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Abstract 

The removal of dissolved nitrogen and phosphorus species from municipal 

wastewater is essential to protect human and environmental health, preventing 

eutrophication and meeting stringent discharge regulations following treatment. This 

study investigated the use of kenaf granule-based biofilm systems as a sustainable and 

biodegradable alternative for enhancing simultaneous removal of ammonia, 

nitrite/nitrate, and phosphate in activated sludge systems. Kenaf is a high surface area 

media that is used in an activated sludge intensification configuration developed by 

Nuvoda, a wastewater biotechnology and engineering firm, being considered for 

potential use at the Truckee Meadows Water Reclamation Facility. Over the course of 

this study, multiple sets of laboratory-scale bioreactors were operated under controlled 

conditions to evaluate the granulesô effectiveness in supporting biofilm formation, 

promoting nutrient transformation processes, and achieving stable treatment 

performance. Nutrient removal analysis showed that reactors containing kenaf 

granules achieved an initial specific rate of 0.083 to 0.13 mg-N/mg-VSS/day of 

ammonia removal; 0.117 to 0.13 mg-N/mg-VSS/day of nitrate/nitrite production; 

0.076 to 0.15 mg-P/mg-VSS/day of phosphate release; and 0.024 to 0.58 mg-P/mg-

VSS/day of phosphate uptake. The reactors with kenaf granules improved in overall 

nutrient removal, matching or outperforming conventional systems in the control 

system that was operated without kenaf. With strong nitrification performance, in-

system denitrification was successfully implemented to address the high nitrite/nitrate 

production. Through DNA sequencing analysis, the presence of ammonia-oxidizing 

bacteria (AOB), nitrite-oxidizing bacteria (NOB), and phosphate-accumulating 

organisms (PAOs) was confirmed in the sampled kenaf, including Nitrosomonas, 
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Nitrospira, and Dechloromonas. The results highlight the potential of kenaf granules 

as a low-cost, environmentally friendly media for integrated biological nutrient 

removal. Further research is recommended to assess system longevity, performance 

under dynamic loading, and feasibility at full-scale.   
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1.0 Introduction 

The discharge of nutrient-rich wastewater into natural water bodies presents a 

significant environmental challenge, contributing to widespread issues such as 

eutrophication, oxygen depletion, and aquatic ecosystem imbalance. Key contributors 

to these problems include excessive levels of ammonia/ammonium (NH /NH ), 

nitrite (NO ), nitrate (NO ), and phosphate (PO į ). These pollutants, often 

originating from municipal, agricultural, and industrial effluents, must be sufficiently 

removed to meet environmental regulations and protect water quality. The Clean 

Water Act, established in 1972, prohibits excessive pollutant discharge into surface or 

navigable waters (US EPA, 2013) based on the receiving body. The Nevada 

Department of Environmental Protection (NDEP) Nutrient Criteria Strategy limits 

phosphorus levels to remain between 0.05-0.10 mg/L and nitrate under 2 mg-N/L for 

Truckee River, in an effort to protect local wildlife such as the Lahontan Cutthroat 

Trout, which is a protected species in Nevada. Since nutrient levels in the river reflect 

both natural background concentrations and inputs from treated wastewater, the 

discharge of effluent must be regulated so that the combined mass of nitrogen and 

phosphorus does not cause in-river levels to exceed these ecological thresholds (US 

EPA, 2016).  

One of the facilities that returns water to the Truckee River is the Truckee 

Meadows Water Reclamation Facility (TMWRF), which services households, 

businesses, and facilities in the Reno-Sparks area of Northern Nevada. TMWRF has a 

permitted capacity of 44 million gallons of wastewater per day and treated effluent 

from the facility is discharged to Steamboat Creek, a tributary of the Truckee River 
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(Wastewater Infrastructure | City of Reno, n.d.). To protect these natural resources, 

TMWRF must meet the stringent water quality requirements for nutrient levels. 

NDEPôs permits for TMWRFôs discharge limit total nitrogen to 500 lbs/day and total 

phosphorus at 134 lbs/day (NDEP - TMWRF Authorization to Discharge, 2012) 

Conventional nutrient removal techniques, such as biological nitrification-

denitrification for nitrogen and enhanced biological phosphorus removal (EBPR), are 

effective but come with limitations, such as higher operational costs and the need for 

additional process control strategies. These challenges have driven interest in more 

sustainable and economically feasible treatment methods to allow for facility 

expansion to meet increased influent flows and potentially more stringent regulations. 

Biofilm-based treatment systems have gained attention as an efficient and low-

energy approach for nutrient removal, allowing microbial communities attached to 

carrier materials to degrade and assimilate pollutants. The performance of these 

systems depends on the nature of the biofilm support medium, the microbial 

consortium within the biofilm, and the specific reactor conditions in the treatment 

system. Recently, lignocellulosic materials have emerged as promising biofilm 

carriers due to their porous structure, biodegradability, low cost, and abundance as 

agricultural by-products. 

In this study, kenaf granules, a fibrous lignocellulosic material derived from 

Hibiscus cannabinus, have been evaluated as a potential addition to the current 

secondary treatment process. Prior studies have evaluated as novel biofilm carriers for 

enhanced nutrient removal from wastewater and concluded the structural 

characteristics and surface porosity of kenaf make it a strong candidate for microbial 
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attachment and biofilm development (Daigger et al., 2023; Wei et al., 2021). To better 

understand their suitability, TMWRF has introduced kenaf granules to one of their 

five anaerobic/oxic (A/O) aeration basins in their secondary treatment system. The 

kenaf granules are a mobile organic biofilm carrier system developed by Nuvoda, 

with this study providing research support to the companyôs product. Plant design 

support and standards were provided by Jacobs as a consultant. Wastewater biomass 

taken from this basin (System 3) was be compared to wastewater biomass from 

another anaerobic/oxic aeration basin that operated without kenaf (System 1), which 

served as a control.  

This study focused on the experimental assessment of kenaf granule-based 

biofilm systems for the simultaneous removal of ammonia, nitrite/nitrate, and 

phosphate within an existing reactor at TMWRF. The study investigated the efficiency 

of these granules in supporting biofilm formation, its role in nutrient removal 

mechanisms, and its overall treatment performance under controlled conditions. Using 

basin profiling and bioreactor experiments, the system was tested to observe changes 

in ammonia, nitrite/nitrate, and phosphate concentrations over time in aerobic and 

anaerobic conditions. Denitrification studies were also performed to determine the 

ideal carbon source for an in-system denitrification zone. DNA sequencing identified 

nitrifying and denitrifying bacteria species, as well as phosphate accumulating 

organisms present in the kenaf system. By integrating material science, microbiology, 

and environmental engineering, this work aims to contribute to the development of 

sustainable and low-cost wastewater treatment technologies tailored for nutrient 

pollution control. 
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2.0 Literature Review 

2.1 Importance of Wastewater Treatment Plants 

The management and treatment of wastewater is vital to the health and 

wellbeing of human civilization, but that of the environment as well. Pollutants in 

wastewater could infiltrate and contaminate freshwater bodies and groundwater 

reservoirs, which could be consumed or used prior to sufficient treatment. A 2020 

study estimated 380 billion cubic meters (approximately 275,000 million gallons per 

day (MGD)) of wastewater is produced annually, with a 24% increase expected by 

2030; over 16 million metric tons (approximately 35,000 million pounds) of nitrogen 

and 3 million metric tons (approximately 6,600 million pounds) of phosphorus are 

carried by wastewater (Qadir et al., 2020). High levels of both nitrogen and 

phosphorus in receiving bodies can cause eutrophication, which is excessive growth 

of aquatic plants and algae, leading to sharp decreases in dissolved oxygen (DO) and 

disrupting native ecosystems. These pollutants are toxic to both humans and wildlife 

(Stepova et al., 2024). Additionally, water reuse and conservation has grown in 

popularity as a measure against water scarcity, which has become a growing concern. 

To mitigate the toxic elements of wastewater, wastewater treatment plants are 

designed to remove, convert, or deactivate the harmful components of wastewater 

(Design of Water Resource Recovery Facilities, 2018).  

Like most treatment plants, TMWRFôs treatment begins with large solids 

physically removed from influent wastewater using bar screen racks and grit removal 

chambers to settle high density solids which are typically inorganic in nature. These 

solids are dewatered and collected to be transported to a landfill. Following this 
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treatment step, primary clarification is used to settle lower density organic solids, and 

the primary sludge is further concentrated and pumped to anaerobic digestion to 

stabilize and consolidate the solids. After centrifugal dewatering, the residual solids 

are taken away as waste to the landfill. Following preliminary and primary treatment, 

the water is directed to secondary treatment, where biochemical oxygen demand 

(BOD) and phosphorus is removed in an anaerobic-oxic (AO) treatment system. 

TMWRF employs a process called Enhanced Biological Phosphorus Removal 

(EBPR), which is a biological process that removes excess phosphorus using specific 

microorganisms known as polyphosphate-accumulating organisms (PAOs). These 

systems operate by alternating between anaerobic and aerobic conditions at TMWRF 

but other system designs can include anoxic zones to allow for denitrification under 

the certain conditions. Return activated sludge (RAS) from the reactorôs secondary 

clarifier is pumped back into these basins to support the mixed liquor suspended 

solids (MLSS), which is a vital component of nutrient removal, with excess biomass 

removed from the system as waste activated sludge (WAS).  

This is followed by the tertiary treatment, which at TMWRF includes 

nitrifying trickling filters that focus on the removal of ammonia in the wastewater via 

oxidation to nitrite and nitrate. These biological filters are built within large 

cylindrical aerobic reactors containing media with a high surface area to volume ratio 

to allow the attached microorganisms to convert ammonia to nitrate. This process is 

followed by anoxic denitrification fluidized bed reactors that convert nitrate to 

nitrogen gas, which is released into the atmosphere. To accomplish this, methanol is 

added to the water as a carbon source to drive denitrification. After dual-media 

filtration, the facility concludes treatment with chlorine disinfection (using 
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concentrated bleach solutions) to inactivate harmful bacteria or viruses, and the 

treated water is either released into Steamboat Creek, a tributary of the Truckee River; 

or used for agricultural or recreational use within the Reno-Sparks region (Current 

Treatment Process, 2022). A diagram of TMWRFôs treatment train is shown below in 

Figure 1, along with a satellite image of the treatment plantôs layout (Figure 2). 

 
Figure 1: Process flow diagram for the current treatment train at the Truckee Meadows Water 
Reclamation Facility (Lacroix et al., 2020). The focus point of treatment for this study is 

marked with a red box. 
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Figure 2: Overhead image of Truckee Meadows Water Reclamation Facility (Google Earth). 

System 1 is highlighted in a yellow box; System 3 is highlighted with a red box. 

TMWRF has been in operation since 1967, serving the greater Reno-Sparks 

area for decades, and is seeking to improve nutrient removal and reduce facility costs. 

EBPR offers a cost-effective and environmentally friendly alternative to chemical 

phosphorus removal, but its performance can be sensitive to factors such as carbon 

source availability, temperature, and process configuration. TMWRF often finds the 

carbon source availability to be insufficient; to manage this, approximately 3,200 

gallons per day (gpd) of methanol must be purchased for the nitrogen removal to be 

successful, costing the plant around $2.5 million every year. Additionally, due to the 

expansive tanks and specific environmental requirements of both the EBPR system 

and the nitrifying trickling filters, a large stretch of land is required for the facility to 

run to accommodate these processes. By transitioning nitrification to activated sludge, 
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the nitrification towers (which are challenges in the cold weather and expensive to 

rehabilitate) can be potentially avoided. Additionally, doing denitrification in 

activated sludge can reduce methanol costs. Thus, this study focused on improving 

nutrient removal within the mainstream activated sludge process to reduce the need 

for pumping to nitrification towers, alleviate associated challenges with tricking filter 

operation, and reduce chemical costs for denitrification.  

2.2 Nutrient Removal in Wastewater Treatment 

2.2.1 Nitrification and Denitrification 

Nitrification, the aerobic conversion of ammonium (NH4+) to nitrite (NO2
-) 

and then to nitrate (NO3
-), is effectively facilitated by nitrifying bacteria, such as 

Nitrosomonas and Nitrobacter, which colonize the biofilm on carrier surfaces (Liu et 

al., 2021). Ammonia-oxidizing bacteria (AOB) are microorganisms that convert 

ammonia/ammonium (NH /NH ) into nitrite (NO ) during the first step of 

nitrification. Nitrite-oxidizing bacteria (NOB) then oxidize the nitrite into nitrate 

(NO ), completing the nitrification process.  

Both groups are essential for biological nitrogen removal and are typically 

found in biofilms or activated sludge under aerobic conditions (Rittmann & McCarty, 

2001). Both AOB and NOB are chemoautotrophic, deriving energy from the oxidation 

of nitrogen compounds and fixing CO  as a carbon source. AOB and NOB generally 

have lower maximum specific growth rates than other microorganisms, meaning AOB 

and NOB populations require longer solids retention times (SRTs) and ideal growth 

conditions to thrive. Their biomass yield ï the production of cell mass per unit of 

substrate consumed -- is also low, which impacts sludge production and can make 
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them prone to process upsets. Due to their slower growth rates and low biomass 

yields, AOB and NOB often struggle to compete with heterotrophs (i.e., microbes that 

use organic carbon for cellular synthesis) in systems with high organic loading. As a 

result, nitrifiers are more prevalent in biofilms or systems with long solids retention 

times, which protect them from washout and provide stable microenvironments. 

Both AOB and NOB are sensitive to other environmental factors. To thrive, 

these bacteria require aerobic conditions, as oxygen is the terminal electron acceptor 

in their energy metabolism. AOB typically prefer dissolved oxygen (DO) 

concentrations above 1.0 mg/L, while some NOB may be inhibited at very high DO 

levels. A longer SRT (ideally more than 7-10 days) is required for these nitrifiers, 

particularly in low DO concentrations. Therefore, maintaining appropriate solids 

retention time, DO levels, and pH is essential for stable nitrification and to support the 

growth of these slow-growing autotrophs. To meet these challenges, it is not 

uncommon for treatment plants to use biofilm or attached-growth systems where they 

are more protected from environmental fluctuations (Rittmann & McCarty, 2001). 

Other environmental factors such as temperature (optimally between 25ï35ÁC), pH 

(ideally between 7.5ï8.5), and free ammonia (FA) and free nitrous acid (FNA) 

concentrations critically influence nitrification performance (Abasi et al., 2025). 

Failing to meet these environmental factors can suppress AOB and NOB activity. 

This two-step process involved in nitrification can be explained with the 

biochemical reactions as follows: 
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1. Ammonia oxidation (by AOB): 

 NH  + 1.5 O  Ÿ NO  + 2H  + H O 

2. Nitrite oxidation (by NOB): 

 NO  + 0.5 O  Ÿ NO 

This reaction consumes alkalinity, specifically releasing hydrogen ions (H ) 

during ammonia oxidation, which leads to a decrease in pH and overall buffering 

capacity in the system (Rittmann & McCarty, 2001). Because of this, alkalinity is one 

of many important parameters to monitor in nitrifying systems. Ammonia-oxidizing 

nitrifiers include Nitrosomonas, Nitrospira, and Nitrosovibrio. These autotrophic 

microorganisms can be cultivated with biofilms on suspended carriers that offer high 

surface area and support mass transfer, or on attached growth on fixed filters, such as 

the trickling filters at TMWRF. Additionally, the attached growth or biofilm structure 

offers resilience to toxic shocks and ensures lower sludge production compared to 

conventional activated sludge processes. The long SRT afforded by the attached 

growth or biofilm environment supports the growth of these slow-growing autotrophs 

(Rittmann & McCarty, 2001).  

While nitrification converts toxic ammonia into nitrate through aerobic 

microbial processes, it is only the first part of the nitrogen removal process. If left 

untreated, the resulting nitrate can still pose environmental and health risks (Roberts 

et al., 2024). Denitrification, an anoxic biological process that reduces nitrate to 

harmless nitrogen gas in the absence of dissolved oxygen, occurs to complete the 

nitrogen cycle. Denitrifying bacteria use available carbon sources to drive this 

reduction, stepwise converting nitrate (NO ) into nitrite (NO ), then into gaseous 

forms like nitrogen gas (N ), which is safely released into the atmosphere. One 

important environmental factor affecting denitrification includes the carbon/nitrogen 
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ratio (C/N). C/N is typically expressed as COD (chemical oxygen demand) to total 

nitrogen since COD is a common surrogate used for organic carbon. It is vital to 

denitrifying bacteria, which require sufficient carbon to convert nitrate into nitrogen 

gas; if the C/N ratio is too low, denitrification efficiency drops, leading to poor 

nitrogen removal. Effective denitrification requires creating anoxic zones, either 

through separate anoxic reactors or by controlling oxygen penetration within the 

biofilm in attached growth systems. When organic carbon availability is sufficient, 

heterotrophic denitrifiers reduce nitrate and nitrite to nitrogen gas, minimizing total 

nitrogen in the effluent. Studies have shown that some commonly used systems can 

achieve over 67% simultaneous nitrification and denitrification ratio when properly 

configured, compared to 9% in non-optimal conditions (Zhang et al., 2024). A variety 

of organic carbon substrates can support denitrification. For single-sludge treatment 

systems, where nutrient removal (i.e., nitrification and denitrification) occurs within a 

single basin or reactor, the most common carbon source in is BOD or COD in the 

influent. However, internal carbon sources (such as endogenous decay) or external 

supplementation (such as methanol or acetate) may be used to support denitrification. 

(Metcalf & Eddy, 2014).  

2.2.2 Phosphate Removal 

Another vital step in the nutrient removal process is phosphorus removal from 

wastewater. Like ammonia, high phosphate levels are directly linked to eutrophication 

in receiving water bodies. Excessive phosphate stimulates algal and cyanobacterial 

blooms, which can produce harmful toxins, block sunlight, and severely reduce 

dissolved oxygen, resulting in fish kills and loss of biodiversity (Ong et al., 2014). 
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In biological phosphorus removal, PAOs play a key role by taking up and 

storing excess phosphorus from wastewater in the form of intracellular polyphosphate 

granules. In the absence of oxygen and nitrate, PAOs take up volatile fatty acids 

(VFAs), storing them as polyhydroxyalkanoates (PHAs). To fuel this uptake, PAOs 

break down intracellular polyphosphate, releasing stored orthophosphate into the 

water in order to store carbon (de Kreuk et al., 2005). When oxygen (or nitrate with 

denitrifying PAOs) becomes available, PAOs oxidize stored PHAs for energy and take 

up orthophosphate from the bulk liquid to rebuild intracellular polyphosphate 

reserves. This process is shown in Figure 3, with phosphate outlined in a light blue 

box, released by the PAOs in anaerobic conditions, and absorbed in aerobic 

conditions. 

 
Figure 3: Diagram of phosphate release and uptake by PAOs in anaerobic and aerobic 

conditions (Jwara et al., 2019) 

This uptake often exceeds what was released due to biomass growth in the 

reactor, leading to net phosphorus removal via biomass wasting from the secondary 

clarifier. In EBPR systems, phosphorus uptake occurs in aerobic tanks downstream 

the anaerobic tanks, where phosphate release occurs (Zheng et al., 2014).  
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Maintaining specific environmental conditions are crucial for successful 

EBPR operation. PAOs are typically facultative heterotrophs, meaning they use 

organic carbon for growth and energy but can switch metabolic pathways depending 

on oxygen availability (Rittmann & McCarty, 2001). Their growth rate is moderate 

(typically ~0.4ï0.8 d-1), and they compete with glycogen-accumulating organisms 

(GAOs), which also consume VFAs but do not remove phosphorus. A high C/N ratio 

provides VFAs to the system. However, if carbon is too abundant, it may also favor 

GAOs, which can compete with PAOs and reduce phosphorus removal efficiency. 

Competition is influenced by carbon source type, temperature, and SRT; PAOs tend to 

dominate under moderate temperatures (~10ï20ÁC) with acetate as the primary 

carbon source. PAOs also prefer slightly high pH values, outcompeting GAOs in 

waters around a pH of 8 (Oehmen et al., 2005). Ideal SRT for PAOs is around 3 days, 

which is shorter than the SRT preferred by nitrifying bacteria (Valverde-P®rez et al., 

2016). At low SRTs (<3 days), PAOs may be washed out due to their moderate 

growth rate. At high SRTs (>5 days), conditions may favor slower-growing organisms 

like filamentous bacteria, GAOs, or nitrifiers, which can outcompete PAOs for 

substrates. Maintaining an SRT in the moderate range allows PAOs to remain 

competitive and dominant, particularly under alternating anaerobicïaerobic 

conditions.  

Key operational parameters influencing nutrient removal include hydraulic 

retention time (HRT), DO concentration, temperature, and substrate loading rates. 

Sloughing dynamics are also critical in maintaining efficient nutrient transformation. 

Optimized carrier design and reactor configuration enable targeted microbial 

community enrichment, enhancing the reactor's capacity to remove multiple 
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contaminants simultaneously (Rittman & McCarty, 2001). Treatment plants will 

incorporate specific designs to support microbial communities and monitor the 

environmental requirements so nutrient removal processes are not impeded, which are 

summarized in Table 1. 

