 + 0.4% of total P.

Soil and sediment accumulation is the most important long-term phosphorus sink in wetlands,
although it may only be efficient in treatment wetlands with strong biomass production and water
covering the sediment, as is the case in free water surface constructed wetlands with emergent
plants (Vymazal, 2007). Wetland soils and sediments are often associated with the highest P
accumulation in a wetland (Kadlec, 2006). Vegetation stores a very small proportion of nutrients
when compared to sediments. Also, it indicates that the soil portion of a matured wetland system
is a significant and long-lasting nutrient storage component (Mustafa & Scholz, 2011). A mass
balance study by Silbernagl (2017) on a three-cell surface flow wetland following primary
treatment and treating domestic wastewater located in the Eastern Cape province of South Africa

found 57.1 kg of phosphorus stored in the wetland with 44.2 kg in sediments and 12.9 kg in plants.
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This study supports previous findings on the importance of soil adsorption and sediment accretion

as the primary P removal mechanisms in FWS wetland systems.

4.4.7 Nitrogen Mass Balance
The denitrification or N loss to the atmosphere accounted for major N removal from the wetland
system, followed by soil plus sediments and plants (Lee et al., 2014). The difference in the

accumulation rate of N for the soil and sediment was not clearly defined in the previous studies.

A total mass balance for N was conducted on the constructed wetland with Equation 4.9
considering the 11 operating seasons and Equation 4.10 considering the N stored in the different
wetland compartments was calculated or estimated at the end of the 2021 operating season. Due
to the lack of N data series, the monitoring years 2004 to 2009 organic N fraction was
approximated from the 2000-2003 data series. The N storage in macrophyte rhizomes was
estimated based on relevant literature. The unknown data of N loss to the atmosphere was

calculated by substituting Eq. 4.9 into Eq. 4.10. The mass balance is summarized in Figure 4.6.

Accumulated N = Sum (Qin x Cin — Qout x Cout) Equation 4.9

Accumulated N = Nsepivent + NsolL_inorganic + NMACROPHYTE_ (thizomes + above ground) ¥ NWATER coLUMN

+ NLoss To ATMOSPHERE Equation 4.10
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*NLoss To ATmospHERE = 270 + 159 kg (21.5 + 12.6%)

Nin = NstoracE Nour =
1258 kg > =699 kg » 559 kg
(100%) (55.5%) (44.4%)

v

Nsepivent = 86 + 18 kg (6.8 * 1.4%)
NsoiL_inorganic = 121 + 13 kg (9.6 + 1%)
NmacropHyTE = 201 * 76 kg (16 + 6%)
NwaTercoLumn = 21 =5 kg (1.6 £ 0.4%)

* Calculated by the difference

Figure 4.6: Nitrogen mass balance in the wetland system

The wetland system was loaded with 1258 kg N and 559 kg N discharged, resulting in a 55.5%

removal efficiency and total mass storage of 699 kg N (Eq. 4.9).

The highest N was loss to the atmosphere in the form of denitrification which was 21.5 + 12.6%

of total N.

The largest N storage compartment in the system appears to be plants, with 16 + 6% of total N.
The above-ground nitrogen in plants was 67 + 48 kg representing 5.3% of the total N. W1
contained the largest amount of plant N, followed by W2. The N assimilation in rhizomes was
estimated by applying a 2.0 ratio of above-ground N: rhizome N reported in a similar constructed
wetland system in Eastern Ontario treating agricultural wastewater (Gottschall et al., 2007). This

provides estimated nitrogen storage in the plant rhizomes of 134 + 96 kg for the wetland system.
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The second largest N storage compartment was the soil with 9.6 £ 1% of total N. The soil

compartment stored 91 kg in the form of NOs™ and 30 kg in the form of NH.".

The third largest N storage compartment was the sediment with 6.8 + 1.4% of total N. The Pond

contained the largest proportion of sediment P, followed by W1 than W2.
The final N storage compartment was the water column with 1.6 + 0.4% of total N.

A few processes ultimately remove total nitrogen (TN) from the wastewater while most processes
just convert nitrogen to its various forms such as ammonium (NH4"), nitrite (NO7"), and nitrate
(NOz") (Vymazal, 2007). The inorganic nitrogen NH4* and NO3™ from the soil is taken up by plants
and converted into organic compounds (Hu et al., 2021). The nitrogen storage in a three-cell
surface flow wetland following primary treatment and treating domestic wastewater was 450.1 kg
with 138.4 kg in plants and 311.7 kg in sediments (Silbernagl, 2017). However, this study observed

high N retention in plants and low N accumulation in sediments.