Table 1: Summary of Relevant Conditions Supporting Nutrient Removal 

Parameter Nitrification Denitrification EBPR 

Oxygen 

conditions 

Aerobic (DO > 2 

mg/L ideal) 

Anoxic (no DO, nitrate 

as electron acceptor) 

Anaerobic + Aerobic 

phases required 

Electron 

acceptor 
Oxygen (O ) 

Nitrate (NO ) or 

Nitrite (NO ) 

Oxygen (in aerobic 

phase); none in 

anaerobic phase 

Carbon source Not required 

Required (readily 

biodegradable COD, 

e.g., methanol, VFAs) 

Required (VFAs in 

anaerobic phase) 

Key 

microorganisms 
AOB, NOB 

Heterotrophic 

denitrifiers 
PAOs 

Temperature 

sensitivity 

High; rate drops 

below ~15 ÁC 

Moderate; can 

function at low 

temperatures 

Moderate; optimal 

around 20ï30 ÁC 

pH 7.5-8.5 5.5-8 7.5-8 

Inhibitors low DO 
High DO, low C/N 

ratio 

Low COD, high 

nitrate/nitrite in 

anaerobic zone 

SRT (Solids 

Retention Time) 

Ó10ï15 days (to 

retain slow-growing 

nitrifiers) 

Ó2ï4 days (sufficient 

for fast-growing 

heterotrophs) 

Ó5ï8 days (to retain 

PAOs and allow P 

uptake/release 

cycling) 

  

2.3 Microorganism Management in Wastewater Treatment 

In order for effective nutrient removal to occur, wastewater treatment plants 

must prioritize the growth and cultivation of specific types of microorganisms. This 

can be achieved in a number of ways, including naturally forming biological floc in 

suspended growth systems or via attached growth systems utilizing microbial 

biofilms. Biological floc is a loose aggregation of microorganisms and suspended 
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particles that enable pollutant removal through microbial activity and subsequent 

settling in a secondary clarifier (Rittmann & McCarty, 2001). In biological 

wastewater treatment, suspended and attached biofilm growth systems represent two 

distinct microbial growth forms that influence nutrient removal dynamics. Floc forms 

in suspended-growth systems like activated sludge, supporting rapid substrate uptake 

and are effective for processes like denitrification and EBPR, but may struggle to 

retain slow-growing organisms like nitrifiers under low SRTs.  

In contrast, biofilms develop on surfaces in fixed-film systems, providing a 

stable environment that protects microbes from shear forces and allows stratified 

microenvironments to form (Rittmann & McCarty, 2001). Since TMWRF currently 

employs suspended growth flocs in the form of activated sludge as its primary source 

of phosphorus removal, this study explored the viability of incorporating organic 

biofilm carriers as an environmentally favorable alternative to support additional 

treatment capacity, function, and resilience. A biofilm is a community of 

microorganisms that attach to a surface and produce a protective matrix of 

extracellular substances. It is primarily made of extracellular polymeric substances 

(EPS), which is a mix of proteins, polysaccharides, and nucleic acids that help the 

microbes stick together and to surfaces. Figure 4 shows diagram of the natural 

progression of biofilm formation.  



 

 

16 

 

Figure 4: A diagram of different stages of biofilm formation (Biofilm Formation, 2023) 

During wastewater treatment, biofilms play a key role by breaking down 

organic matter and removing nutrients like nitrogen and phosphorus as water flows 

over or through the biofilm-covered surfaces (Design of Water Resource Recovery 

Facilities, 2018). As shown in Figure 4, the development of biofilms involves a series 

of sequential stages: initial attachment, adhesion, microcolony formation, maturation, 

and eventual detachment (Stoodley et al., 2002). This life cycle allows biofilms to 

adapt to fluctuating nutrient levels and environmental stresses. The EPS matrix plays 

a critical role in biofilm resilience, providing protection from shear forces, toxic 

compounds, and predation (Rittmann & McCarty, 2001). Moreover, the biofilm 

matrix facilitates the retention of extracellular enzymes and the establishment of 

microenvironments that support diverse metabolic activities, potentially including 

aerobic, anoxic, and anaerobic processes within the same biofilm (Wagner & Loy, 

2002).  

Biofilms enhance the degradation of organic matter, nitrification, 

denitrification, and even emerging contaminant removal by retaining microbes in a 

treatment system for longer periods than suspended microbes. Their layered structure 
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allows for simultaneous nitrification and denitrification within a single biofilm layer 

under certain conditions, thereby improving nitrogen removal efficiency without the 

need for separate aerobic and anoxic zones (Rittmann & McCarty, 2001). Because the 

biofilms can support both aerobic nitrification and anoxic denitrification in different 

layers, it allows both processes to occur even under diverse conditions, as the biofilm 

naturally provides the microbes protection from environmental changes (Stoodley et 

al., 2002). This is possible due to diffusion and mass transfer processes. Substrates 

such as ammonium, nitrate, and soluble organic carbon, along with dissolved oxygen, 

enter the biofilm primarily through diffusion, driven by concentration gradients 

between the bulk liquid and the microbial community within the biofilm matrix. 

When low concentration areas (the biofilm) meet high concentration areas (i.e., the 

bulk liquid or wastewater) for substrate, equilibrium is sought, and the substrate 

moves away from high concentration areas into low concentration areas. Once inside, 

these compounds are consumed by microorganisms at varying depths depending on 

the local microenvironment. Dissolved oxygen typically penetrates only into the outer 

biofilm layers, where it supports aerobic processes such as nitrification and carbon 

oxidation. As oxygen is depleted with depth, anoxic and anaerobic zones form, 

creating spatially distinct niches that allow for processes such as denitrification and 

phosphorus release/uptake. The balance between substrate diffusion rates and 

microbial consumption establishes stratification within the biofilm, ensuring that 

multiple biological pathways can coexist in close proximity (Rittmann & McCarty, 

2001). This interplay between diffusion and microbial activity underpins the stability 

and effectiveness of biofilm-based reactors in nutrient removal applications. 
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Biofilm systems exhibit several advantages over conventional activated sludge 

processes, including higher biomass retention, resistance to toxic shocks, and reduced 

sludge production. A review by Murshid et al., (2023) discussed their ability to retain 

slow-growing microorganisms, such as nitrifiers and phosphate-accumulating 

organisms, and how these systems enhance treatment performance, particularly under 

low-temperature or low-substrate conditions. Furthermore, the physical structure of 

biofilms allows for easier separation of treated water and biomass, reducing the need 

for secondary clarification or enhancing this process if biofilm carriers are settled and 

recycled within a treatment system. However, biofilms may limit phosphorus removal 

efficiency due to reduced anaerobic zones needed for PAO activity, and excessive 

biofilm accumulation can cause clogging in reactors or biofilm surfaces. Thus, floc 

and biofilm each offer strengths and weaknesses depending on the specific nutrient 

removal goals and system design (Design of Water Resource Recovery Facilities, 

2018). 

Understanding the interactions within microbial consortia and the influence of 

operational parameters on biofilm performance remains an area of ongoing research.  

2.4 Types of Biofilm Systems in Wastewater Treatment 

Different forms of biofilm technology and systems have been developed to 

target specific needs, including fixed-film and moving-bed biofilm reactor systems.  

Integrated Fixed-film Activated Sludge, or IFAS, combines suspended 

activated sludge with fixed-film carriers within the same reactor, offering hybrid 

treatment. By introducing fixed or free-floating media into the aeration tanks, IFAS 

systems provide additional surface area for microbial biofilm development, allowing 
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for higher biomass retention and enhanced treatment capacity within the same reactor 

footprint. This configuration supports more stable and efficient removal of organic 

matter, nitrogen, and, in some cases, phosphorus, making it particularly suitable for 

plants facing stricter effluent standards or increased loading without the option for 

significant physical expansion. Figure 5 shows a schematic of generic IFAS system 

layout, where an aerobic treatment tank is inoculated with biofilm carriers and 

activated sludge, along with air or oxygen pumped into the tank. A clarifier allows the 

wastewater leaving the aerobic zone to settle, allowing activated sludge to be 

redirected back into the system as RAS while the treated water leaves for further 

treatment as effluent. A portion of the settled biomass can be expelled from the system 

via the WAS line. If the biological reactor contains un-aerated zones, a mixer can be 

used to help prevent settling in these zones, a role provided in the aerobic zone by the 

air or oxygen supply.  

 

Figure 5: A generic IFAS schematic diagram with treatment tank and a settling clarifier (Boltz 

et al., 2009) 

The biofilm component plays a critical role in supporting nitrification, 

especially under variable operational conditions, while the suspended sludge 

continues to handle the bulk of the organic load. IFAS systems are often used in 

retrofits of existing wastewater treatment plants to improve nutrient removal 

performance, though they require slightly more complex operation and maintenance 

due to the need to monitor media health and biofilm activity. IFAS systems can 
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increase treatment capacity or nitrification performance over the traditional activated 

sludge process, but at added complexity and capital cost, particularly in sludge 

management and monitoring (Shreve & Brennan, 2019). IFAS might yield greater 

flexibility in regulating biomass via suspended sludge but can be more challenging to 

control biofilm structure and functional gene distributions, particularly at low C/N or 

under shock loads. Table 2 summarizes the notable characteristics of IFAS systems. 

Table 2: Notable characteristics of IFAS systems 

Characteristic Description 

Process Type 
Hybrid of suspended growth (activated sludge) and attached 

growth (biofilm) 

Media Type 
Fixed or free-floating media added to aeration tanks for 

biofilm growth 

Treatment Efficiency High removal of BOD, nitrogen, and sometimes phosphorus 

Biomass 

Concentration 
Higher total biomass due to biofilm + suspended sludge 

Nitrification Support 
Supports stable nitrification even under variable loading 

conditions 

Operation & 

Maintenance 
Requires media management and biofilm monitoring 

Typical Applications 
Municipal and industrial wastewater treatment, especially for 

nutrient removal 

Another type of biofilm system utilized is the Moving Bed Biofilm Reactor 

(MBBR). These systems are a widely used fixed-film biological treatment process 

that utilizes suspended, free-floating plastic carriers for biofilm growth within an 

aerated or anoxic reactor. First developed in Norway in the late 1980s, MBBRs 

combine the advantages of both attached and suspended growth systems (Sangamnere 

et al., 2023). These carriers, designed with a high surface-area-to-volume ratio, move 

freely within aerated or mixed tanks, allowing for effective contact between the 

wastewater and the biofilm. The continuous movement of carriers within the aeration 

tank promotes uniform oxygen and substrate distribution, contributing to the 



 

 

21 

robustness and efficiency of nitrification. As the biofilm metabolizes organic matter 

and nutrients, MBBRs are particularly effective at supporting nitrification, even under 

challenging conditions such as low temperatures or fluctuating loads. Unlike 

traditional activated sludge systems, MBBRs do not require return sludge recycling, 

simplifying operation and reducing maintenance. They can also be configured in 

multiple stages (aerobic, anoxic, or anaerobic) to facilitate nitrogen removal via 

nitrification-denitrification, and phosphorus removal when integrated with chemical 

dosing or EBPR processes. Figure 6 shows the MBBR process occurring in aerobic 

tanks with screens, where influent wastewater is treated with mobile biofilm carriers 

in different tanks intended for specific nutrient removal processes. This is followed by 

a dissolved air flotation (DAF) tank to prevent the mobile biofilm carriers from being 

carried into the rest of the system. 

 

Figure 6: A generic MBBR schematic diagram with treatment tanks and a settling clarifier 

(Boltz et al., 2009). 

With a compact footprint and modular design, MBBRs are ideal for both new 

installations and retrofitting existing plants where space is limited but enhanced 

nutrient removal is required. Due to their compact design, operational stability, and 

scalability, MBBRs are now extensively applied in both municipal and industrial 

wastewater treatment (Murshid et al., 2023). Table 3 summarizes the notable 

characteristics of MBBR systems. 
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Table 3: Notable characteristics of MBBR systems 

Characteristic Description 

Process Type Attached growth system using moving biofilm carriers 

Media Type Free-floating plastic carriers with high surface area 

Footprint Compact system with high treatment capacity in a small space 

Treatment Efficiency 
High BOD and ammonia removal; adaptable for nitrogen and 

phosphorus processes 

Biomass 

Concentration 
High due to biofilm development on media 

Nitrification Support 
Excellent stability and efficiency, especially in low-

temperature or variable-load conditions 

Phosphorus Removal Can be integrated with chemical dosing or EBPR processes 

Operation & 

Maintenance 

Low maintenance; no sludge recycling or media cleaning 

required 

Typical Applications 
Municipal and industrial wastewater; ideal for retrofits and 

decentralized systems 

 

The Environmental Protection Agency has observed improved nutrient 

removal from publicly owned treatment works (POTW) of varying types of biomass 

systems, including attached (biofilm) growth and activated sludge systems. 22.75% of 

POTWs using activated sludge achieve total nitrogen below 8 mg-N/L and total 

phosphorus below 1 mg-P/L in their effluent. In comparison, 11.26% of POTWs with 

attached growth achieve the same effluent quality. While 15% of POTWs with 

combined systems are able to reach the same effluent quality, only 20 POTWs were 

reported to use such systems, and the small sample size may impact statistical 

comparisons (US EPA, 2016). 

2.5 Microbial Communities in Wastewater Treatment Systems 

Microbial communities are essential to wastewater treatment, as they drive the 

biological processes responsible for breaking down organic matter and removing 

nutrients like nitrogen and phosphorus. Different groups of microorganisms like 
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AOBs, NOBs, and PAOs work together to convert pollutants into less harmful forms. 

The structure and diversity of these communities directly influence treatment 

efficiency, system stability, and resilience to operational changes. Maintaining a 

healthy and balanced microbial ecosystem is therefore critical for the reliable 

performance of biological treatment systems. 

Recent advancements in molecular biology and imaging techniques have 

provided deeper insights into the structure, composition, and function of 

microorganism communities in wastewater treatment based on genetic characteristics. 

Metagenomics, metatranscriptomics, and confocal laser scanning microscopy 

(CLSM) are increasingly used to study microbial diversity and gene expression 

(Huang et al., 2017). This study compared bacteria populations in different reactors, 

and found suspended flocs were preferred by denitrifying bacteria over attached 

biofilm. Metagenomic approaches allow for the comprehensive identification of 

functional genes involved in nitrogen and phosphorus cycling, providing insights into 

the metabolic potential of microbial communities that traditional cultivation methods 

cannot capture. Studies such as these are beneficial to improving environments for 

microbial activity, and enable a more accurate assessment of how bacteria populations 

contribute to nutrient removal efficiency in wastewater treatment systems.  

Other relevant bacteria include Candidatus Accumulibacter phosphatis, which 

is one of the most prevalent PAO, often dominant in EBPR systems, with abundances 

measuring >50% at 24ÜC during one study (Ong et al., 2014). It operates via the 

classical anaerobic-PHA-synthesis/aerobic-polyphosphate uptake model using volatile 

fatty acids and is capable of using nitrate as electron acceptor in some clades to 

perform concurrent denitrification and P uptake (i.e., denitrifying PAOs). Candidatus 
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Phosphoribacter (also known as Tetrasphaera) is a non-canonical (fermentative) PAO 

more recently understood to dominate in many full-scale EBPR systems, as concluded 

by Nielsen et al. (2019). It uses amino acids, glucose, and other fermentable substrates 

anaerobically and often does not store PHA, but produces fermentation products (e.g., 

VFAs) that may fuel other PAOs or itself later in aerobic uptake. In lab enrichment 

with amino acid feed, Tetrasphaera accounted for ~80% of P uptake versus 

Accumulibacter, storing polyphosphate efficiently under aerobic conditions (Marques 

et al., 2017). 

Other microbes include glycogen accumulating organisms, such as 

Competibacter, compete with PAOs for VFAs but do not contribute to net P removal; 

higher GAO abundance can reduce EBPR efficiency (Wong et al., 2018). Carbon 

source type matters in these complex treatment schemes, where acetate favors 

Accumulibacter, while amino acids or complex organics favor Tetrasphaera 

enrichment (Petriglieri et al., 2022). VFAs, pH, nitrate presence, and anaerobic-

aerobic cycle durations influence which PAO clade dominates and overall P-release to 

uptake ratios. For example, enriching Accumulibacter Clade IIA and lowering GAO 

abundance improved phosphate-uptake/carbon-uptake ratio in lab-scale EBPR 

operations (Wong et al., 2018). This conclusion allowed improved phosphate removal 

within a ñsingle uptake/release cycle of recovery.ò   

DNA analysis and sequencing have become essential tools for characterizing 

microbial communities in wastewater treatment processes. Through techniques such 

as 16S rRNA gene sequencing and metagenomics, researchers can identify and 

quantify the diversity and abundance of functional microbial taxa, including key 

nitrifiers and denitrifiers. 16S rRNA gene sequencing is a molecular technique used to 
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characterize and identify bacterial communities based on the highly conserved 16S 

ribosomal RNA gene. During sequencing, specific primers target specific regions of 

the 16S gene, which are amplified using polymerase chain reaction (PCR) and then 

sequenced using platforms such as Illumina MiSeq or HiSeq. The resulting sequences 

are clustered into operational taxonomic units (OTUs) or amplicon sequence variants 

(ASVs) and compared against reference databases like SILVA or Greengenes for 

taxonomic classification (Callahan et al., 2016). This method is widely used in 

environmental microbiology, including wastewater treatment studies, to assess 

microbial diversity and determine the presence and relative abundance of functionally 

important taxa such as AOB, NOB, PAOs, and denitrifiers (Wells et al., 2014). 

One widely used tool for DNA analysis is the MiDAS (Microbial Database for 

Activated Sludge) field guide, which was created as a ñecosystem-specific taxonomy 

that together with the field guide links identity to function for the microbes in 

wastewater treatment and bioenergy systemsò (Dueholm et al., 2022). A study 

performed by Dueholm et al. (2024) utilized full-length 16S rRNA gene sequencing to 

expand the MiDAS bacteria and archaea database, which classifies microorganisms in 

wastewater on a genus- and species-level. The MiDAS database was then cited in 

multiple studies, including Vestergaard et al. (2024) and Parret et al. (2025). 

Vestergaard et al. (2024) used the MiDAS database in their investigation of core 

species and conditionally rare and abundant taxa, and their roles in a range of 

activated sludge wastewater treatment plants. Parret et al. (2025) explored the 

nitrifying microcolonies in biological flocculation with the MiDAS database.  

These molecular approaches enable a deeper understanding of the biological 

mechanisms underpinning treatment performance, allowing for the detection of slow-
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growing or unculturable microorganisms that may not be observed through traditional 

culturing methods. Moreover, high-throughput sequencing facilitates monitoring of 

community shifts in response to operational changes, environmental stressors, or 

pollutant loads, supporting data-driven optimization of reactor conditions for 

improved stability and efficiency. 

2.6 Mobile Biofilm Carriers 

Further research into engineered biofilms, bioaugmentation, and hybrid 

systems continues to expand the potential of biofilm technologies in advanced 

wastewater treatment and resource recovery applications. Experimenting with biofilm 

carriers, including organic biofilm carriers, has been the focus of a number of studies.  

Liu et al. (2020) observed nitrification and denitrification occurring 

simultaneously in a continuous flow MBBR populated with surface-modified carriers. 

This was intended to prove how carrier characteristics such as surface charge can 

impact the carrierôs ability to support biofilm formation and the subsequent 

nitrification/denitrification processes. Compared to conventional carriers, the 

modified biofilm carriers were created to increase hydrophilicity and positive surface 

charge, allowing total nitrogen (TN) and ammonia removal efficiencies to reach 

76.6% and 88.6%, respectively ï a 16.2% and 6.3% increase compared to the 

conventional carriers.  

A study by Chen et al. (2021) explored how different biofilm carriers affected 

microbial communities in the biofilm and the subsequent treatment performance. 

They compared biofilm carriers made of PVA gel vs. conventional Kaldnes media, as 

the PVA gel carriers had double the specific surface area of the Kaldnes media at 
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1,000 m2/m3 in comparison to the Kaldnes mediaôs 500 m2/m3 specific surface area. 

More surface area means a more sheltered environment for bacteria, along with higher 

microbial densities on the media, and therefore improved nutrient removal. They 

discovered that PVA enabled more stable denitrification (~78-84 % nitrogen removal 

across varying environmental factors). The PVA carriers were enriching for bacteria 

like Paracoccus and Acinetobacter capable of simultaneous nitrification and 

denitrification with up to 16 % relative abundance (Chen et al., 2021).  It was 

concluded that carriers with high porosity structures promote more robust co-culture 

of nitrifiers and denitrifiers and improve TN removal substantially (~76.6 %) versus 

conventional systems (~60 %). 

Zhang et al. (2024) studied the impacts on nitrification and denitrification in a 

continuous flow IFAS system. By looking at an activated sludge system, a biofilm 

system, and a combined system with both elements separately, they were able to 

determine the differences and overlap in performance between each system. The study 

reported an increased nitrification rate in the combined IFAS system at 18.8 mg-

NH4+-N/(Lẗh), while the activated sludge alone measured a nitrification rate of 14.0 

mg-NH4+-N/(Lẗh), and the biofilm system measured a rate of 12.3 mg-NH4+-N/(Lẗh). 

They noted that despite combining the two systems, the result was not equal to the 

combined rates of the individual process. A significant variation in functional 

microbial communities were discovered when comparing the DNA sequencing results 

of the biofilm and the activated sludge (Zhang et al., 2024). This study observed 

distinct differences in microbial community composition between biofilm and 

activated sludge samples, with biofilms enriched in nitrifying and phosphorus-

accumulating organisms, while activated sludge supported higher relative abundances 
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of heterotrophic denitrifiers. These functional differences reflect the contrasting 

microenvironments within biofilms, where diffusion gradients favor specialized 

autotrophs, versus the more mixed and oxygen-rich conditions of suspended flocs that 

support rapid heterotrophic growth. 

Wei et al. (2021) considered the viability of integrating aerobic kenaf granules 

as mobile biofilm carriers in a continuous flow system. The carriers were created with 

plant material harvested from Hibiscus cannabinus, also known as kenaf, or Mobile 

Organic Biofilm (MOBTM) Carriers (Nuvoda, U.S.A.). The kenaf plant is native to the 

majority of the African continent, growing annually in tropical biomes during the dry 

season. A map (Figure 7) by the Catalogue of Life shows the distribution of kenaf 

around the world, with green marking countries the plant is native to, and red 

indicating areas where kenaf was successfully introduced (Hanes & Barrett, 2025). 

 

Figure 7: A map showing the distribution of kenaf around the world (Hanes & Barrett, 2025) 

 Nuvoda, a biotechnology company based in South Carolina, processes the 

kenaf plant into small granules intended to host biofilm around the granuleôs core. As 
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a low-maintenance, fast-growing plant (gaining ~1 foot per week) with a naturally 

porous structure, kenaf was chosen as a novel attractive base material for the mobile 

biofilm carriers Nuvoda was developing and was grown and harvested in the U.S. 

Figure 8 shows the kenaf plant before and after processing (Nuvoda | Innovative 

Wastewater Solutions, 2023).  

 

Figure 8: A flower from the kenaf plant (left) next to a handful of processed kenaf granules 

(right). 

 As a biofilm carrier, the kenaf granules are able to host microorganisms that 

produce a biofilm around the granuleôs core, which allows simultaneous nitrification, 

denitrification, and phosphorus removal processes to occur. This is possible due to 

how dissolved oxygen diffuses through the structure of biofilm ï  as inner layers of 

biofilm are hard for DO to reach, anoxic areas are naturally formed, while outer, 

oxygenated layers create aerobic zones. This allows the biofilm carriers to meet the 

varying environmental parameters required for these processes to occur, as shown in a 

diagram developed by Nuvoda (Figure 9).  
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Figure 9: A diagram showing layers of biofilm around a kenaf granule core, with nutrient 

removal processes shown in white (Nuvoda | Innovative Wastewater Solutions, 2023). 

As discussed in Chen et al. (2021), one of the most common mobile biofilm 

carriers has a specific surface area of 500 m2/m3, and approximately 10 cm in size. 

Comparatively, the kenaf granules are naturally much more porous, with an estimated 

specific surface area of >20,000 m2/m3, and measuring approximately 1 mm in size. 

The study seeded a continuous-flow reactor with the MOBTM and observed that the 

MOBTM improved the reactorôs EBPR performance at a specific phosphorus uptake 

rate of 38.2 Ñ 0.8 mg-P/g-VSS/day. In comparison to conventional aerobic granules, 

the kenaf granules demonstrated ñcomparable N and P removal rates,ò and clusters of 

AOBs and PAOs were detected in the biofilms around the kenaf. However, the 

treatment plantôs nitrogen removal rate prior to the addition of the MOBTM was not 

high enough for any changes by the MOBTM to be considered significant. 

Additionally, the study noted an inconsistency with the mixed liquor suspended solids 

(MLSS) levels at the plant, likely due to the addition of MOBTM and natural 

separation of heavier MLSS clustering near the bottom of the reactor.  
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Daigger et al. (2023) also explored MOBTM added to hybrid systems in 

continuous-flow wastewater treatment. The study indicated that incorporating 

ñbiological and physical selectors can have a reduced footprint, monetary costs, and 

improve biological WWT process performance when compared to conventional 

activated sludgeò (Daigger et al., 2023). This indicated further studies should be 

performed to assess MOBTM as a viable biofilm carrier in other wastewater treatment 

plants. 

  



 

 

32 

3.0 Materials and Methods 

3.1 Bioreactors  

TMWRFôs System 1 and System 3 function using return activated sludge 

(RAS), which is pumped back into their respective systems to supply the 

anaerobic/aerobic basins with the cultivated microorganisms for nutrient removal 

processes (Figure 1, Figure 2). Primary effluent is directed to the systems, where it 

undergoes phosphorus uptake and removal processes before heading to the nitrifying 

trickling filter. The bioreactor tests performed during this study mimic this setup. To 

better understand the impact of kenaf on TMWRFôs System 3 regarding nutrient 

removal, eight liters of RAS was collected to provide the biomass for testing. Ten 

liters of primary effluent from System 3 was collected to serve as media for 

resuspending the biomass in each bioreactor. The primary effluent and RAS was 

transported in HDPE containers. No anomalous weather events impacted the sampling 

or monitoring at TMWRF over the course of the study. 

Three bioreactors, each holding three liters, were set up in a UNR lab to study 

phosphate release and uptake, as well as nitrification rates under anaerobic and 

aerobic conditions. The selected RAS volumes for each bioreactor were selected to 

achieve a final total solids (TS) of suspended biomass concentration of approximately 

2,000 mg/L in the bioreactor to mirror mixed liquor suspended solids (MLSS) levels 

at TMWRF, based on calculation of total suspended solids (TSS) in each bioreactor. 

TS represent the sum of all organic and inorganic matter remaining as residue after 

evaporation of a wastewater sample, including both suspended and dissolved 

fractions. TSS, by contrast, refer specifically to the portion of solids that are retained 
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on a filter, representing the particulate matter suspended in the water column. In 

wastewater treatment studies, TS and TSS are key indicators of treatment 

performance, sludge production, and the efficiency of solidïliquid separation 

processes. The contents of the bioreactor varied between bioreactor runs to gather a 

more complete understanding of the impact of the MLSS and the kenaf, combined and 

separately. Each precalculated volume of RAS was centrifuged using a Sorvall XTR 

at 3,000 g for 5 minutes, and the supernatant was separated from the pellet. The pellet 

was resuspended in 3 L of the collected System 3 primary effluent in one 3 L 

bioreactor. To separate the MLSS and the kenaf for individual bioreactor runs, System 

3 RAS was passed through a 0.5 mm screen to separate the kenaf granules from the 

MLSS, as shown in Figure 10. The kenaf granules were gently rinsed with System 3 

primary effluent to fully separate any remaining MLSS from the surface of the kenaf. 

Depending on the focus of the study, either or both the kenaf and the MLSS would 

each then be resuspended with 3 L of the collected System 3 primary effluent in a 3 L 

bioreactor. 
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Figure 10: MOB kenaf granules retained on a 500 Õm screen 

All three bioreactors were placed on stir plates and gently stirred with 

magnetic stir bars to maintain biomass suspension through the full run of the 

experiment. To simulate treatment within TMWRF, the experimental runs began with 

the bioreactors in the anaerobic stage, which was sustained for 75 minutes. Following 

this, air was pumped through aeration stones placed inside the bioreactors to achieve 

aerobic conditions for another 180 minutes. One of these setups, running three 

bioreactors with System 3ôs MLSS+kenaf, MLSS-only, and kenaf-only, is shown in 

Figure 11. 
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Figure 11: Bioreactors set up in UNR lab. (a) Bioreactor 1: MLSS+Kenaf; (b) Bioreactor 2: 

MLSS-only; (c) Bioreactor 3: Kenaf-only. 

For denitrification experiments, the aeration stones of Bioreactors 2 and 3 

were removed. To achieve an anoxic state, the bioreactors were sparged with nitrogen 

gas (N2) and continuously stirred for 60 minutes following the aerobic stage. High-

strength waste (HSW), which is currently used by TMWRF for the System 3 anoxic 

zone as a carbon source, was added to each bioreactor. High-strength waste is used as 

a carbon source in anoxic basins and is usually the byproduct of food or beverage 

processing plants, glycerol, or fermented primary sludge supernatant. These wastes 

are often rich in readily biodegradable organic matter, making them effective at 

enhancing denitrification. Since it is often cheaper compared to conventional carbon 

sources such as methanol, understanding how well it works with MOB technology 

incorporating denitrification zones is important to explore. Some of the most notable 

characteristics include a high VFA content, as well as varying levels of COD 

depending on the source. This, and other characteristics are shown in Table 4.  
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Table 4: Characteristics of High Strength Waste 

Parameter Typical Range / Description 

COD 10,000ï100,000 mg/L (varies depending on waste type) 

Soluble COD 

(sCOD) 
High fraction of total COD ð crucial for rapid denitrification 

VFAs High, especially in fermented wastes (e.g., acetate, propionate) 

C/N 
Often very high (>20:1) ð provides ample carbon for 

denitrification 

pH Often acidic (around 5ï6) for fermented wastes 

Toxicity/Potential 

Inhibitors 
May contain sulfides, phenols, or ammonia (depends on source) 

 

Samples were collected every 15 minutes in each stage of the run, with 

additional samples collected at the very beginning and end of the experiment. pH was 

measured at the beginning and end of each stage with a FisherbrandÊ AccumetÊ 

AE150 Benchtop pH Meter. A Hach HQ40d Portable Multi-Parameter Meter was used 

throughout the process to measure ORP and DO. Oxidation-Reduction Potential 

(ORP) indicates the presence of either excess oxidizers (strong) or reducers (weak) 

which either oxidize or reduce substances. Higher positive readings are associated 

with a healthier, more sanitary environment and lower readings indicate a less healthy, 

reducing environment. 

The samples, measuring 15 mL each, were centrifuged and filtered through 

0.45 Õm syringe filters to separate the biomass from the supernatant. The filtrate was 

then stored in a 4ÁC refrigerator for ion chromatography (IC) analysis of phosphate 

and nitrite/nitrate (combined and referenced as NOx), as well as Lachat analysis of 

ammonia and COD level analysis. These results were collected and compared for a 
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better understanding of the optimal configuration of System 3 and the implementation 

of kenaf as a mobile organic biofilm carrier. More details on these analyses are 

provided in subsequent sections. 

3.2 Sample Analysis 

3.2.1 Total Solids/Volatile Solids Analysis 

During sampling at TMWRF, 10 liters of return activated sludge (RAS) from 

System 3 and three liters of RAS from System 1 were collected. The biomass solids 

from both systems were then brought back to UNRôs campus for analysis. 

Approximately 200 mL of System 3 RAS was filtered through a 0.5 mm screen to 

separate the kenaf from the MLSS. 

5 mL of each systemôs RAS, as well as the separated kenaf and MLSS, was 

placed into a pre-weighed aluminum dish, and dried for 2 hours at 105ϲC. The total 

solids (TS) value was calculated by taking the difference between the weights before 

and after drying and dividing the value by the volume (in this case, 5 mL) of sample 

used. After cooling to room temperature, each dish was weighed again before the 

contents were incinerated in an oven set at 550ϲC to identify the volatile fraction. 

After 20 minutes, they were removed and allowed to cool to room temperature before 

being weighed again. The total volatile solids (VS) value was calculated by taking the 

difference between the weights before and after burning and dividing the value by the 

volume of sample used. Volatile solids and volatile suspended solids (VSS) represent 

the fraction of TS and total suspended solids (TSS) respectively that is lost upon 

ignition at high temperatures, and are therefore used as an indirect measure of the 

organic, biodegradable, and microbial components of the suspended solids. 
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Similarly, TSS and VSS were found in the same way, weighing filters 

retaining solids from 5 mL samples after drying and after incineration. Pre-weighed 

0.45 Õm filter paper was used. The difference of the weights pre- and post-burning 

were divided by the volume of sample filtered. Both the TS and VS tests, and the TSS 

and VSS tests were performed in triplicate for each sample drawn to reduce 

experimental error and to calculate an average of each value along with standard 

deviation.   

3.2.2 Nutrient Analysis 

Ammonia, phosphate, and some NOx analysis was performed using a Lachat 

QuikChem Flow Injection Analysis (FIA) 8500 system (Hach, Loveland, CO, USA). 

The filtered samples collected during the run of each experiment was tested with a set 

of five standards made with each run of the Lachat to calibrate the sample results for 

quality control purposes.  

The QuikChem Method 10ï107ï06-2-O (Lachat Instruments, 2020) was used 

to determine the ammonia levels. To calibrate the Lachat, 0.1-5 mg-N/L ammonium 

chloride was used, as the ammonia detection limit was 0.04 mg-N/L. The standards 

created for the ammonia tests used 1.0 mg-N/L ammonium chloride.  

The QuikChem Method 10-107-04-1-A was used for NOx analysis (Lachat 

Instruments, 2020). Potassium nitrate (0.2-20 mg-N/L) was used for calibration, as 

well as creating the standards. The nitrite/nitrate detection limit was 0.01 mg-N/L. 

During sample testing between September 2024 and December 2024, the instrumentôs 

NOx channels displayed inconsistent performance and efforts to troubleshoot the 

issue with the vendor were not successful. This resulted in a switch in method to 
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anion analysis, which was performed on a Dionex ion chromatograph instrument. 

Although the ion chromatograph instrument measures nitrite and nitrate levels 

separately, they are combined and referred collectively as NOx levels unless 

individual values are relevant. All nitrite/nitrate analysis beyond December 2024 was 

performed via anion analysis using a Dionex ion chromatograph instrument.  

For phosphate analysis, the QuikChem Method 10-115-01-1-A was used. 

Anhydrous potassium phosphate monobasic (0.01-2 mg-P/L) was used to calibrate the 

Lachat, in addition to the standards created for quality control. The detection limit for 

phosphate was 0.01 mg-P/L. After the switch in method to anion analysis for NOx 

analysis, phosphate analysis also switched over as the Dionex ion chromatograph 

instrument is capable of running both NOx and phosphate analysis simultaneously.  

3.2.3 Anion Analysis 

The concentrations of nitrite (NO2
-), nitrate (NO3

-), and phosphate (PO4
3-) in 

the 0.45 mm filtered wastewater samples were determined using a Thermo 

ScientificÊ DionexÊ ICS-6000 HPIC system. 

The system was equipped with a Dionex IonPac AG19-4ɛm guard column and 

a Dionex IonPac AS19-4ɛm analytical column (4x250 mm). The column temperature 

was maintained at 30 ÁC. Anions were separated using a potassium hydroxide (KOH) 

eluent generated by a Dionex EGC 500 KOH cartridge. The separation was achieved 

with a multi-step gradient at a flow rate of 0.25 mL/min. The gradient began with 15 

mM KOH for the first 10 minutes, followed by a linear increase from 15 mM to 45 

mM KOH over the next 15 minutes (from 10 to 25 minutes). The concentration was 

then held at 45 mM KOH for an additional 10 minutes. 
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A 2 ÕL sample volume was injected for each analysis. After separation, the 

eluent was passed through a Dionex ACES 300 suppressor to reduce background 

conductivity. The final detection of the anions was performed by a suppressed 

conductivity detector. For nitrite detection, potassium nitrite was used as the standard. 

The linear range was 0-10 mg/L, and the limit of detection (LOD) was 0.32 mg/L. 

Potassium nitrate was used as the standard for nitrate detection, which had a linear 

range of 0-30 mg/L and a LOD of 0.4 mg/L. For phosphate, potassium phosphate 

monobasic was used for calibration, with a linear range of 0-20 mg/L and a LOD of 

0.59 mg/L.  

3.2.4 Chemical Oxygen Demand Analysis 

To measure chemical oxygen demand (COD) of samples, a selection of 

samples from the beginning, middle, and end of each experiment stage, from each 

bioreactor, were tested in accordance with HACH analysis methods (HACH, 

Loveland, Colorado, USA). This was to provide a timeline of the changes in COD. 

Following the HACH procedure provided with the sample tubes, the low-range (3-150 

mg/L COD) HACH COD tubes were dosed with 2 mL of 0.45 mm filtered samples. A 

HACH incubator (DRB200 Digital Reactor Block) was preheated to 150ϲC before the 

inoculated HACH COD tubes were placed inside to incubate for 2 hours. After 

allowing the COD tubes to cool to room temperature, the tubes are then washed with 

distilled water and wiped clean. The HACH DR6000 UV VIS Spectrophotometer was 

then used to read each sampleôs COD level.  
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3.3 Statistical Analysis 

After collecting the relevant data, a statistical analysis of nutrient removal 

rates was performed to compare treatments over the length of the study and identify 

trends or influencing factors in a wastewater treatment process. For the bioreactor 

runs, concentrations of ammonia, NOx, and phosphate in each sample were mapped 

over time on a comprehensive graph that also shows the DO level to indicate the 

anaerobic/aerobic stages. Linear regression was used to find the rate of production or 

removal of each nutrient, and these ranges are shown on separate graphs with a 95% 

confidence interval. Nitrification rates were calculated with changes in ammonia 

concentrations over time, due to the lack of NOx data in early bioreactor runs. In 

order to directly compare the efficiency of the AOB, NOB, and PAOs, each rate is 

divided by the biomass measured in the respective bioreactor to find the specific rates.  

A t-test was used to determine whether the difference between two group 

means is statistically significant ï that is, unlikely to have occurred by chance. It 

compares the means, variability, and sample sizes of the groups to calculate a t-value, 

which is then used to find a p-value. If the p-value is below a chosen threshold 

(typically 0.05 for a 95% confidence level), the result is considered significant. There 

are different types of t-tests depending on the data: a paired t-test is used for 

comparing the same group before and after a change, while an independent t-test 

compares two different groups. A study by Bourget (2023) used t-tests to study the 

relationships between seasons and treatments in a California wastewater treatment 

plant. A paired t-test was employed to ensure all treatment procedures were accounted 

for; depending on the data, a paired t-test can be used for comparing the same group 

before and after a change, while an independent t-test compares two different groups 
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(Bourget, 2023). For this current study, the t-tests for were performed using Microsoft 

Excel and compared System 3 (the combined MLSS+kenaf) with each of the 

bioreactor setups ï System 1, MLSS-only, and kenaf-only. Independent t-tests were 

used to compare Systems 1 and 3, as there were a number of variables (SRT, presence 

of MOB kenaf granules) between the two systems. Paired t-tests were used for the 

MLSS-only and kenaf-only comparisons with System 3, as both the MLSS and kenaf 

were separated out from System 3 and no other variables were introduced. This 

allowed direct comparisons and trends to be observed between the bioreactors.  

3.4 Microbial Community Analysis 

To extract DNA and RNA from the kenaf and biomass samples, the AllPrepÈ 

PowerViralÈ DNA/RNA Kit was used. The DNA extraction procedure was performed 

in accordance with the AllPrep PowerViral DNA/RNA Kit Handbook, provided by 

RTL Genomics (Lubbock, TX, USA).  

After DNA extraction, a Nanodrop spectrophotometer was used to evaluate the 

quality and concentration of the DNA including the A260/A280 and A260/A230 

ratios. Three DNA samples were then shipped to RTL Genomics for analysis, who 

then provided two sets of data: the raw data and the analyzed data. The raw data was 

processed following RTL Genomicsô Data Analysis Methodology for Microbial 

Diversity. The analyzed data provided by RTL Genomics include taxonomic 

information only. To infer microbial function, the identified taxa were cross-

referenced with the MiDAS Field Guide at the genus level. Ecological or functional 

roles were assigned to each genus based on the MiDAS database, and corresponding 

functional annotations were added for all identified microorganisms.  
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4.0 Results and Discussion 

Kenaf granules were introduced to TMWRFôs System 3 over a 3-day period, 

from November 28, 2023 to November 30, 2023. During this period, operators at 

TMWRF introduce the kenaf as shown in Figure 12. During the pilot period, 

additional kenaf was added as needed to provide additional media due to any losses 

that occurred over the experimental period. 

 

Figure 12: Introduction of Kenaf to System 3 (photo courtesy of Austin Martin) 

TMWRFôs System 3 consists of three rectangular passes arranged in parallel 

to each other, where wastewater flows through each pass and into the next in a 

serpentine configuration. This configuration allows optimal biological treatment to 
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occur without occupying excessive space in the treatment plant. As the treatment plant 

is monitored closely, adjustments were made to the system to accommodate changes 

in weather conditions, environmental factors, and other occurrences. Even though 

kenaf was added to System 3 in November 2023, there was a prolonged period where 

the system was acclimating to the media and the facility was working through various 

operational challenges. As such, the experiments for UNRôs portion of the project ran 

between July 2024 and May 2025. The influent conditions for System 3 over this 

timespan are shown in Figure 13 (data supplied by TMWRF process engineer).  