4.5 Conclusion

Sediment accumulation in the system can be conservatively estimated at 1.65 cm/year and
therefore designing berms and outlet structures with an additional 50 cm of freeboard can
accommaodate 30 years of wetland operation before sediment removal. The pond cell accumulated
more organic matter and nutrients on an areal basis than the wetland cells, suggesting a migration

of sediment from the first wetland cell to the pond.

The system was loaded with 267 kg of P over monitoring years with partitioning of: 50.8 £ 25.7%
in soil, 25.1 £ 7.9% in sediment, 10.9 + 3.8% in plants, 1.1 £ 0.4% in the water column, and 12%
exported in the effluent. The soil was calculated to be the largest P sink with 57% of stored P and

almost all attributed to strongly bound soil P. The inlet zone of the wetland had the highest

90



accumulation of extractable phosphorus which decreased significantly from the inlet to the outlet
of the wetland system and with depth from 5 to 15 cm. Sediment was the second largest P sink
with 28% of stored P. The system was loaded with 1258 kg N over operating years with
partitioning of: 9.6 + 1% in soil, 6.8 = 1.4% in sediment, 16 + 6% in plants, 1.6 + 0.4% in water,
44.4% exported in effluent and 21.5 + 12.6% lost to the atmosphere, thus denitrification was the

most important N removal mechanism in the system followed by plant uptake.
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CHAPTER: 5

Conclusions And Recommendations

5.1 Conclusions

The FWS constructed wetland treating municipal lagoon effluent wastewater was thoroughly

investigated to develop a significant understanding of long-term system performance and nutrient

retention in soil, sediments, and plants. The specific conclusions include:

The wetland with an increased depth from 25 cm to 50 cm in the restart phase performed
well at removing TSS. The removal efficiency was observed at 60% and 41% in the Startup
and Mature phases, which was increased to 97% TSS removal in the restart phase.

The BOD removal efficiency was observed as 44% and 50% in the Startup and Mature
phases, respectively with effluent concentrations below the objection limit of 10 mg/L.
During the restart Phase, BOD was below the detection limit with a COD removal
efficiency of 57%.

Nitrate and ammonium were largely removed during the startup phase, likely due to plant
uptake during establishment. Almost no nitrate reduction was observed during the mature
operating phase, likely due to a lack of carbon for denitrification in the wetland system,
while high ammonium removal efficiencies were observed. However, after the dormant
period, the nitrate removal efficiency increased to 37% and organic nitrogen to 83%, likely
due to a combination of increased operating depth and increased sediment accumulation,
while only 18% removal efficiency was achieved for ammonium.

The wetland system performed well for TP and SRP by achieving more than 83% removal
efficiency in all three phases with no reduction in SRP removal throughout the treatment
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cells, while TP concentrations increased in the first wetland and pond cells, likely due to
the accumulating sediment layer related TSS resuspension.

No effect of aging on the wetland system performance was observed for BOD and TP
removal.

No seasonal temperature effect was observed for BODs and NOs", however, the TP removal
efficiency was higher during the late-summer and fall periods compared with the early
summer and late fall.

The kinetic removal rate (k) was calculated for the FWS wetland polishing municipal
lagoon effluent using the first-order P-k-C* model. The averaged k values were: 45.8 m/yr
for BOD, 7.9 m/yr for TN, 15.5 m/yr for NH4*, and 3.0 m/yr for NOs". BOD, TN, and NH4*
k values were consistent with the literature, while the NO3™ k value was considerably lower
suggesting that denitrification in a FWS wetland is limited with low-carbon wastewater.
Sediment accumulation in the system can be conservatively estimated at 1.65 cm/year and
therefore designing berms and outlet structures with an additional 50 cm of freeboard can
accommodate 30 years of wetland operation before sediment removal.

The system was loaded with 267 kg of P over operating years with partitioning of: 50.8 +
25.7% in soil, 25.1 £ 7.9% in sediment, 10.9 + 3.8% in plants, 1.1 + 0.4% in the water
column and 12% exported in the effluent.

The system was loaded with 1258 kg N over operating years with partitioning of: 9.6 + 1%
in soil, 6.8 £ 1.4% in sediment, 16 + 6% in plants, 1.6 £ 0.4% in water, 44% exported in
effluent and 21.5 + 12.6% lost to the atmosphere, thus denitrification was the most

important N removal mechanism in the system followed by plant uptake.
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5.2 Future recommendations

The following recommendations are aimed to encourage research focused on the marsh-pond-

marsh FWS wetland system treating municipal wastewater lagoon:

e Conduct a C mass balance on the system and determine CO2 emissions versus C

sequestration in the sediment.

e Further analyze the soil P to elucidate the P-bound fractions and confirm the P mass

balance.

e Continue to evaluate the system restart to confirm that the performance continues beyond

the first season of the restart period.
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