 

Figure 13: System 3 Influent Conditions (July 2024 - May 2025) 

System 3ôs inflow, measured in million gallons per day (MGD), was 

maintained within the 4.5-7 MGD range over the course of the study. There is some 

fluctuation noted between July and November 2024 with a spike in September, before 

values were observed to steadily rise after the beginning of the new year. The soluble 

chemical oxygen demand (sCOD) levels, which indicate the amount of dissolved 

organic matter exerting an oxygen demand, fluctuated between about 200-250 mg/L 
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over this period. After a notable spike in January 2025, the sCOD levels became more 

stable between February and May 2025. Due to the nature of the wastewater entering 

the facility, this is a parameter that TMWRF is not able to control or adjust. In 

contrast, the solids retention time levels, which the facility is able to adjust via solids 

wasting and/or mixed liquor suspended solids levels, were maintained between about 

3.2 and 4.7 days during the study. As described earlier, SRT is a key parameter that 

governs the types of microbes that can be maintained within the treatment system, 

with higher SRT values favoring slow-growing microorganisms such as AOB or 

NOB. Most notable within the data shown is February 2025, where the SRT exceeds 

4.6 days. Since SRT directly influences the critical growth rate for the 

microorganisms in the system, influent nutrient levels and other external factors such 

as lower water temperature led to TMWRF adjusting the target SRT multiple times. 

Cold weather operation of biological processes occasionally necessitates changes in 

the solids retention time to maintain desired operational performance since colder 

temperatures lead to decreases in microbial growth rates. Influent ammonia levels 

throughout the study are displayed in Figure 14, with both SRT and sCOD shown for 

comparison. 
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Figure 14: System 3 Influent Ammonia (July 2024 ï May 2025)  

The average influent ammonia concentrations, measured as nitrogen, for each 

month were found to be between 40-48 mg-N/L, based on data collected by TMWRF. 

Although the influent flowrate was lower in November 2024, there was a spike of 

ammonia concentrations that month, at an average of 47.9 mg/L. In contrast, the 

average sCOD was lower during this period. This relationship is important to 

consider, as overall COD removal and ammonia removal are performed 

simultaneously by different groups of microorganisms, with some microbes requiring 

organic carbon to drive their metabolism of certain nitrogen species. A higher C/N 

ratio is linked to higher COD removal, while lower C/N ratios can impede the 

removal of total nitrogen for facilities utilizing influent organic carbon to drive 

denitrification (Kocaturk & Erguder, 2016). In the same vein, the more stable levels of 

sCOD and slight decline in ammonia levels between February through May 2025 

resulted in a slight increase in the C/N ratio. In Figure 11, the SRT can be observed to 

be increasing between December 2024 and February 2025, likely as a response to 
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increasing ammonia levels. Since nitrifying bacteria favor longer SRTs, improving the 

growth conditions by having higher SRTs would be expected to help improve 

ammonia removal.  

The total phosphorus (TP) levels of the influent were (compared to ammonia 

levels) low, with monthly averages staying within a range of 6-8 mg/L, with two 

exceptions in September 2024 and November 2024, at 5.84 mg/L and 8.06 mg/L 

respectively. The influent TP data is shown in Figure 15.  

 

Figure 15: System 3 Influent Total Phosphorus (July 2024 ï May 2025) 

The ammonia and total phosphorus concentrations both follow similar patterns 

that can be observed by comparing Figures 14 and 15. November 2024 had higher 

nutrient levels, and a slight decrease in concentration was observed between February 

and May 2025. Prior to November 2024, both ammonia and total phosphorus levels 

remain fairly stable, with little variation between the monthly averages. It is possible 

that November 2024ôs higher nutrient concentrations were due to the lower 

wastewater flows compared to other months.  
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Other notable occurrences observed by TMWRF operators and engineers 

include issues with foaming in System 3ôs basins. Foaming can be caused by an 

overabundance of filamentous bacteria such as Nocardia in the system, which trap air 

and can impede system operations (Rittmann & McCarty, 2001). Tests performed at 

the end of April 2024 indicated high counts of Nocardia and the fats that the bacteria 

feed on for growth. To address this issue, a polymer (Clarifloc WE 1566) was added 

on May 10, 2024, and tests on May 19, 2024 proved constant dosing of the polymer 

was able to help prevent foaming. Over time, once the system and the microbial 

community were able to stabilize, addition of the polymer was not required, and the 

foaming was not observed further during the study. 

Another issue was the poor resuspension of the kenaf granules in the system, 

leading to large piles accumulating in dead zones, impeding the granulesô interactions 

with the water. This was caused by the lack of mixing that resulted from the third 

aerobic pass of System 3 having the pumped air turned off in order to convert it into 

an anoxic zone for denitrification. The lack of mixing was resolved with the 

installation of floating mixers were placed along Pass 3, as shown in Figure 16 in 

January 2025.   
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Figure 16: Floating mixers installed into the third aerobic pass of System 3 at TMWRF 

(picture courtesy of Austin Martin) 

4.1 Basin Profile Experiments 

To gather data on the nutrient removal performance at different locations 

within the system, a plan was developed for profile testing at locations along the 

water flow path in the basin. Profile testing occurred in July 2024 and April 2025. 

Using a sample dipper provided by TMWRF, mixed liquor was collected from each 

sampling point to develop a comprehensive understanding of nutrient removal within 

System 3. The first three zones of the system are anaerobic, which allow PAOs to 

begin metabolizing volatile fatty acids and inducing phosphate release to occur. 

Phosphate levels were anticipated to steadily increase between the start of the first 

anaerobic zone and the start of the aerobic zone. As air is pumped into the system 

within the aerobic zones, nitrifying bacteria mediate ammonia oxidation, so ammonia 

concentrations were expected to decrease while both nitrite and nitrate levels increase 
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as products of their metabolism. Under aerobic conditions, PAOs take up and 

accumulate phosphorus, decreasing the phosphorus concentrations throughout the 

reactor. 

4.1.1 Initial Basin Profile ï June 2024 

The first basin profile samples were taken twice on the same day, at 8 AM and 

4 PM on July 23, 2024. A total of 16 samples were collected: each basin was sampled 

once, along with the effluent from the secondary clarifier, with the exception of the 

first anaerobic tank, which was sampled twice. The samples were then prepared onsite 

for nutrient testing via Lachat later that day.  

The sampling points for the July 2024 profile testing are shown below in 

Figure 17, marked in red. 

 
Figure 17: Basin Profile Sampling Locations (July 2024) 

At this point in time, eight months had passed since the MOB kenaf granules 

were first introduced into System 3. The system was running on a shorter SRT (<3.5 

days), which was in alignment with TMWRFôs target SRT at the time of 3.5 days. 
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Other conditions and general performance of System 3 around this time is 

summarized in Table 5.  

Table 5: General Performance of System 3 in July 2024 

Date (mm/dd/yyyy) 07/23/2024 

Location System 3 

System Inflow (MGD) 6.0 

Total SRT (Days) 3.44 

Influent 

Ammonia (mg-N/L) 40.7 

NOx (mg-N/L) 0.03 

OP (mg-P/L) 4.16 

Secondary Effluent 

Ammonia (mg-N/L) 3.0 

NOx (mg-N/L) 4.15 

OP (mg-P/L) 1.01 

The morning set of ammonia and nitrite/nitrate concentrations (i.e., NOx) for 

July 2024 are shown in Figure 18. The higher ammonia concentrations in the first four 

samples were expected as ammonia removal begins in the aerobic zone, so the lack of 

oxygen prevented the nitrification microorganisms from starting nitrogen oxidation. 

The first anaerobic zone was sampled at the beginning of the zone (ANA1.1) and at 

the end (ANA1.2). 
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Figure 18: Nitrogen Profile (July 2024, Morning) 

As the wastewater moves through each aerobic pass, the total NOx 

concentration was observed to increase in concentration while ammonia levels 

declined to about 5 mg N/L. This demonstrates efficient AOB and NOB performance 

in the system. A small decrease in NOx in the secondary effluent indicates some 

denitrification has occurred within the clarifier, causing the NOx levels to decrease as 

nitrogen gas is created and released from the system.  

The second set of data from July 2024 reflects a similar rate of nitrification, as 

shown in Figure 19. 
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Figure 19: Nitrogen Profile (July 2024, Afternoon) 

As observed in the previous set of data, the anaerobic zones did not result in a 

marked change in the ammonia or NOx levels. Once oxygen is introduced within the 

aerated zones of the system, the nitrifying bacteria can begin metabolizing nitrogen 

and ammonia levels began to drop. Unlike the morning data, which showed a 

consistent decrease in ammonia for each subsequent sample in the aerobic zones, a 

clear decrease in ammonia between each aerobic pass was not observed. The sample 

collected from the second aerobic pass (AER 2) contained higher ammonia and NOx 

concentrations than the first pass (AER 1). While the increase in NOx is to be 

expected with more treatment, the slight increase in ammonia does not have a clear, 

straightforward explanation and may indicate sampling or analytical error. Overall, 

the treatment performance at the end of the system and in the clarifier effluent for the 

afternoon profile was similar to the morning profile. For example, the ammonia 

concentration in the secondary effluent for the morning and afternoon samples was 

5.6 mg N/L for both while the NOx concentrations were 19.2 and 20.8 mg N/L, 

respectively. 
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Unlike nitrification, phosphorus removal begins in the anaerobic basins. As 

shown in Figure 20, the PAOs in the anaerobic basins release phosphate, increasing 

the concentration within each subsequent anaerobic basin. The concentration drops as 

phosphate is removed under aerobic conditions, as demonstrated by the sudden drop 

in phosphate levels between the third anaerobic basin and the first aerobic pass. There 

was a slight increase in phosphate levels after the second aerobic pass, but the 

difference in phosphate was less than 0.3 mg-P/L.  

 

Figure 20: Phosphorus Profile (July 2024, Morning) 

In contrast to the morning profile samples, the phosphate levels observed for 

the afternoon sampling was approximately 10 mg/L higher in the anaerobic basins, 

seen in Figure 21. The precise cause of this increase is not known but could be due to 

variations in the influent loading or due to elevated phosphorus levels within internal 

recirculation lines at TMWRF (e.g., the Ostara reactor, which treats nitrogen and 

phosphorus in the digester centrate stream prior to recycle within the plant, could have 

been offline which would lead to elevated levels of phosphorus within the facility). 

Despite the difference in P levels, a similar overall phosphorus release and uptake 
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pattern was observed, with an increase in phosphate for each subsequent anaerobic 

basin before a marked decrease in concentration throughout the aerobic passes. 

Overall, the morning and afternoon profiles resulted in secondary effluent phosphate 

concentrations of 0.7 and 0.3 mg-P/L, respectively. 

 

Figure 21: Phosphorus Profile (July 2024, Afternoon) 

 

4.1.2 Second Basin Profile ï April 2025 

For a more comprehensive overview of System 3 performance at a later date, 

more sampling points were chosen for the basin profiling test run on April 18, 2025. 

One sample was taken from each anaerobic basin, while multiple samples were taken 

along the length of each aerobic pass. For Pass #1, which directly follows the 

anaerobic basins, a sample was taken at the beginning and the end of the pass. Passes 

#2 and #3 were sampled at the beginning, middle, and end, in addition to the effluent 

from the secondary clarifier and the return activated sludge. Figure 22 shows the 

locations of all sampling points. In total, 13 samples were collected at 9 AM and 

prepared onsite for testing. This sample set was collected after the installation of the 
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floating mixers in the third pass, which had been converted to a denitrification 

(anoxic) zone two months prior.  

 

Figure 22: Basin Profile Sampling Locations (April 2025) 

At the time of sampling, it had been over a year since the MOB kenaf granules 

had been first introduced to System 3. The SRT had increased from 3.44 days at the 

last basin profiling test to 5.59 days, which was above the target SRT of the time of 5 

days. Additionally, an anoxic zone had been created by turning off the air diffusers to 

System 3ôs third aerobic pass, with the goal of testing a denitrifying stage immediately 

after the second aerobic stage within the system. The conditions and general 

performance of System 3 around this time is summarized in Table 6. Values marked 

with an asterisk (*) were estimated through linear interpolation using data collected 

before and after this sampling period, as specific values for that specific day were not 

available.   
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Table 6: General Performance of System 3 in April 2025 

Date (mm/dd/yyyy) 04/18/2025 

Location System 3 

System Inflow (MGD) 5.59 

SRT (Days) 4.07 

Influent 

Ammonia (mg-N/L) 40.5* 

NOx (mg-N/L) 0.03* 

OP (mg-P/L) 5.53* 

Secondary Effluent 

Ammonia (mg-N/L) 3.0* 

NOx (mg-N/L) 9.04 

OP (mg-P/L) 0.02 

Only one set of sampling data was collected in April 2025, unlike the basin 

profile performed in July 2024, which involved collecting both a morning and an 

afternoon set of data. Ammonia, NOx, and phosphate levels were tested the same day 

as sample collection and the results are shown in Figures 23 and 24. Similar to the 

basin profiling performed at the start of the study, ammonia levels were observed to 

decrease and NOx concentrations increased as water flowed through the aerobic 

passes and nitrification was occurring. Ammonia was almost completely removed by 

the start of the third aerobic pass, indicating that the nitrification process in System 3 

was more efficient compared to the July 2024 operation.  

Three days prior to the installation of the mixers, System 3 was removing 

approximately 47 mg-N/L of ammonia; three days post-installation, the average 

amount of ammonia removed by System 3 fell to around 44.8 mg-N/L of ammonia. 

However, by the end of January 2025, the average amount of ammonia removed 

increased to 42.3 mg-N/L of ammonia, and February 2025 data revealed an average of 

approximately 43.5 mg-N/L of ammonia removed. This indicated that with more time 

to adjust to the changes in the system, nitrification surpassed pre-installation levels 
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within 2 months. Notably, denitrification can be observed throughout the aerobic 

basins and into the secondary effluent. While there was a dedicated denitrification 

zone established in the third aerobic pass (AER 3), the total amount of nitrogen 

species began decreasing by the first aerobic pass. This suggests that the kenaf in the 

aerobic passes hosted active denitrifying bacteria, which, due to diffusion limiting the 

amount of oxygen that passes through the biofilm, were processing nitrate and 

releasing nitrogen gas from the system.  

 

Figure 23: Ammonia and NOx Concentrations in Basin Profile (April 2025)  

A slight decrease in ammonia levels was observed in the anaerobic basins, 

possibly due to the presence of small amounts of oxygen in the anaerobic basins or 

biological uptake of nitrogen by microbes in the basin. However, phosphate levels 

were observed to increase from about 26.0 to 32.5 mg P/L throughout the anaerobic 

zone (Figure 24), indicating that if oxygen was present, it was in negligible amounts 
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that did not impede the EBPR process. The highest phosphate concentrations 

measured were approximately 10 mg/L higher than the basin profile at start of study, 

suggesting that the microbial consortia were acclimating to the new treatment 

conditions. Phosphate removal at the start of the first aerobic pass was so effective the 

phosphate levels at that stage were non-detectable throughout the remaining stages of 

System 3. Interestingly, elevated phosphate levels (~9.5 mg P/L) were measured in the 

secondary effluent, which was the only sample outside the anaerobic zones to contain 

detectable levels of phosphate. It is not clear what led to this elevated level, but it is 

possible that long biomass retention times in the secondary clarifier could have 

resulted in phosphorus release if oxygen levels were low. Due to the elevated level 

measured, it is not likely that analytical error was a cause of this high reading, but that 

is a possibility. If phosphate release did occur within the secondary clarifier, this 

phenomenon may suggest that operators at the facility may need to closely monitor 

conditions in the clarifier to prevent this occurrence as this can severely affect the 

overall treatment. 
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Figure 24: Phosphate Concentrations in Basin Profile (April 2025)  

4.2 Bioreactor Testing 

To gain a clearer understanding of the performance benefits associated with 

incorporating kenaf granules for enhanced attached growth conditions, RAS from 

System 3 was resuspended in System 3 primary effluent using 3 L bioreactors as a 

way to isolate and replicate the systemôs performance during a batch experiment 

under controlled conditions. RAS from System 1, which had no kenaf, was used as a 

control bioreactor to compare performance of System 3 with the baseline condition. 

Based on biomass analyses performed prior to the bioreactor setups, a selected RAS 

volume for each bioreactor was selected to achieve a final total solids concentration of 

suspended biomass of approximately 2,000 mg/L in the bioreactor. 

As the control, the bioreactors running System 1 RAS were anticipated to 

experience some fluctuations as weather and influent conditions changed, with no 

significant changes in performance. These fluctuations will be expected to show in 

System 3 as well, and any variations beyond them will be attributed to the presence of 
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kenaf in System 3, as well as differences in SRT and HRT between the two systems. 

The results of these tests were graphed across the entire duration of the experiments to 

understand the time-dependent changes during treatment.   

During the pilot test at TMWRF, System 3 contained a combination of both 

MLSS and kenaf granules to remove ammonia and phosphate from the influent. To 

replicate this process in the lab, RAS from System 3 was collected and inoculated into 

batch bioreactors designed to simulate environmental conditions within TMWRFôs 

activated sludge systems. Additionally, the main components of the RAS (kenaf and 

MLSS) were separated using a 500 Õm screen and run in separate bioreactors for a 

comprehensive understanding of how each component contributed to System 3ôs 

processes. The bioreactors were operated under differing environmental conditions 

(e.g., anaerobic versus aerobic) to simulate the actual treatment processes at TMWRF. 

During these batch experiments, samples were collected every 15 minutes and tested 

for phosphate, ammonia, and nitrite/nitrate. Once the data were collected for each run, 

experimental results were then presented on graphs over the time span of the 

experiment, to monitor the rates of nutrient removal or release (in the case of 

anaerobic release of P). Based on the data collected, linear regression models were 

developed to determine reaction rates for individual processes. 

4.2.1 Initial Nitrification Batch Study - October 2024 

The first laboratory bioreactor run analyzing System 3 performance occurred 

in October 2024, or approximately 11 months following the date when the MOB 

kenaf granules were introduced into System 3. System 3 had half the inflow compared 

to System 1 (the control), which was maintained throughout the duration of the study; 
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however, the hydraulic retention times (HRTs) were 4.59 and 4.64 hours, respectively, 

for System 1 and System 3ôs aeration basins, and 0.77 hours for both systemsô 

anaerobic zones. Additionally, at this point, System 1 had a very low SRT of 1.52 

days, which is preferable in terms of plant operations and maintenance, while System 

3 had an SRT of 3.49 days, a value selected to prevent washout of nitrifying bacteria. 

The general performance of both System 1 and System 3 is shown in Table 7; values 

marked with an asterisk (*) were estimated through linear interpolation, as specific 

values for that day were not available. All general performance data for Systems 1 and 

3 over the course of the study were provided by TMWRF. Notably, System 1 

experienced approximately 14.94 mg/L of ammonia removed, while System 3 had 

37.4 mg/L of ammonia removed, indicating an effective nitrification process in 

System 3. The phosphorus levels in System 1 dropped by 4.13 mg/L of phosphate, 

which was 9.6% higher than the phosphate removal observed in System 3 at 3.77 

mg/L of phosphate.  

Table 7: General Performances of Systems 1 and 3 in October 2024 

Date (mm/dd/yyyy) 10/03/2024 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.77 0.77 

Aerobic Basin HRT (hours) 4.59 4.64 

SRT (days) 1.52 3.49 

Influent 

Ammonia (mg-N/L) 40.64* 38.1 

NOx (mg-N/L) 0.43 0.07 

OP (mg-P/L) 4.2 3.92 

Secondary Effluent 

Ammonia (mg-N/L) 25.7 0.7 

NOx (mg-N/L) 3.83 17.98 

OP (mg-P/L) 0.07 0.15 

For this bioreactor run, a synthetic wastewater was prepared prior to the 

experiment as a resuspension fluid for the System 3 RAS. Synthetic wastewater was 
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used in this experiment to focus on the nitrification potential of System 3 microbes 

without any interference or inhibition from reactions involving organic carbon. Table 

8 summarizes the recipe used for the concentrated buffer and ammonia solutions, 

based on recommendations from a commercial testing laboratory (Effluency Labs, 

Clarksville, TN, USA) that performed separate experiments during this timeframe as 

an outside contractor to Nuvoda. It is worth noting that these solutions were prepared 

at one hundred-times and five hundred-times strength, respectively, and solutions 

were diluted to one-times strength prior to the experiment. This allowed for an initial 

ammonia-N concentration of about 30 mg N/L.  Another 0.96 L of RAS was filtered 

through a 500 Õm screen to separate the MLSS and the kenaf granules, which were 

run in separate bioreactors. This experimental design allowed the research team to 

assess the relative contribution of suspended microbes (in the MLSS that passed 

through the screen), the attached microbes (in the material retained by the screen), and 

the combination of MLSS and kenaf in un-screened RAS.  

Table 8: Solutions used for synthetic wastewater; protocol provided by Effluency Lab 

(Clarksville, TN, USA) 

(a) Buffer Solution (100x) 

Measured pH = 6.41 

KH2PO4 0.14 g/L 

K2HPO4 0.36 g/L 

Na2HPO4Å7H2O 0.56 g/L 

MgSO4 0.18 g/L 

CaCl2Å2H2O 0.60 g/L 

FeCl3 0.07 g/L 

(b) Ammonia Solution (500x) 

NH4Cl 60 g/L 

NaHCO3 87.5 g/L 

This bioreactor was operated for 180 minutes, with air pumped into the 

bioreactor to simulate the aerobic passes at TWMRF. For normalization purposes, 
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TS/VS and TSS/VSS were calculated to find the biomass of each bioreactor. The 

volatile solids or volatile suspended solids are used for normalization, shown in Table 

9, along with pH readings at the start and end of the experiment. Bold values identify 

the solids concentrations used to normalize rate data. Ideally, pH stays around 7.5-8, 

to accommodate PAOs, as well as nitrifying and denitrifying bacteria. pH increases 

with higher alkalinity and decreases with lower alkalinity. 

Table 9: Biosolids and pH Measurements in Three Bioreactors (10/2024) 

Bioreactor 1: MLSS + Kenaf 

Initial pH 7.01 

Final pH 6.02 

TSS/VSS (MLSS + Kenaf) (mg/L) 1,733/1,433 

Biomass for Normalization (mg/L) 1,433 

Bioreactor 2: MLSS 

Initial pH 7.07 

Final pH 6.41 

TSS/VSS (MLSS) (mg/L) 1,400/1,233 

Biomass for Normalization (mg/L) 1,233 

Bioreactor 3: Kenaf 

Initial pH 7.3 

Final pH 7.01 

TS/VS (Kenaf) (mg/L) 425/114 

Biomass for Normalization (mg/L) 114 

Phosphate release and uptake conditions were not provided for this run as the 

focus was on nitrification performance, so phosphate was not measured. Ammonia 

was measured every 15 minutes along with dissolved oxygen levels, and the results 

for the mixed RAS, the MLSS only, and the kenaf bioreactors are shown below in 

Figures 25, 27, and 28, respectively. To obtain reaction rate data, the linear portion of 

the plots were subject to linear regression, as shown in Figures 26, 25, and 27. It is 

noteworthy that the ammonia consumption data in Figures 25 and 27 appear to level 

off after about 120 minutes of reaction. This is likely due to consumption of alkalinity 
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during the nitrification process. Based on standard stoichiometry for nitrification 

(Rittmann & McCarty, 2001), 7.14 mg of alkalinity is consumed for every mg of 

ammonia-N oxidized. Based on the recipe used (Effluency Labs, Clarksville, TN 

USA), there was only sufficient alkalinity in the synthetic wastewater for ~15 mg N/L 

to be oxidized before undesirable changes in pH occurred. As such, data for the first 

~120 minutes were used to calculate rate constants. 

In the System 3 bioreactor containing both MLSS and kenaf, a total of 14.5 

mg-N/L of ammonia was removed. Linear regression of the linear portion of the plot 

(0-120 minutes) was performed to identify the nitrification rate (Figure 23) based on 

ammonia oxidation, with 95% confidence intervals. Based on these data, it was 

determined that this system had a nitrification rate of 0.11 mg-N/L/min. This rate was 

normalized using the biomass calculated in Table 9 to obtain a specific nitrification 

rate of 0.11 mg-N/mg-VSS/day. Table 10 provides a summary of the nitrification rates 

for all three experimental conditions. 

 
Figure 25: October 2024 - Time-series analysis of ammonia and NOx concentrations for the 

MLSS+kenaf bioreactor.  
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Figure 26: October 2024 - Nitrification rate of MLSS+kenaf over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The bioreactor containing MLSS alone performed with similar effectiveness as the 

combined MLSS+kenaf bioreactor (Figure 27), having a nitrification rate of 0.1 mg-

N/L/min. Accounting for the biomass concentration, the specific rate of 0.12 mg-

N/mg-VSS/day was calculated and a total of 13.6 mg-N/L of ammonia was removed. 

Figure 28 shows the linear regression performed to find the rate of ammonia 

consumption. Compared to the combined MLSS+kenaf bioreactorôs nitrification rates, 

they are similar, with only an 8.3% difference between the specific rates of ammonia 

consumption. This indicates the MLSS is the largest contributor to the nitrification in 

System 3. 
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Figure 27: October 2024 - Time-series analysis of ammonia and NOx concentrations for the 

MLSS-only bioreactor. 

 
Figure 28: October 2024 - Nitrification rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The third bioreactor containing the screened kenaf without any MLSS present 

exhibited very little nitrification. As shown in Figure 29, only 0.6 mg-N/L of 

ammonia was consumed over the course of the experiment. Figure 30 shows the linear 

regression performed, which resulted in a rate of 0.002 mg-N/L/min (a specific rate of 

0.027 mg-N/mg-VSS/day). 1.67 mg-N/L of NOx produced at a rate of 0.01 mg-

N/L/min, or a specific rate of 0.126 mg-N/mg-VSS/day. This is 75% less than the 

combined MLSS+kenaf rate of ammonia removed, further supporting the theory that 

the MLSS was the primary contributor to nitrification in System 3.   



 

 

68 

 

Figure 29: October 2024 - Time-series analysis of ammonia and NOx concentrations for the 

kenaf-only bioreactor. 

 

Figure 30: October 2024 - Nitrification rate of kenaf-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

For both the unfiltered System 3 bioreactor and the MLSS-only bioreactor, 

ammonia removal was very consistent, with minor fluctuations observed for the 

ammonia or NOx concentrations. NOx production had a sudden jump in concentration 

between the 90- and 105-minute mark for both the unfiltered and MLSS-only 

bioreactors, but this phenomenon was not observed in the kenaf-only bioreactor. It is 

unclear why this increase was observed and may have been related to analytical issues 

with the NOx analysis method. At this portion of the study, the research team was 

using the Lachat QuikChem method for NOx which was not as reliable as the 
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ammonia analysis method on the same instrument. This indicates a strong impact by 

the MLSS on System 3ôs nitrification. As the specific rates of the MLSS+kenaf and 

MLSS-only bioreactors had only slight differences, the kenaf did not appear to 

contribute much to the nitrification in System 3 at the time samples were collected. 

Both the measured nitrification rates and the calculated specific rates are shown in 

Table 10 for comparison purposes. Since the data for NOx were not as consistent as 

the ammonia data, the linear regression was only performed using ammonia data. 

Table 10: Summary of Nitrification Rates for October 2024 

Category Unit 
MLSS+ 

Kenaf 
MLSS Kenaf 

Ammonia Consumption 

Nitrification Rate 
mg-NH4-N/L/min 0.11 0.10 0.0021 

mg-NH4-N/L/hr 6.42 5.98 0.13 

Biomass for 

normalization 
mg-VSS/L 1,433 1,233 114 

Specific 

Nitrification Rate 

mg-NH4-N/mg-

VSS/day 
0.11 0.12 0.027 

 

4.2.2 Second Nutrient Removal Batch Study - December 2024 

The second batch bioreactor experiment took place in December 2024, with 

the goal of comparing the performance of System 1 (control) with System 3 

(containing kenaf and MLSS). During this time, System 3ôs SRT (1.77 days) was 

lower than System 1ôs (2.02 days). While a shorter SRT is favorable for the treatment 

plantôs operations, AOBs/NOBs and PAOs all prefer longer SRTs (10-15 days and 5-8 

days respectively). Over the course of the study, the SRT changes were observed to 

have an impact on nutrient removal performance, reinforcing the importance of this 

treatment process parameter. Table 11 shows the general performance of Systems 1 

and 3 on the sampling day; values with an asterisk (*) were estimated using linear 

interpretation since TMWRF data were not available. Compared to System 3, System 
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1 demonstrates only 22% of the nitrification performance, but outperformed System 3 

for phosphate removal by 39%.  

Table 11: General Performances of Systems 1 and 3 in December 2024 

Date (mm/dd/yyyy) 12/11/2024 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.76 0.92 

Aerobic Basin HRT (hours) 4.58 5.52 

SRT (Days) 2.02 1.77 

Influent 

Ammonia (mg-N/L) 47.15* 50.35* 

NOx (mg-N/L) 0.19* 0.735* 

OP (mg-P/L) 5.62* 5.2* 

Secondary Effluent 

Ammonia (mg-N/L) 36.4 1.6 

NOx (mg-N/L) 1.42 20.76 

OP (mg-P/L) 0.13 1.87 

These experiments were designed to replicate the environmental conditions 

within the activated sludge systems at TMWRF: anaerobic conditions followed by 

aerobic conditions. As described previously, the anaerobic conditions are an important 

requirement for achieving phosphorus removal and PAO bacteria release P under 

these conditions with minimal impact on nitrogen species. Following the anaerobic 

conditions, adding air allows for P uptake by PAOs along with nitrification, facilitated 

by AOB and NOB microbes.  

TS/VS and TSS/VSS values were calculated for normalization and calculating 

appropriate RAS volumes for each bioreactor. For System 3, MLSS and kenaf were 

tested separately and the volatile solids were combined to find the System 3 biomass 

value, as shown in Table 12 with pH measured during the experiment. Bold values 

identify the solids concentrations used to normalize rate data. 
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Table 12: Biosolids and pH Measurements in Two Bioreactors (12/2024) 

System 1 

Initial pH 7.11 

pH after Aerobic Condition 7.1 

TSS/VSS (mg/L) 1,580/1,370 

Biomass for Normalization (mg/L) 1,370 

System 3 

Initial pH 6.99 

pH after Aerobic Condition 7.06 

TSS/VSS (MLSS only) (mg/L) 1,696/1,281 

TS/VS (Kenaf only) (mg/L) 1,021/968 

Biomass for Normalization (mg/L) 2,249 

 

For this experiment, 1.56 L of System 1 RAS was resuspended in 3 liters of 

primary effluent based on the biomass calculated in Table 12, and the bioreactor was 

continuously mixed for 270 minutes, with air pumped into the bioreactor for 180 

minutes after a 90-minute anaerobic stage. The bioreactors are shown in Figure 31.  

 
Figure 31: December 2024 bioreactors set up in UNR lab. (a) System 1; (b) System 3. 

This timing was established to mimic the respective reaction times within the 

anaerobic and aerobic zones at TMWRF. Notable events of TMWRF around 

December include a 45-minute power outage and adjustments to the RAS setpoints to 

manage nitrate levels in System 3. The power outage meant oxygen pumping would 
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have halted, causing the DO levels in the aerobic basins to drop. This would have 

slowed phosphate uptake, ammonia removal, and NOx production as the ideal 

conditions for these processes would not have been met. Additionally, RAS often 

contains nitrate because it returns from the secondary clarifier, where denitrification 

may not be complete. Nitrate disrupts the EBPR process as it acts as an alternative 

electron acceptor. This allows denitrifying bacteria to outcompete PAOs for VFAs 

(Lee et al., 2006). Since the PAOs lose access to VFAs, which they need to store 

PHAs and perform phosphate cycling, phosphate uptake and release is impeded.   

Figure 32 shows the ammonia, NOx, and phosphate concentrations measured 

in the samples collected. 

 
Figure 32: December 2024 - Time-series analysis of ammonia, NOx, and phosphate 

concentrations for the System 1 bioreactor. 

Under anaerobic conditions, the control bioreactorôs phosphate levels 

increased by 6.5 mg-P/L at a rate of 0.077 mg-P/L/min, or a specific rate of 0.081 mg-

P/mg-VSS/day, as shown in Figure 33. Once oxygen was introduced, phosphate 

removal drops to non-detectable levels within an hour, which is indicative of an 

efficient phosphate removal performance, compared to System 1ôs aerobic zone HRT, 

which averages around 3.58 hours for the month of December 2024. HRT indicates 
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the length of time water is kept at a particular stage for treatment. Ideally, treatment 

occurs quickly, as faster water is treated, the lower treatment costs become, as less 

energy for aeration, less pumping, and lower mixing are required. Figure 34 shows the 

linear regression used to find the phosphate removal rate, which was measured at 

0.187 mg-P/L/min, and calculated at a specific rate of 0.197 mg-P/mg-VSS/day. 

 

Figure 33: December 2024 - Phosphate release rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 
Figure 34: December 2024 - Phosphate uptake rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 
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A total of 8.1 mg-N/L of ammonia was removed during the three-hour aeration 

period, while 8.3 mg-N/L of NOx was produced, which is consistent with the 

expected nitrogen balance (Figure 35). The nitrification rate was measured at 0.077 

mg-N/L/min with the linear regression shown in Figure 36, later calculated at a 

specific rate of 0.05 mg-N/mg-VSS/day, normalized with biomass for better 

comparison purposes.  

 
Figure 35: December 2024 - Nitrification rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 
Figure 36: December 2024 - NOx rate of System 1 over time. The dotted line represents the 

95% confidence interval for linear regression. 
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The second bioreactor, containing 1.37 L of System 3 RAS, was operated 

under anaerobic conditions for 90 minutes, followed by a 180-minute aerobic stage.  

Ammonia, NOx, and phosphate levels were measured in the samples collected and 

graphed in Figure 37. 

 

Figure 37: December 2024 - Time-series analysis of ammonia, NOx, and phosphate 

concentrations for the System 3 bioreactor 

Figure 38 shows that during the anaerobic stage, 9.5 mg-P/L of phosphate was 

released by the System 3 biomass at a rate of 0.119 mg-P/L/min, or a specific rate of 

0.076 mg-P/mg-VSS/day. During the aerobic period after 90 minutes of reaction time, 

only 6.2 mg-P/L of phosphate was removed at a rate of 0.038 mg-P/L/min (specific 

rate of 0.024 mg-P/mg-VSS/day), as seen in Figure 39. Both phosphate release and 

uptake are lower than the specific rates calculated for System 1 by 6.17% and 87.82% 

respectively, indicating System 3 is less effective at phosphate removal. This is further 

supported by the amount of phosphate removed, which is less than the phosphate 

released, demonstrating poor phosphate uptake performance.  
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Figure 38: December 2024 - Phosphate release rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 

Figure 39: December 2024 - Phosphate uptake rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The System 3 bioreactor removed 21.2 mg-N/L of ammonia at a specific rate 

of 0.083 mg-N/mg-VSS/day, while 32.2 mg-N/L of NOx was produced at a specific 

rate of 0.117 mg-N/mg-VSS/day (Figures 40 and 41). It is unusual to see a higher 

production of NOx compared to ammonia removal ï this anomaly suggests that 

additional bioreactions may be occurring simultaneously within the attached biomass. 

For example, organic nitrogen in the primary effluent or nitrogen contained within 

biological solids may have been oxidized to NOx during the reaction but not 
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identified by ammonia analysis. In comparison to the System 1 bioreactor run at the 

same time, nitrification was more complete, with more ammonia removed and NOx 

produced. The specific nitrification rate is lower than that observed in October 2024 

(0.11 mg-N/mg-VSS/day) by approximately 25%.  

 

Figure 40: December 2024 - Nitrification rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 

Figure 41: December 2024 - NOx rate of System 3 over time. The dotted line represents the 

95% confidence interval for linear regression. 

Table 13 shows the nutrient removal rates, as well as the calculated specific 

rates. The biomass for System 1 is lower than that of System 3, as the kenaf makes up 

a substantial portion of the biomass (in this case, approximately 39%). Normalization 
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is required to allow measured rates to be comparable across experiments, so the 

measured rates are divided by the biomass with the appropriate unit conversions to 

find the specific rates of each process.  

Table 13: Summary of Phosphate Release/Uptake Rate and Nitrification Rates in December 

2025 

Category Unit System 1 System 3 

Biomass for Normalization mg-VSS/L 1,370 2,249 

Phosphate Release 

Phosphate Release Rate 
mg-P/L/min 0.077 0.119 

mg-P/L/hr 4.62 7.14 

Specific Phosphate Release Rate mg-P/mg-VSS/day 0.081 0.076 

Phosphate Uptake 

Phosphate Uptake Rate 
mg-P/L/min 0.187 0.038 

mg-P/L/hr 11.22 2.28 

Specific Phosphate Uptake Rate mg-P/mg-VSS/day 0.197 0.024 

Nitrification (Ammonia Consumption) 

Nitrification Rate 
mg-N/L/min 0.048 0.129 

mg-N/L/hr 2.88 7.74 

Specific Nitrification Rate 
mg-N/mg-

VSS/day 
0.05 0.083 

Nitrification (NOx Production) 

Nitrification Rate 
mg-N/L/min 0.053 0.182 

mg-N/L/hr 3.18 10.92 

Specific Nitrification Rate 
mg-N/mg-

VSS/day 
0.056 0.117 

 

 

4.2.3 Third Nutrient Removal Batch Study - January 2025 

For January 2025, the experimental batch bioreactors operated used RAS from 

System 1 and System 3, as well as kenaf sieved from the System 3 RAS. On the day 

of sampling, the installation of floating mixers into System 3ôs third aerobic pass was 

completed, as the third pass no longer had air pumping into the pass to create an 

anoxic stage for denitrification to occur. However, due to the previously discussed 

inconsistencies in NOx analysis with the Lachat instrument, a denitrification stage 
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was not run during this experiment. Despite the changes between sampling dates, 

System 3ôs general performance was comparable to that observed in December 2024. 

This was expected as it takes time for the system to adjust and changes to become 

noticeable. SRT decreased from 5.04 days to 4.62 days. The System 1 and System 3 

conditions are shown below in Table 14. System 3 outperforms System 1 in terms of 

ammonia removal, as seen in previous sampling dates, by 91%. In the same vein, 

System 1ôs OP levels dropped 52% more than System 3, as previously observed. 

Table 14: General Performances of Systems 1 and 3 in January 2025 

Date (mm/dd/yyyy) 01/08/2025 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.73 0.99 

Aerobic Basin HRT (hours) 4.35 5.93 

SRT (Days) 2.47 4.62 

Influent 

Ammonia (mg-N/L) 39.8 44.7 

NOx (mg-N/L) 0.69 0.35 

OP (mg-P/L) 4.84 4.56 

Secondary Effluent 

Ammonia (mg-N/L) 35.9 1.6 

NOx (mg-N/L) 1.96 20.84 

OP (mg-P/L) 0.111 2.1 

To identify biomass in each system, TS/VS and TSS/VSS tests were 

performed. For System 3, the volatile suspended solids and volatile solids for MLSS 

and kenaf were combined to find the biomass value. Biomass and pH values are 

shown below in Table 15, with bold values identifying the solids concentrations used 

to normalize rate data. Due to the challenges associated with using a synthetic media 

in the previous experiment (notably, the consumption of alkalinity), primary effluent 

was used for this and future experiments. In addition to accurately representing the 

actual alkalinity conditions in TMWRF process water, having other constituents 

present in the water better represents actual treatment conditions. 
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Table 15: Biosolids and pH Measurements in Three Bioreactors ï January 2025 

System 1 

pH after Anaerobic Condition 7.76 

pH after Aerobic Condition 8.11 

TSS/VSS (mg/L) 1,673/1,487 

Biomass for Normalization (mg/L) 1,487 

System 3 

pH after Anaerobic Condition 6.91 

pH after Aerobic Condition 7.15 

pH after Anoxic Condition 6.75 

TSS/VSS (MLSS only) (mg/L) 1,447/1,333 

TS/VS (Kenaf only) (mg/L) 673/587 

Biomass for Normalization (mg/L) 1,920 

System 3 (Kenaf Only) 

pH after Anaerobic Condition 7.53 

pH after Aerobic Condition 8.08 

pH after Anoxic Condition 7.84 

TS/VS (Kenaf only) (mg/L) 782/404 

Biomass for Normalization (mg/L) 404 

 

The System 1 bioreactor used 0.65 L of RAS to examine performance under 

anaerobic and aerobic conditions, with relevant data shown in Figure 42.  

 
Figure 42: January 2025 - Time-series analysis of ammonia and phosphate concentrations for 

the System 1 bioreactor. 
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This bioreactor released 1.8 mg-P/L during the anaerobic portion (0-75 

minutes) at a rate of 0.077 mg-P/L/min, or a specific rate 0.021 mg-P/mg-VSS/day. 

The linear regressions (with 95% confidence interval lines) for P-release and P-uptake 

are shown in Figures 43 and 44, respectively. 10.5 mg-P/L of phosphate was removed 

within the first hour of the 180-minute aerobic zone at a rate of 0.237 mg-P/L/min (a 

specific rate of 0.23 mg-P/mg-VSS/day). Both phosphate release and uptake rates 

were lower than those measured in December 2024, a difference that will be 

considered when analyzing System 3 bioreactors run on the same date.  

 
Figure 43: January 2025 - Phosphate release rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 
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Figure 44: January 2025 - Phosphate uptake rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

Figure 45 shows 7.1 mg-N/L of ammonia was removed during the three-hour 

aeration period, at a rate of 0.044 mg-N/L/min, or a specific rate of 0.043 mg-N/mg-

VSS/day. This is comparable to the specific rate observed in December 2024, 

indicating minimal changes impacting the performance of the nutrient removal of the 

system. It is worth noting that System 1 at TMWRF is not operated with the goal of 

removing ammonia via nitrification; however, there is some nitrification capacity in 

that system, possibly due to recirculation of nitrifying biomass sloughed from the 

nitrifying trickling filters and returned to the headworks via the plant drain. 
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Figure 45: January 2025 - Nitrification rate of System 1 over time. The dotted line represents 

the 95% confidence interval for linear regression. 

Based on the biomass values depicted in Table 15 for this set of experiments, 

the second bioreactor required 0.78 L of System 3 RAS. Figure 46 shows the time 

series performance of this treatment system for phosphate and ammonia over the 

alternating anaerobic and aerobic conditions (indicated by the DO levels depicted). 

 
Figure 46: January 2025 - Time-series analysis of ammonia and phosphate concentrations for 

the System 3 bioreactor. 

A total of 4.0 mg-P/L of phosphate was released during the anaerobic stage at 

a rate of 0.05 mg-P/L/min, or specific rate of 0.037 mg-P/mg-VSS/day, as shown by 

Figure 47, which shows the linear regression for P during the anaerobic stage. This is 

43% higher than that observed in System 1, unlike the previous bioreactor run in 
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December 2024, which showed System 1 was more effective at phosphate release. 

This suggests the phosphate release process was improving in System 3 as the reactor 

biomass acclimated over time. 

 

Figure 47: January 2025 - Phosphate release rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

This was followed by 4.6 mg-P/L of phosphate removed under aerobic 

conditions at a rate of 0.027 mg-P/L/min (a specific rate of 0.02 mg-P/mg-VSS/day) 

during the 180-minute aerobic stage, shown in Figure 48. While phosphate release for 

System 3 was higher than observed for System 1, the uptake rate was lower by 91%. 

As such, there was considerably more phosphate remaining in the System 3 bioreactor 

at the end of the aerobic stage in comparison to the System 1 bioreactor, which had 

removed almost all phosphate within one hour of aerobic conditions. This reveals that 

while the P release within System 3 was favorable compared to System 1, there was 

not sufficient P-uptake capacity which was limiting overall process performance for P 

removal. 
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Figure 48: January 2025 - Phosphate uptake rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

As shown in Figure 49, 7.1 mg-N/L of ammonia was removed during the 

three-hour aeration period at a rate of 0.167 mg-N/L/min, or a specific rate of 0.125 

mg-N/mg-VSS/day. This value was 33.6% higher than the specific rate calculated in 

December 2024. This suggests that the systemôs treatment capacity increased in 

efficiency over time as the biomass became acclimated to the updated conditions. In 

comparison to the System 1 bioreactor, ammonia removal is higher, suggesting the 

combination of MLSS+kenaf improved performance. However, a one-tailed t-test 

performed on System 1 nitrification rates versus System 3 nitrification rates produced 

a p-value just above 0.05 (p=0.057), which denotes that while a significant difference 

between the two systems cannot be concluded, there may be a correlation. 
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Figure 49: January 2025 - Nitrification rate of System 3 over time. The dotted line represents 

the 95% confidence interval for linear regression. 

Another 0.78 L of System 3 RAS, which was passed through a 500 mm screen 

to separate the kenaf and MLSS, was washed and placed into the third bioreactor. 

Similar to the other bioreactors, the kenaf-only bioreactor was operated under 

anaerobic and aerobic stages. Samples were collected and tested, with results shown 

in Figure 50. 

 

Figure 50: January 2025 - Time-series analysis of ammonia and phosphate concentrations for 

the System 3 (Kenaf-only) bioreactor. 

1.3 mg-P/L of phosphate was released during the anaerobic stage at a rate of 

0.019 mg-P/L/min (a specific rate of 0.068 mg-P/mg-VSS/day), which is higher than 
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the specific rates calculated for both System 1 and System 3. However, phosphate 

uptake occurred at a rate of 0.002 mg-P/L/min, or a specific rate of 0.007 mg-P/mg-

VSS/day, which is very low in comparison to not just the other two bioreactors, but 

previous bioreactor runs as well. This rate is 65% lower than System 3ôs rate, and 

97% lower than System 1ôs. December 2024ôs System 3 phosphate uptake rate was 

70.8% higher than the kenaf-only phosphate removal rate in January 2025. Figures 51 

and 52 show the linear regression plots for phosphate release and uptake; the rates 

listed are not normalized for biomass levels during the experiment.  

 

Figure 51: January 2025 - Phosphate release rate of kenaf over time. The dotted line 

represents the 95% confidence interval for linear regression. 
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Figure 52: January 2025 - Phosphate uptake rate of kenaf over time. The dotted line 

represents the 95% confidence interval for linear regression. 

At a rate of 0.013 mg-N/L/min (a specific rate of 0.047 mg-N/mg-VSS/day), 3 

mg-N/L of ammonia was removed during the aerobic stage (Figure 53). Similar to the 

kenaf-only bioreactor run in October 2024, the nitrification that occurred was very 

limited, with only a fraction of the ammonia removed compared to the System 1 and 

System 3 bioreactors ï the January 2025 nitrification rate was 42.6% higher than 

October 2024ôs rate, but 62.4% lower than the System 3 nitrification rate in January 

2025.  
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Figure 53: January 2025 - Nitrification rate of kenaf over time. The dotted line represents the 

95% confidence interval for linear regression. 

Table 16 summarizes the nitrification and phosphate release/uptake rates, 

including specific rates, for each bioreactor. 

Table 16: Summary of Phosphate Release/Uptake Rate and Nitrification Rates for January 

2025 

 

Category Unit System 1 System 3 System 3 (Kenaf) 

Biomass for 

Normalization 
mg-VSS/L 1,487 1,920 404 

Phosphate Release 

Phosphate Release 

Rate 

mg-P/L/min 0.022 0.05 0.019 

mg-P/L/hr 1.32 2.982 1.14 

Specific Phosphate 

Release Rate 

mg-P/mg-

VSS/day 
0.021 0.037 0.068 

Phosphate Uptake 

Phosphate Uptake 

Rate 

mg-P/L/min 0.237 0.027 0.002 

mg-P/L/hr 14.22 1.62 0.12 

Specific Phosphate 

Uptake Rate 

mg-P/mg-

VSS/day 
0.23 0.02 0.007 

Nitrification (Ammonia Consumption) 

Nitrification Rate 
mg-N/L/min 0.044 0.167 0.013 

mg-N/L/hr 2.64 10.02 0.79 

Specific Nitrification 

Rate 

mg-N/mg-

VSS/day 
0.043 0.125 0.047 
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4.2.4 Fourth Nutrient Removal Batch Study - February 2025 

The next bioreactor experiment was carried out in February 2025, with three 

bioreactors examining System 1, System 3, and concentrated kenaf. A week prior to 

sampling, TMWRF seeded PAOs from System 1 and 2 into System 3 to address 

higher phosphorus levels in the System 3 effluent, as insufficient phosphorus removal 

was observed by the plantôs operators and treatment engineers. This was done by 

directing waste activated sludge from Systems 1 and 2 into System 3, to bolster the 

communities of PAOs in System 3. Total phosphorus removal in System 3 averaged 

only at 62.4% in the week leading up to the seeding, which was low compared to 

Systems 1 and 2, averaging at around 89% and 85%, respectively. After reseeding 

PAOs into System 3, TP removal in System 3 rose up to 81.7% in the week following. 

Other conditions indicating the general performance for Systems 1 and 3 are shown in 

Table 17; values marked with an asterisk (*) were estimated with linear interpolation 

since data were not available on the sampling day. As observed previously, the 

ammonia removal in System 3 was higher than System 1 ï during this time, System 1 

removed 73% less ammonia compared to System 3. System 3 also removed more OP 

compared to System 1 by 9.6%, which was a change from previous system 

performances observed, indicating the reseeding of the PAOs was effective. 
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Table 17: General Performances of Systems 1 and 3 in February 2025 

Date (mm/dd/yyyy) 02/21/2025 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.71 1.03 

Aerobic Basin HRT (hours) 4.28 6.17 

SRT (Days) 2.71 3.54 

Influent 

Ammonia (mg-N/L) 50.8* 46.6* 

NOx (mg-N/L) 0.22* 0.03* 

OP (mg-P/L) 5.84* 6.1* 

Secondary Effluent 

Ammonia (mg-N/L) 40.9 9.8 

NOx (mg-N/L) 1.48 12.61 

OP (mg-P/L) 0.41 0.09 

Similar to the January 2025 bioreactor experimental setup, the first 75 minutes 

were anaerobic, and air was supplied to the reactors for 180 minutes afterwards. A 

fourth bioreactor with mixed liquor pulled from the end of the third anaerobic zone in 

System 3 was set up under anoxic conditions to analyze denitrification potential of the 

biomass. Ammonia, nitrite/nitrate, and phosphate levels were monitored in the 

samples taken during this experimental run. RAS was collected the day prior to the 

experiment to identify the mixed liquor and kenaf solids concentrations. Biomass 

quantification was performed by TS/VS and TSS/VSS tests, as well as pH values for 

each bioreactor, shown in Table 18.  
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Table 18: Biosolids and pH Measurements in Three Bioreactors 

Bioreactor 1: System 1 

Initial pH 6.64 

pH at Aerobic Condition 7.83 

Final pH 8.14 

TSS/VSS (mg/L) 2,290/1,900 

Biomass for Normalization (mg/L) 1,900 

Bioreactor 2: System 3 (MLSS + Kenaf) 

Initial pH 6.68 

pH at Aerobic Condition 7.59 

Final pH 7.65 

TSS/VSS (MLSS) (mg/L) 1,520/1,327 

TS/VS (Kenaf Only) (mg/L) 453/247 

Biomass for Normalization (mg/L) 1,574 

Bioreactor 3: System 3 (X5 Kenaf) 

Initial pH 6.65 

pH at Aerobic Condition 7.35 

Final pH 7.75 

TS/VS (Kenaf) (mg/L) 1,760/1,427 

Biomass for Normalization (mg/L) 1,427 

Based on this analysis, 0.97 L of RAS was added to each bioreactor to 

establish the solids concentrations listed in Table 18. The results from sample testing 

are shown in Figure 54. 

 

Figure 54: February 2025 - Time-series analysis of ammonia and phosphate concentrations 

for the System 1 bioreactor. 
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Figure 55 shows the linear regression performed for P release during the 

anaerobic treatment stage. Over this period, 7.5 mg/L of phosphate was released at a 

rate of 0.085 mg-P/L/min, or a specific rate of 0.064 mg-P/mg-VSS/day. This is 

32.8% higher than the System 1 specific rate calculated in January 2025, suggesting 

an improved PAO performance; however, the linear trend did not fit the data quite as 

well and the 95% confidence interval lines were markedly wider around the trendline. 

 
Figure 55: February 2025 - Phosphate release rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

According to the data collected, phosphate uptake appeared to start slightly 

before air was supplied to the bioreactor, and phosphate levels dropped below 

detection limits within half an hour of starting the aerobic stage. The phosphate 

uptake rate was measured at 0.379 mg-P/L/min, shown in Figure 56. The specific 

phosphate uptake rate was then calculated at 0.287 mg-P/mg-VSS/day. Notably, the 

phosphate levels drop below detection limits within half an hour, which demonstrates 

a highly effective phosphate removal process. Due to the sampling frequency and 

rapid consumption of phosphate, the linear trend includes only two data points so care 

should be taken in comparing this rate to other data sets containing more data points. 

Due to this condition, there are not any 95% confidence interval lines shown. 
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Figure 56: February 2025 - Phosphate uptake rate of System 1 over time. 

Unlike the previous time-sequence analyses for System 1 carried out in 

December 2024 and January 2025, 5.9 mg-N/L of ammonia was removed during the 

three-hour aeration period and 2.4 mg-N/L of NOx was produced. This is not 

consistent with the expected nitrogen balance ï nearly half of the removed ammonia 

is ómissingô from this data and is not reflected in the NOx data. It is possible that some 

of the ammonia removal may have been a result nitrogen incorporation in biomass but 

based on the data collected during this experiment, this cannot be verified. The 

nitrification rates reflect this: ammonia was consumed at a rate of 0.039 mg-N/L/min 

(a specific rate of 0.03 mg-N/mg-VSS/day), while NOx was produced at a rate of 

0.015 mg-N/L/min (a specific rate of 0.011 mg-N/mg-VSS/day), as shown in Figures 

57 and 58, respectively. This discrepancy will be considered for System 3 bioreactor 

performance.  
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Figure 57: February 2025 - Nitrification rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 
Figure 58: February 2025 - NOx production rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The second bioreactor operated during this experiment contained 0.58 L of 

System 3 RAS; the results from testing samples are shown below in Figure 59.  
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Figure 59: February 2025 - Time-series analysis of ammonia and phosphate concentrations 

for the System 3 bioreactor. 

13.6 mg-P/L of phosphate was released during the anaerobic stage at a rate of 

0.171 mg-P/L/min, or a specific rate of 0.156 mg-P/mg-VSS/day (Figure 60). While 

this is higher than System 1ôs 0.064 mg-P/mg-VSS/day, statistical comparison of the 

regression slopes between treatment groups revealed no significant difference (p = 

0.1494), indicating that the slopes are statistically similar. This suggests that the 

relationship between the variables analyzed is consistent across groups. Dissolved 

oxygen levels in the first aerobic pass were adjusted to better accommodate the PAOs 

a week prior to sampling. The aerobic pass averaged to 1.02 mg/L of DO for the first 

two weeks of February, which increases to 1.87 mg/L of DO by the day of sampling.  
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Figure 60: February 2025 - Phosphate release rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

A linear regression was performed (Figure 61) and phosphate uptake was 

found to occur at a rate of 0.179 mg-P/L/min, which was normalized to 0.164 mg-

P/mg-VSS/day with a complete removal of phosphate observed following about 1.5 

hours of treatment in the aerobic stage. Both phosphate release and uptake rates were 

higher than those observed in the System 3 bioreactor in January 2025 (76% and 

87.8% higher, respectively). As confirmed by the general performance of the systems 

at TMWRF, the reseeding of the PAOs appeared to be effective in improving EBPR 

processes and this was the first bioreactor experiment to completely remove P within 

the aerobic portion of testing. Unlike System 1, the System 3 bioreactor did not 

appear to start phosphate uptake prior to the aerobic stage.  
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Figure 61: February 2025 - Phosphate uptake rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

During this experiment, 16.0 mg-N/L of ammonia was removed under aerobic 

conditions, while 16.9 mg-N/L of NOx was produced (Figures 62 and 63, 

respectively). Unlike System 1, and System 3 in December 2024, where higher NOx 

production during nitrification were observed, these values are consistent with 

nitrification, and the correlating rates of ammonia consumption and NOx production 

are nearly equal, at 0.096 and 0.094 mg-N/L/min, respectively. This was a 66% 

increase in ammonia consumption compared to System 1 and an 87% increase in NOx 

production. The specific rates calculated were 0.088 mg-N/VSS/day and 0.086 mg-

N/VSS/day, respectively.  
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Figure 62: February 2025 - Nitrification rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 

Figure 63: February 2025 - NOx production rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The third bioreactor used 2.91 L of screened RAS to obtain a 5-times 

concentration of kenaf compared to the typical levels maintained in System 3. This 

concentration of kenaf-associated biomass was done to amplify the effect of the kenaf 

since prior experiments with kenaf-only exhibited minimal changes in P and N 

concentrations. The experimental data for this condition are displayed in Figure 64. 
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Figure 64: February 2025 - Time-series analysis of ammonia and phosphate concentrations 

for the System 3 (x5 Kenaf-only) bioreactor. 

The phosphate release and uptake data appeared closer to the System 3 

bioreactor performance in January 2025. 2.8 mg-P/L of phosphate was released at a 

rate of 0.036 mg-P/L/day, as shown in Figure 65. The phosphate uptake rate, shown in 

Figure 66, was found to be 0.016 mg-P/L/min. The specific phosphate release rate 

was calculated at 0.036 mg-P/mg-VSS/day and the specific uptake rate was calculated 

at 0.016 mg-P/mg-VSS/day with a total of 2.8 mg-P/L removed during aerobic 

conditions. Notably, the phosphate uptake rate was lower than the phosphate release 

rate; however, this is not uncommon for EBPR systems since the aerobic reaction 

time is typically considerably longer than the anaerobic reaction time. This is also 

reflective of phosphate release/uptake behavior observed in previous bioreactor runs, 

including December 2024 and January 2025.  
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Figure 65: February 2025 - Phosphate release rate of kenaf (x5) over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 

Figure 66: February 2025 - Phosphate uptake rate of kenaf (x5) over time. The dotted line 

represents the 95% confidence interval for linear regression. 

Figure 67 shows 1.1 mg-N/L of ammonia was removed during the aerobic 

stage at a rate of 0.006 mg-N/L/min, which was then used to calculate the specific rate 

of 0.006 mg-N/mg-VSS/day. Figure 68 shows 1.1 mg-N/L of NOx was produced at a 

rate of 0.007 mg-N/L/min, corresponding to a specific rate of 0.007 mg-N/mg-

VSS/day. These results indicate that the kenaf alone may not be sufficient for 

comparable ammonia removal or NOx production. Both values, compared to the other 

two bioreactors, are low. Without MLSS, even with the higher concentration of kenaf, 
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ammonia removal was 93% lower than the combined MLSS+kenaf in System 3. NOx 

production was 92% lower in the kenaf-only bioreactor compared to the System 3 

bioreactor.  

 

Figure 67: February 2025 - Nitrification rate of kenaf (x5) over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 

Figure 68: February 2025 - NOx production rate of kenaf (x5) over time. The dotted line 

represents the 95% confidence interval for linear regression. 

For comparison purposes, Table 19 summarizes the nitrification and phosphate 

release/uptake rates, including specific rates, of each bioreactor. 
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Table 19: Summary of Nitrification and Phosphate Release/Uptake Rates for February 2025 

Category Unit System 1 System 3 System 3 (5x Kenaf) 

Biomass for 

Normalization 
mg-VSS/L 1,900 1,574 1,427 

Phosphate Release 

Phosphate Release 

Rate 

mg-P/L/min 0.085 0.171 0.036 

mg-P/L/hr 5.1 10.26 2.16 

Specific Phosphate 

Release Rate 

mg-P/mg-

VSS/day 
0.064 0.156 0.036 

Phosphate Uptake 

Phosphate Uptake 

Rate 

mg-P/L/min 0.379 0.179 0.016 

mg-P/L/hr 22.7 10.74 0.96 

Specific Phosphate 

Release Rate 

mg-P/mg-

VSS/day 
0.287 0.164 0.016 

Nitrification (Ammonia Consumption) 

Nitrification Rate 
mg-N/L/min 0.039 0.096 0.006 

mg-N/L/hr 2.34 5.76 0.36 

Specific 

Nitrification Rate 

mg-N/mg-

VSS/day 
0.030 0.088 0.006 

Nitrification (NOx Production) 

Nitrification Rate 
mg-N/L/min 0.015 0.094 0.007 

mg-N/L/hr 0.9 5.64 0.42 

Specific 

Nitrification Rate 

mg-N/mg-

VSS/day 
0.011 0.086 0.007 

 

The fourth bioreactor included in this experimental set operated for 75 minutes 

under anoxic conditions to assess denitrification potential within System 3 under 

anoxic conditions. The 1 L bioreactor was spiked with 150 mg of KNO3 to achieve a 

target nitrate concentration of about 20 mg N/L. The rationale for running this 

experimental system was to assess the potential benefit of designing an anoxic zone 

following the anaerobic zone, similar to an A2O process. The A2O (Anaerobicï

AnoxicïOxic) process is designed for simultaneous nitrogen and phosphorus removal, 

where wastewater flows through sequential anaerobic, anoxic, and aerobic (oxic) 

zones to promote the activity of PAOs and denitrifying bacteria. In this reactor 
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configuration, nitrified effluent would be internally recycled to this anoxic zone to 

allow nitrate produced in the aerobic zone to be consumed using organic carbon in the 

wastewater. The concentrations of NOx and phosphate over time are shown in Figure 

69. 

 
Figure 69: February 2025 - Time-series analysis of NOx and phosphate concentrations for 

the System 3 bioreactor. 

This bioreactor observed a 3.4 mg-N/L decrease in NOx levels at a specific 

rate of 0.041 mg-N/mg-VSS/day. Ideally, the NOx levels would decrease to below 2 

mg-N/L to comply with NDEPôs Nutrient Criteria Strategy for Truckee River. This is 

not reflected in this bioreactor run, suggesting further denitrification would be 

required should the proposed configuration be considered. Some phosphate uptake 

was also observed, with 2.98 mg-P/L removed at a specific rate of 0.036 mg-P/mg-

VSS/day. Compared to Systems 1 and 3, this is an 87% and 75% decrease in 

phosphate removed, respectively. This is likely due to the presence of nitrate in the 

bioreactor, which impedes phosphate uptake compared to aerobic conditions (Lee et 

al., 2006). 
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4.2.5 Fifth Nutrient Removal Batch Study - March 2025 

The experimental setup in March 2025 included biomass from System 1, 

System 3, and screened MLSS from System 3 (i.e., no kenaf) under anaerobic and 

aerobic stages. Due to the low P and N conversion rates observed with kenaf-only 

experimental systems in prior runs, this experimental setup used screened System 3 

MLSS to compare with System 3 MLSS+Kenaf. Further, similar to the experiment in 

February 2025, a fourth bioreactor was set up to analyze denitrification. Around the 

time of RAS collection, TMWRF operators adjusted the WAS setpoints to waste more 

sludge, leading to a decrease in the System 3 SRT from an average of 4.31 days at the 

first two weeks of the month to 3.03 days on the day of sampling. Since more biomass 

is removed daily due to this operational change, the SRT will shorten and the amount 

of time the solids spend in the system decreases. The general performance of Systems 

1 and 3 are shown below in Table 20, with estimated values marked with an asterisk 

(*). OP levels drop in System 3 only 5.9% lower than System 1, where this indicates 

System 3ôs improved phosphate removal processes may require further intervention to 

persist in the long term.  

Table 20: General Performances of Systems 1 and 3 in March 2025 

Date (mm/dd/yyyy) 03/21/2025 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.95 0.9 

Aerobic Basin HRT (hours) 5.71 5.38 

SRT (Days) 2.94 3.03 

Influent 

Ammonia (mg-N/L) 45.33* 45* 

NOx (mg-N/L) 0.05* 0.03* 

OP (mg-P/L) 5.08* 4.78* 

Secondary Effluent 

Ammonia (mg-N/L) 36.1 6.8 

NOx (mg-N/L) 2.77 8.51 

OP (mg-P/L) 0.02 0.02 
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As biomass is quantified by the volatile solids or volatile suspended solids, 

TS/VS and TSS/VSS tests were performed to find the appropriate volume of RAS to 

use for each bioreactor. For System 3, the volatile suspended solids and volatile solids 

for MLSS and kenaf were combined to find the biomass value. The results are shown 

below in Table 21, with biomass values in bold used for normalization.  

Table 21: Biosolids and pH Measurements in Three Bioreactors in March 2025 

Bioreactor 1: System 1 

Initial pH 6.62 

Final pH 7.75 

TSS/VSS (mg/L) 1,747/1,233 

Biomass for Normalization (mg/L) 1,233 

Bioreactor 2: System 3 (MLSS + Kenaf) 

Initial pH 6.54 

Final pH 7.48 

TSS/VSS (MLSS) (mg/L) 1,373/1,027 

TS/VS (Kenaf) (mg/L) 523/487 

Biomass for Normalization (mg/L) 1,514 

Bioreactor 3: System 3 (MLSS Only) 

Initial pH 6.48 

Final pH 7.47 

TSS/VSS (mg/L) 1,347/987 

Biomass for Normalization (mg/L) 987 

With the analysis above, the System 1 bioreactor used 1.22 L of System 1 

RAS. The results are shown in Figure 70.  
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Figure 70: March 2025 - Time-series analysis of ammonia, NOx, and phosphate 

concentrations for the System 1 bioreactor. 

The phosphate release rate was measured at 0.236 mg-P/L/min, as shown in 

Figure 71. 18.5 mg-P/L of phosphate was released during the anaerobic stage, which 

was 59% higher than the phosphate released in Februaryôs System 1 bioreactor. The 

specific release rate of 0.276 mg-P/mg-VSS/day is reflective of this, being more than 

four times the release rate observed in February.  

 
Figure 71: March 2025 - Phosphate release rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

Using linear regression, shown in Figure 72, the phosphate uptake rate 

measured at 0.371 mg-P/L/min. The normalized uptake rate was calculated at 0.433 

mg-P/mg-VSS/day, about 1.5 times the rate of the February rate and a total of 17.2 
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mg-P/L of phosphate was removed within the first hour of the aerobic stage. This 

follows the trend of phosphate uptake rates in System 1 increasing over time since 

January 2025 by 67% and 77% each subsequent month.  

 
Figure 72: March 2025 - Phosphate uptake rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

As observed in February, more ammonia was removed than NOx was 

produced; 7.2 mg-N/L of ammonia was removed during the three-hour aeration 

period, and 3.4 mg-N/L of NOx was produced. Ammonia was consumed at a rate of 

0.042 mg-N/L/min (shown in Figure 73), or 0.088 mg-N/mg-VSS/day after 

normalization. Figure 74 shows NOx was produced at a rate of 0.02 mg-N/L/min, or a 

specific rate of 0.02 mg-N/mg-VSS/day. This is 76.7% lower than the normalized 

NOx production rate calculated in February 2025, which indicates poor performance 

by the nitrifying bacteria. This could be due to a number of reasons, including 

insufficiently high pH levels or low temperatures. Notably, the pH levels measured in 

the bioreactors around 6.5, which is lower than ideal for AOB and NOB (7.5-8.5).  
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Figure 73: March 2025 - Nitrification rate of System 1 over time. The dotted line represents 

the 95% confidence interval for linear regression. 

 

Figure 74: March 2025 - NOx production rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

Based on the biomass values calculated in Table 21, it was concluded the 

second bioreactor needed 1.01 L of System 3 RAS; the results from testing are shown 

in Figure 75. 
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Figure 75: March 2025 - Time-series analysis of ammonia, NOx, and phosphate 

concentrations for the System 3 bioreactor. 

During the anaerobic stage, 11.8 mg-P/L of phosphate was released at a rate of 

0.156 mg-P/L/min, shown in Figure 76; the specific rate was calculated at 0.148 mg-

P/mg-VSS/day. This is 5% lower than previously observed in February 2025ôs System 

3 bioreactor and 75% higher than the rate observed in January 2025.  

 
Figure 76: March 2025 - Phosphate release rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The phosphate uptake rate was measured at 0.319 mg-P/L/min with the linear 

regression shown in Figure 77; the specific rate was calculated at 0.303 mg-P/mg-

VSS/day. Phosphate was removed to nondetectable levels within the first hour of the 

aerobic stage, suggesting an effective PAO microbial community in System 3. This 
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follows the steady improvement of phosphate uptake in System 3 observed since 

January 2025. 

 
Figure 77: March 2025 - Phosphate uptake rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

During the aerobic period, 15 mg-N/L of ammonia was removed at a rate of 

0.092 mg-N/L/min, or a specific rate of 0.088 mg-N/mg-VSS/day (shown in Figure 

78), while 13.2 mg-N/L of NOx was produced at a rate of 0.086 mg-N/L/min, or a 

specific rate of 0.082 mg-N/mg-VSS/day (shown in Figure 79). Similar to the System 

3 bioreactor run in February 2025, these values are much more consistent in 

comparison to System 1. Additionally, in comparison to the rates measured in 

February 2025ôs System 3 bioreactor, the nitrification rates were very similar ï the 

ammonia consumption and the NOx production specific rates are the same. This 

suggests little to no change in microbial performance over the month between 

bioreactor runs and is consistent with data collected at the facility during this period. 

The amount of ammonia removed in System 3 in February 2025 was only 3.7% less 

than the amount removed in March 2025.  
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Figure 78: March 2025 - Nitrification rate of System 3 over time. The dotted line represents 

the 95% confidence interval for linear regression. 

 
Figure 79: March 2025 ï NOx production rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The third bioreactor used MLSS screened from 1.01 L of System 3 RAS, 

based on biomass data from Table 21; the results are shown in Figure 80. 
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Figure 80: March 2025 - Time-series analysis of ammonia, NOx, and phosphate 

concentrations for the System 3 (MLSS-only) bioreactor. 

A linear regression was performed (Figure 81), with 12.1 mg-P/L of phosphate 

released at a rate of 0.158 mg-N/L/min (a specific rate of 0.231 mg-P/mg-VSS/day). 

As shown in Figure 82, phosphate uptake reached nondetectable limits by the first 

hour of the aerobic stage, at a rate of 0.278 mg-P/L/min (a specific rate of 0.406 mg-

P/mg-VSS/day). Compared to the kenaf-only rates, which were 98% lower than those 

observed in MLSS-only, this indicates an effective phosphate removal process in the 

MLSS and not in the kenaf. Additionally, the phosphate release/uptake rates are lower 

than those of System 1, but higher than System 3. The combined MLSS+kenaf 

observed a slower phosphate release rate in comparison, indicating kenaf slowed the 

process by 36%, while phosphate uptake was slowed by 25%. This can be attributed 

to the diffusion limitations of substrate into the biofilm, preventing PAOs in the 

biofilm from performing phosphate release/uptake as freely as in suspended solids, 

which are not as limited by diffusion (Bai et al., 2015). However, both bioreactors 

reached phosphate levels below detectable limits before an hour had elapsed in the 

aerobic stage, so while the EBPR process was slowed, the kenaf still allowed a 

complete removal to occur.  
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Figure 81: March 2025 - Phosphate release rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 
Figure 82: March 2025 - Phosphate uptake rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

During the aerobic stage, 13.7 mg-N/L of ammonia was removed, and 12.1 

mg-N/L of NOx was produced, as shown in Figures 83 and 84, respectively. The rates 

of ammonia consumption and NOx production were 0.084 mg-N/L/min and 0.074 

mg-N/L/min, or 0.123 mg-N/mg-VSS/day and 0.108 mg-N/mg-VSS/day, respectively. 

Compared to the System 3 bioreactor (MLSS+kenaf), the amount of ammonia 

removed was 8.7% lower in the MLSS-only bioreactor, but the specific rate of 

consumption was 28.5% faster in the MLSS-only bioreactor. This indicates the 

presence of kenaf appears to lower the rate of ammonia consumption, but increases 
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the total amount of ammonia removed. Similarly, the MLSS-only bioreactor system 

produced 8.3% less NOx at a rate 24% faster than the combined MLSS+kenaf.  

 
Figure 83: March 2025 - Nitrification rate of MLSS-only over time. The dotted line represents 

the 95% confidence interval for linear regression. 

 
Figure 84: March 2025 ï NOx production rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

For comparison purposes, Table 22 summarizes the nitrification and phosphate 

release/uptake rates, including specific rates for each bioreactor. 
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Table 22: Summary of Nitrification and Phosphate Release/Uptake Rates in March 2025 

Category Unit System 1 System 3 System 3 (MLSS) 

Biomass for 

Normalization 
mg-VSS/L 1,233 1,514 987 

Phosphate Release 

Phosphate Release 

Rate 

mg-P/L/min 0.236 0.156 0.158 

mg-P/L/hr 14.16 9.36 9.48 

Specific Phosphate 

Release Rate 

mg-P/mg-

VSS/day 
0.276 0.148 0.231 

Phosphate Uptake 

Phosphate Uptake 

Rate 

mg-P/L/min 0.371 0.319 0.278 

mg-P/L/hr 22.26 19.14 16.68 

Specific Phosphate 

Release Rate 

mg-P/mg-

VSS/day 
0.433 0.303 0.405 

Nitrification (Ammonia Consumption) 

Nitrification Rate 

mg-

N/L/min 
0.042 0.092 0.084 

mg-N/L/hr 2.52 5.52 5.04 

Specific Nitrification 

Rate 

mg-N/mg-

VSS/day 
0.049 0.088 0.123 

 

The fourth bioreactor included in this experimental run was setup to assess 

denitrification following the anaerobic stage. Mixed liquor from the end of the System 

3 third anaerobic zone and was spiked with 150 mg of KNO3 to achieve a target 

nitrate concentration of about 20 mg N/L. The rationale for running this experimental 

system was to assess the potential benefit of designing an anoxic zone following the 

anaerobic zone, similar to an A2O process. In this reactor configuration, nitrified 

effluent would be internally recycled to this zone to allow nitrate produced in the 

aerobic zone to be consumed using organic carbon in the wastewater.  The results are 

displayed in Figure 85: 
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Figure 85: March 2025 - Time-series analysis of NOx and phosphate concentrations for the 

System 3 (denitrification) bioreactor 

NOx levels decreased from 20.9 mg-N/L to 7.6 mg-N/L, which is a 13.3 mg-

N/L decrease, at a specific rate of 0.018 mg-N/mg-VSS/day. As with the February 

denitrification bioreactor, the NOx levels would need decrease to below 2 mg-N/L to 

meet NDEP requirements, suggesting that while some NOx removal could be 

achieved within this treatment system, additional denitrification would likely be 

required to meet regulatory goals. Compared to February 2025 data; however, 74.4% 

more NOx was removed from the bioreactor, bringing the NOx levels closer to the 

target (<2 mg-N/L). Some phosphate uptake was also observed, with 5.8 mg-P/L 

removed at a specific rate of 0.099 mg-P/mg-VSS/day. Compared to Systems 1 and 3, 

this is an 87% and 75% decrease in phosphate removed, respectively. This is likely 

due to the presence of nitrate in the bioreactor, which impedes phosphate uptake.  

4.2.6 Sixth Nutrient Removal Batch Study - May 2025 

The following bioreactor run took place in May 2025, with three bioreactors 

analyzing System 1, System 3, and screened MLSS from System 3 under anaerobic 

and aerobic conditions. A few days prior to collecting RAS for this bioreactor run, 

TMWRF adjusted the anoxic zone in System 3ôs third aerobic pass, moving it to the 
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start of the second aerobic pass while lowering the HSW flowrate. This was intended 

to conserve TMWRFôs stock of HSW and to reflect that there would likely be more 

wastewater-derived organic carbon at this location compared to the beginning of the 

third pass. Lowering the HSW flowrate, however, led to a decrease in the amount of 

readily biodegradable carbon and the VFAs provided by HSW, which could impede 

denitrification activity. The general performance of Systems 1 and 3 when samples 

were collected are shown below in Table 23; estimated values are marked with an 

asterisk (*). The amount of ammonia removed by System 1 was 64% less than that of 

System 3, which is similar to the performances observed from December through 

February. The OP levels are also comparable, with System 1 removing 2% more OP 

than System 3. This suggests the phosphate removal process in System 3 continued to 

improve with time, as no notable changes were made to the system to impact the 

community of PAOs.  

Table 23: General Performances of Systems 1 and 3 in March 2025 

Date (mm/dd/yyyy) 05/16/2025 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.73 0.69 

Aerobic Basin HRT (hours) 4.35 4.12 

SRT (Days) 2.29 2.06 

Influent 

Ammonia (mg-N/L) 43.3* 40.83* 

NOx (mg-N/L) 0.06* 0.03* 

OP (mg-P/L) 5.28* 5.07* 

Secondary Effluent 

Ammonia (mg-N/L) 29.3 2.0 

NOx (mg-N/L) 0.84 1.73 

OP (mg-P/L) 0.16 0.07 

To identify biomass in each system, TS/VS and TSS/VSS tests were 

performed. For System 3, the volatile suspended solids and volatile solids for MLSS 
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and kenaf were combined to find the biomass value. The results are shown below in 

Table 24, with biomass values in bold used for normalization.  

Table 24: Biosolids Measurements in Three Bioreactors in May 2025 

Bioreactor 1: System 1 

Initial pH 6.87  

Final pH 7.92 

TSS/VSS (mg/L) 1,520/1,387 

Biomass for Normalization (mg/L) 1,387 

Bioreactor 2: System 3 (MLSS + Kenaf) 

Initial pH  6.78 

Final pH  6.08 

TSS/VSS (MLSS) (mg/L) 2,660/2,220 

TS/VS (Kenaf) (mg/L) 753/553 

Biomass for Normalization (mg/L) 2,773 

Bioreactor 3: System 3 (MLSS Only) 

Initial pH  6.89 

Final pH  6.07 

TSS/VSS (mg/L) 2,293/1,987 

Biomass for Normalization (mg/L) 1,987 

Based on these values, it was calculated that the System 1 bioreactor would 

use 1.42 L of RAS. Similar to previous bioreactor experiments, the anaerobic stage 

lasted 75 minutes followed by a 180-minute aerobic stage. The results are shown in 

Figure 86. 
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Figure 86: May 2025 - Time-series analysis of ammonia, NOx, and phosphate concentrations 

for the System 1 bioreactor. 

A total of 23.7 mg-P/L of phosphate was released in the anaerobic stage at a 

rate of 0.236 mg-P/L/min, measured through linear regression shown in Figure 87. 

This was used to calculate the specific rate of 0.25 mg-P/mg-VSS/day, which is very 

similar to the previous bioreactor run (0.276 mg-P/mg-VSS/day) with only a 9.4% 

decrease between rates. Phosphate uptake occurred at a rate of 0.37 mg-P/mg-

VSS/day, removing 26.2 mg-P/L over the first 100 minutes of the aerobic stage as 

shown in Figure 88. This is less efficient compared to the System 1 bioreactors run 

between December 2024 and March 2025, all of which completed phosphate uptake 

by the end of the first hour of aeration.  
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Figure 87: May 2025 - Phosphate release rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 
Figure 88: May 2025 - Phosphate uptake rate of System 1 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

As shown in Figure 89, 10.3 mg-N/L of ammonia was removed during the 

three-hour aeration period at a rate of 0.061 mg-N/L/min, or a specific rate of 0.06 

mg-N/mg-VSS/day. This is comparable to the specific nitrification rates measured in 

the System 1 bioreactor run in March, with a 2% increase between the two runs. 

Figure 90 shows 5.3 mg-N/L of NOx was produced at a rate of 0.034 mg-N/L/min, or 

a specific rate of 0.04 mg-N/mg-VSS/day. Again, the NOx production was lower than 

the ammonia removal (this time 44% lower), suggesting that the ammonia removal 

may include nitrogen uptake within the biomass.  
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Figure 89: May 2025 - Nitrification rate of System 1 over time. The dotted line represents the 

95% confidence interval for linear regression. 

 
Figure 90: May 2025 ï NOx production rate of System 1 over time. The dotted line represents 

the 95% confidence interval for linear regression. 

The second bioreactor used 1.65 L of System 3 RAS; the results are shown in 

Figure 91. 
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Figure 91: May 2025 - Time-series analysis of ammonia, NOx, and phosphate concentrations 

for the System 3 bioreactor. 

During the anaerobic stage, 38.9 mg-P/L of phosphate was released at a rate of 

0.292 mg-P/L/min, or a specific rate of 0.15 mg-P/mg-VSS/L (Figure 92). Within the 

first hour of the aerobic stage, non-detectable levels of the phosphate were reached, 

indicating very efficient phosphorus uptake and removal.  

 
Figure 92: May 2025 - Phosphate release rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The specific phosphate uptake rate was calculated at 0.58 mg-P/mg-VSS/L 

using linear regression data shown in Figure 93. While phosphate release rates were 

lower than System 1, the phosphate uptake rate was notably higher in System 3 

compared to prior experimental data. 
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Figure 93: May 2025 - Phosphate uptake rate of System 3 over time. The dotted line 

represents the 95% confidence interval for linear regression. 

Figure 94 shows 32.3 mg-N/L of ammonia was removed at a rate of 0.249 mg-

N/L/min and Figure 95 shows 34.3 mg-N/L of NOx was produced at a rate of 0.246 

mg-N/L/min. This is more than three times the total removal of Bioreactor 1ôs 

ammonia, and the amount of NOx produced slightly exceeded the measured amount 

of ammonia consumed. Unlike previous studies, where higher NOx production during 

nitrification in the System 1 bioreactor were observed, these values are consistent 

with the expected nitrification mass balance. Notably, the initial pH values measured 

increased slightly compared to prior experimental runs, averaging 6.8, which is closer 

to the ideal pH conditions for nitrifying bacteria. The specific rates of ammonia 

consumption and NOx production both measured 0.13 mg-N/mg-VSS/day.  
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Figure 94: May 2025 - Nitrification rate of System 3 over time. The dotted line represents the 

95% confidence interval for linear regression. 

 
Figure 95: May 2025 ï NOx production rate of System 3 over time. The dotted line represents 

the 95% confidence interval for linear regression. 

The third bioreactor included MLSS screened from 1.65 L System 3 RAS. The 

results are shown in Figure 96. 
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Figure 96: May 2025 - Time-series analysis of ammonia, NOx, and phosphate concentrations 

for the System 3 (MLSS-only) bioreactor. 

35.2 mg-P/L of phosphate was released in the anaerobic stage at a rate of 

0.158 mg-P/L/min (a specific rate of 0.10 mg-P/mg-VSS/day), as shown in Figure 97. 

Phosphate levels dropped to non-detectable levels within the first hour of the aerobic 

stage, a similar phenomenon as observed in March 2025ôs MLSS-only bioreactor 

(Figure 98). The phosphate uptake rate was measured at 0.805 mg-P/L/min, which 

was used to calculate the specific rate at 0.58 mg-P/mg-VSS/day, which is the same as 

the System 3 bioreactor which contained both MLSS and kenaf. The overall rates are 

very similar, bolstering the theory that the MLSS is a strong contributor to the 

performance in System 3.  
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Figure 97: May 2025 - Phosphate release rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

 
Figure 98: May 2025 - Phosphate uptake rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

The bioreactor seeded with MLSS from System 3 (i.e., no kenaf) was 

observed to have a similar removal of ammonia compared to System 3 with both 

MLSS and kenaf. Figure 99 shows 31.9 mg-N/L of ammonia was removed during the 

aerobic stage at a rate of 0.205 mg-N/L/min, and Figure 100 showed 33.9 mg-N/L of 

NOx was produced at a rate of 0.208 mg-N/L/min. Again, the amount of NOx 

produced exceeded the measured amount of ammonia consumed by a small margin, 

similar to the results of System 3. The rates of ammonia consumption and NOx 

production both were calculated to be 0.15 mg-N/mg-VSS/day. 
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Figure 99: May 2025 - Nitrification rate of MLSS-only over time. The dotted line represents 

the 95% confidence interval for linear regression. 

 
Figure 100: May 2025 ï NOx production rate of MLSS-only over time. The dotted line 

represents the 95% confidence interval for linear regression. 

Table 25 summarizes the nitrification and phosphate release/uptake rates, 

including specific rates, of each bioreactor. 
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Table 25: Summary of Nitrification and Phosphate Release/Uptake Rates in May 2025 

Category Unit System 1 System 3 System 3 (MLSS) 

Biomass for 

Normalization 
mg-VSS/L 1,387 2,773 1,987 

Phosphate Release 

Phosphate Release 

Rate 

mg-P/L/min 0.24 0.29 0.14 

mg-P/L/hr 14.34 17.52 8.58 

Specific Phosphate 

Release Rate 

mg-P/mg-

VSS/day 
0.25 0.15 0.10 

Phosphate Uptake 

Phosphate Uptake 

Rate 

mg-P/L/min 0.36 1.12 0.81 

mg-P/L/hr 21.42 67.14 48.30 

Specific Phosphate 

Uptake Rate 

mg-P/mg-

VSS/day 
0.37 0.58 0.58 

Nitrification (Ammonia Consumption) 

Nitrification Rate 
mg-N/L/min 0.06 0.25 0.21 

mg-N/L/hr 3.66 14.94 12.30 

Specific 

Nitrification Rate 

mg-N/mg-

VSS/day 
0.06 0.13 0.15 

Nitrification (NOx Production) 

Nitrification Rate 
mg-N/L/min 0.03 0.25 0.21 

mg-N/L/hr 2.04 14.76 12.48 

Specific 

Nitrification Rate 

mg-N/mg-

VSS/day 
0.04 0.13 0.15 

 

4.2.7 Statistical Analysis on Bioreactor Tests 

Performing a statistical comparison among the seven bioreactor tests is not 

reasonable, as many variables were introduced and removed between runs. Therefore, 

statistical analysis was performed to find statistically significant differences of 

nutrient removal rates between each set of bioreactor runs. 

Therefore, rates for System 3 were compared to the other bioreactors via t-

tests. However, it should be noted that only two MLSS-only and kenaf-only 

bioreactors were operated over the course of this study, thereby shrinking the sample 

size. Smaller sample sizes prevent a completely reliable and unbiased analysis, as 
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there are fewer points to reference and compare. For the purposes of this study, p-

values below 0.05 were considered statistically significant, and therefore unlikely to 

have occurred by chance. P-values were calculated using a t-value, which measures 

the size of the difference between groups compared to the variation within the groups 

(Bourget, 2023). This was performed in Microsoft Excel.  

Prior to performing t-tests, variance between each pair of datasets must be 

identified. This is a vital step that can be accomplished by performing an f-test, which 

helps determine whether the two groups being compared have equal variances, a key 

assumption of the standard (unpaired) t-test. The f-test works by comparing the ratio 

of the variances of two datasets; if the ratio is significantly different from 1, it 

suggests unequal variances. This is important because using a regular t-test on groups 

with unequal variances can lead to incorrect conclusions. If the f-test indicates 

unequal variances, a Welchôs t-test ï which does not assume equal variances ï should 

be used instead for more accurate results.  

To compare System 1 and System 3, independent t-tests were run on the 

normalized (i.e., specific) phosphate release and uptake rates to account for biomass 

disparities. Table 26 shows System 3ôs phosphate release rates were higher than 

System 1ôs during January and February, but lower in December 2024, March 2025, 

and May 2025. This is likely due to the reseeding of the PAOs in System 3 during 

January and February. 
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Table 26: P-Values of T-Tests on System 1 vs System 3 Specific Phosphate Release Rates 

Date Bioreactor 
Rate 

p-value Significant? 
mg-P/mg-VSS/day 

Dec-24 
System 1 0.05 p<0.0001 Yes 

System 3 0.083 p<0.0001 Yes 

Jan-25 
System 1 0.043 p<0.0001 Yes 

System 3 0.125 p<0.0001 Yes 

Feb-25 
System 1 0.03 p<0.05 Yes 

System 3 0.088 p<0.05 Yes 

Mar-25 
System 1 0.049 p<0.01 Yes 

System 3 0.088 p<0.01 Yes 

May-25 
System 1 0.06 p<0.05 Yes 

System 3 0.13 p<0.05 Yes 

When a t-test was run, p=0.674, therefore the release rates in System 1 and 

System 3 are statistically similar as p>0.05, and there is no statistically significant 

difference. No significant difference was found between phosphate uptake rates for 

System 1 and System 3, except for the rates measured in January 2025 (Table 27). 

There were insufficient data points for System 1 in February 2025 for a p-value to be 

calculated, and therefore was left blank. This indicates that like the phosphate release 

rates, System 1 and System 3 did not have any noteworthy differences between their 

phosphate removal efficiencies. This suggests that the addition of biofilm carriers did 

not substantially alter the phosphorus cycling dynamics under the tested conditions. In 

other words, the mechanisms of phosphate release during anaerobic phases and uptake 

during aerobic phases remained comparable between the two systems, indicating that 

the processes of the PAOs were not strongly influenced by the presence of biofilm 

carriers. This result implies that, while biofilm carriers may provide additional surface 

area for microbial growth, their contribution to phosphorus metabolism was not 

sufficient to produce a measurable improvement over the control system in this study. 
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Table 27: P-Values of T-Tests on System 1 vs System 3 Specific Phosphate Uptake Rates 

Date Bioreactor 
Rate 

p-value Significant? 
mg-P/mg-VSS/day 

Dec-24 
System 1 0.05 p<0.0001 Yes 

System 3 0.083 p<0.0001 Yes 

Jan-25 
System 1 0.043 p<0.0001 Yes 

System 3 0.125 p<0.0001 Yes 

Feb-25 
System 1 0.03 - -  

System 3 0.088 p<0.0001 Yes 

Mar-25 
System 1 0.049 p<0.0001 Yes 

System 3 0.088 p<0.0001 Yes 

May-25 
System 1 0.06 p<0.0001 Yes 

System 3 0.13 p<0.0001 Yes 

Interestingly, the differences between System 1 and System 3 specific 

nitrification rates were all statistically significant. These rates, which were based on 

specific ammonia consumption rates, resulted in p-values below 0.0001 (Table 28).  

Table 28: P-Values of T-Tests on System 1 vs System 3 Specific Ammonia Removal Rates 

Date Bioreactor 
Rate 

p-value Significant? 
mg-N/mg-VSS/day 

Dec-24 
System 1 0.05 p<0.0001 Yes 

System 3 0.083 p<0.0001 Yes 

Jan-25 
System 1 0.043 p<0.0001 Yes 

System 3 0.125 p<0.0001 Yes 

Feb-25 
System 1 0.03 p<0.0001 Yes 

System 3 0.088 p<0.0001 Yes 

Mar-25 
System 1 0.049 p<0.0001 Yes 

System 3 0.088 p<0.0001 Yes 

May-25 
System 1 0.06 p<0.0001 Yes 

System 3 0.13 p<0.0001 Yes 

This means there is less a 0.01% chance that the observed difference in 

ammonia consumption rates is due to random variation. As p<0.05, the null 

hypothesis, which states that there is no difference between the systems, can therefore 

be rejected. This suggests that System 3 was performing significantly better than 

System 1 in terms of nitrification. There are a number of variables between System 1 
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and System 3, including SRT, influent flow rates, and the presence of MOB kenaf 

granules. For both the kenaf-only and the MLSS-only, the difference between those 

rates and the System 3 specific ammonia consumption rates, the difference is not 

statistically significant (p=0.314, p=0.193 respectively). For NOx production, there 

are some significantly different specific NOx production rates between System 1 and 

System 3, measured during February and May 2025 (Table 29). Prior to that, 

December 2024ôs rates were not statistically different, indicating that as time passed, 

the NOx production of System 3 improved and eventually outperformed System 1.  

Table 29: P-Values of T-Tests on System 1 vs System 3 Specific NOx Production Rates 

Date Bioreactor 

Rate 

p-value Significant? 
mg-N/mg-VSS/day 

Dec-24 
System 1 0.056 p<0.0002 Yes 

System 3 0.117 p<0.0001 Yes 

Feb-25 
System 1 0.011 p<0.0001 Yes 

System 3 0.086 p<0.0001 Yes 

Mar-25 
System 1 0.023 p=0.405 No 

System 3 0.082 p<0.0001 Yes 

May-25 
System 1 0.04 p<0.0005 No 

System 3 0.13 p<0.0001 Yes 

Although phosphate release and uptake rates were statistically similar between 

System 1 and System 3, the nitrification rates differed significantly. This finding 

indicates that while the activity of the PAOs was not strongly affected by the 

introduction of biofilm carriers, the AOBs and NOBs were enhanced. The presence of 

the kenaf biofilm carriers likely provided a stable microenvironment and increased 

surface area that supported higher populations or activity of nitrifying 

microorganisms, thereby improving ammonia oxidation efficiency. Other studies have 

noted that phosphorus removal is not strongly enhanced by carriers, reflecting 

different ecological responses of PAOs and GAOs (Lemaire et al., 2008). These 
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results demonstrate that biofilm carriers selectively enhanced nitrification without 

significantly altering phosphorus removal performance. The differing responses 

highlight the importance of tailoring carrier-based strategies to target specific 

microbial processes in wastewater treatment. 

4.3 Assessing Various Carbon Sources for Denitrification  

To collect follow-up data for the bioreactor experiments, a brief exploration of 

potential carbon sources for the denitrification stage was performed in February 2025. 

The goal of this experimental plan was to assess the effectiveness of varying carbon 

sources on denitrification under anoxic conditions. The general performance of 

System 3 is shown in Table 30; interpolated values are marked with an asterisk. 

Table 30: General Performances of System 3 in February 2025 

Date (mm/dd/yyy) 02/03/2025 

Location System 3 

Anaerobic HRT (hours) 0.96 

Aerobic HRT (hours) 4.81 

SRT (days) 5.26 

Influent 

Ammonia (mg-N/L) 47.5* 

NOx (mg-N/L) 0.045* 

OP (mg-P/L) 6.585* 

Secondary Effluent 

Ammonia (mg-N/L) 0.6 

NOx (mg-N/L) 18.21 

OP (mg-P/L) 3.65 

Four 1-L bioreactors containing mixed liquor from System 3 at the end of the 

second pass were inoculated with one control system (i.e., no additional carbon 

source) and three different exogenous carbon sources: a high-strength waste, 

methanol, and primary effluent from System 3. Using stir-plates to prevent biomass 

settling, the bioreactors were operated for 180 minutes in TMWRFôs guest lab, shown 
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in Figure 101. For the HSW, it was assumed to contain 10,000 mg-COD/L (based on 

TMWRF historical data) and a target dose of 5 mg-COD/mg-NO-N was used for the 

three experimental reactors. Consequently, 8.37 mL of HSW and 70 mL (0.07 mL) of 

methanol was spiked to the respective bioreactor systems. To assess primary effluent 

as a carbon source, System 3 biomass was allowed to settle, 400 mL of supernatant 

was removed, and this volume was then replaced with 400 mL of primary effluent. It 

is noteworthy that this experimental protocol essentially diluted the primary effluent, 

leading to an immediate decrease in NOx levels. All four bioreactors were tested for 

nitrate and nitrite over the duration of the experiment; phosphate was not tested, as it 

was not the focus of this particular experiment. Figure 102 visually displays the 

difference between rates. 

 
Figure 101: Anoxic bioreactors set up in TMWRF guest lab testing three different carbon 

sources. 
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Figure 102: February 2025 - Time-series analysis of NOx concentrations for all four 

denitrification bioreactors. 

The denitrification rates observed across the four bioreactors show notable 

variation depending on the carbon source added. These rates were calculated by 

performing linear regression on the linear portion of each NOx removal line. No 

additional carbon source was added to the first bioreactor. Slight denitrification was 

observed, with NOx levels decreasing by 4 mg-N/L over the 180-minute experiment, 

resulting in a NOx removal rate of 0.035 mg-N/L/min. As this bioreactor was not 

spiked with any additional carbon source, most sample points were not tested, since it 

was assumed that the NOx levels in general would not change drastically over time.  

The second bioreactor was spiked with HSW used by TMWRF in System 3ôs 

third aerobic pass, as it was being used to supplement carbon within the anoxic zone 

for denitrification. The HSW is a cheaper alternative to methanol but serves the same 

purpose of providing readily available carbon to support heterotrophic growth of 

denitrification microbes. Because HSW is usually sourced from industrial by-

products, it may have variable composition, or excessive carbon, which can lead to 

sludge bulking or excess biomass if not controlled properly. These factors require 
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monitoring and adjustment, so testing the HSW can provide valuable insight into how 

feasible integrating it in a wider scope at TMWRF. The bioreactor was spiked with 

8.37 mL of HSW. The results are shown in Figure 103. 

 

Figure 103: February 2025 ï NOx removal rate of the HSW bioreactor over time. The dotted 

line represents the 95% confidence interval for linear regression. 

NOx levels decreased from 16.24 mg-N/L to 8.10 mg-N/L by the end of the 

experiment, resulting in a reduction of 8.14 mg-N/L. It is noteworthy that HSW 

spiking led to the fastest nitrate reduction in the first hour compared to the other 

bioreactors; however, the rate of denitrification decreased in the third hour and the 

system did not remove NOx below 8.1 mg-N/L. Between 0 and 80 minutes, the HSW 

bioreactor exhibited a constant denitrification rate of 0.075 mg-N/L/min. Since 

denitrification requires a readily available carbon source, favorable carbon sources 

will lead to more nitrate removed.  

The third bioreactor was inoculated with methanol as a carbon source. The 

results are shown in Figure 104. 
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Figure 104: February 2025 - NOx removal rate of the methanol bioreactor over time. The 

dotted line represents the 95% confidence interval for linear regression. 

After spiking with methanol, the experimental bioreactor demonstrated 

effective denitrification performance. Following the addition of 0.07 mL of methanol, 

NOx levels decreased markedly from 16.93 mg-N/L to 2.38 mg-N/L, a substantial 

reduction of 14.55 mg-N/L. A steady denitrification rate of 0.093 mg-N/L/min was 

maintained until the end of the reaction period. Compared to the HSW, methanol 

enabled the denitrifying bacteria to remove 59% more nitrate and was therefore more 

favorable in terms of serving as an effective carbon source. That said, using methanol 

would require purchasing additional chemicals that would add a cost to the treatment 

process compared to HSW or primary effluent which already has biodegradable 

carbon present. 

The fourth bioreactor was spiked with primary effluent to identify how much 

carbon the primary effluent provides to the denitrification process. Results are shown 

in Figure 105. 
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Figure 105: February 2025 - NOx removal rate of the primary effluent bioreactor over time. 

The dotted line represents the 95% confidence interval for linear regression. 

For the bioreactor spiked with primary effluent, an immediate dilution of NOx 

levels occurred following a 40% spiking with primary effluent, with NOx levels 

decreasing from 16.62 mg-N/L to 5.42 mg-N/L due to the dilution effect. During the 

first hour post-spiking, NOx levels further decreased from 5.42 mg-N/L to 0.85 mg-

N/L. By the end of the run, NOx levels measured at 0.42 mg-N/L, indicating a total 

reduction of 5.0 mg-N/L attributed to denitrification following the spiking (and not 

accounting for the dilution-related decrease) of primary effluent. Steady 

denitrification started at 20 minutes, achieving most NOx removal within 60 minutes, 

at a rate of 0.107 mg-N/L/min. Compared to the methanol and the HSW, the primary 

effluentôs NOx removal rate is statistically similar to both rates by p-values of 0.5491 

and 0.1361, respectively (p>0.05). These findings suggest that primary effluent is a 

suitable source of readily biodegradable organic carbon, and its application via a step-

feed configuration (a process design in which influent is introduced at multiple points 

along the biological reactor) could enhance the distribution of carbon throughout the 

system, thereby improving conditions for denitrification and phosphorus removal. 
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Since denitrification is the conversion of nitrate to nitrogen gas, following the 

amount of nitrate over time. By following the concentration of nitrate over time, the 

amount of denitrification in each bioreactor can be measured. Table 31 shows a 

summary of the denitrification rates below. As there are no replicates of the 

denitrification rates, a t-test cannot be performed to compare the four rates.  

Table 31: Summary of Denitrification Rates in February 2025:  

Category Unit Control HSW Methanol 
Primary 

Effluent 

Biomass for 

Normalization 
mg-VSS/L - - - 2,273 

Denitrification (NOx Removal) 

Denitrification 

Rate 

mg-N/L/min 0.035 0.075 0.093 0.107 

mg-N/L/hr 2.1 4.5 5.58 6.42 

 

4.4 DNA Sequencing  

For a more nuanced understanding of the role that kenaf granules and 

combined attached and suspended growth conditions play in the overall performance 

of System 3, DNA was extracted from both the MLSS and microbes attached to kenaf 

from System 3, as well as System 1 as a control. The purified DNA samples were sent 

to RTL Genomics to be sequenced. Identified microorganisms in each sample were 

listed by population count and sorted using the MiDAS microbe database by selected 

characteristics regarding metabolism, substrate assimilation, and cell properties. 

These characteristics are vital in developing an understanding the role that specific 

microorganisms can play in a wastewater treatment system; however, it is important 

to recognize that the metabolic traits included in MiDAS are limited to cultured and 

well-studied microbes from prior research studies. The metabolic characteristics of the 

microorganisms, for example, can vary widely. For example, autotrophic microbes, 
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including some AOB and NOB, use inorganic carbon in the form of CO2 as a carbon 

source. In contrast, mixotrophic microbes can use CO2, or organic sources as their 

carbon source (Bourget, 2023). Depending on the microorganisms prevalent in a 

treatment system, inorganic carbon levels may need to be closely monitored so 

obtaining carbon is feasible for the hosted microorganisms performing ammonia or 

nitrite removal. Further, since the process of nitrification consumes alkalinity, it is 

important to monitor this parameter which is heavily influenced by the carbonate 

system. The assimilation of substrate is another important characteristic, divided into 

the substrate source. Most wastewater treatment systems focus on lipids/fatty acids, 

proteins, and carbohydrates/sugars as substrate sources, as they tend to be the most 

prevalent in wastewater. Substrate provides both energy and carbon to a 

microorganismôs internal processes, so the type of substrate required is an important 

component to manage in wastewater.  

Other cell properties such as filamentous or hydrophobic cell surfaces are also 

important in light of process challenges such as foaming or sludge bulking which can 

affect the solids clarification process. In the removal of ammonia, nitrite/nitrate, and 

phosphate from wastewater, identifying the most relevant microorganisms present in 

the system is important to ensuring ideal environmental conditions for the 

microorganisms in the treatment plant.  

Three sets of DNA extractions were analyzed in April 2024 for MLSS from 

System 1, MLSS (no kenaf) from System 3, and kenaf only from System 3; the results 

are shown in Table 33. The general performance of System 3 around the sampling 

date listed in Table 32.  
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Table 32: General performance and conditions of System 3 in April 2024 

Date (mm/dd/yyy) 04/15/2024 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.75 0.66 

Aerobic Basin HRT (hours) 4.5 3.96 

SRT (Days) 1.81 4.53 

Influent 

Ammonia (mg-N/L) 43.9 42.9 

NOx (mg-N/L) 0.08 0.07 

OP (mg-P/L) 7.89 7.29 

Secondary Effluent 

Ammonia (mg-N/L) 34.2 8.4 

NOx (mg-N/L) 2.12 13.38 

OP (mg-P/L) 0.51 0.85 
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Table 33: Abundance of Specific Microorganisms Related to Phosphate and Nitrogen 

Removal (April 2024) 

Canonical genus name Function Name 
System 1  

(%) 

System 3  

(MLSS 

Only, %) 

System 3 

(Kenaf 

Only, %) 

Nitrosomonas AOB 0.00 0.12 0.42 

Nitrosospira AOB 0.00 0.00 0.00 

Total AOB 0.00 0.12 0.42 

Nitrospira NOB 0.00 0.00 0.07 

Total NOB 0.00 0.00 0.07 

Candidatus 

Accumulibacter 
PAOs 0.08 0.15 0.08 

Tetrasphaera PAOs 0.00 0.00 0.00 

Dechloromonas PAOs 1.57 11.39 2.77 

Azonexus PAOs 0.00 0.00 0.00 

Total PAOs 1.65 11.55 2.85 

Candidatus 

Competibacter 
GAOs 0.00 0.00 0.01 

Total GAOs 0.00 0.00 0.01 

Nitrosomonas Nitrite reduction 0.00 0.12 0.42 

Nitrosovibrio Nitrite reduction 0.00 0.00 0.00 

Nitrospira Nitrite reduction 0.00 0.00 0.07 

Azonexus Nitrite reduction 0.00 0.00 0.00 

Dechloromonas Nitrite reduction 1.57 11.39 2.77 

Flavobacterium Nitrite reduction 6.04 13.05 7.38 

Bradyrhizobium Nitrite reduction 0.00 0.00 0.00 

Acidovorax Nitrite reduction 0.66 0.72 0.82 

Rhodoferax Nitrite reduction 0.47 0.33 0.56 

Simplicispira Nitrite reduction 0.48 0.07 0.01 

Zoogloea Nitrite reduction 1.87 1.17 0.35 

Haliangium Nitrite reduction 0.00 0.17 0.09 

Pseudomonas Nitrite reduction 0.04 0.06 0.14 

Thiothrix Nitrite reduction 1.63 0.61 0.29 

Dokdonella Nitrite reduction 0.00 0.19 0.09 

Total Denitrifiers 12.75 27.86 13.00 

 

Based on the sequencing data and comparison with the MiDAS database, it 

was concluded most of the bacteria prevalent in System 1 were either nitrite reducers 

or PAOs, with little to no identified AOBs or NOBs. Despite the low AOB/NOB 
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populations that were detected, System 1 performs nitrification efficiently and 

consistently with an average of 29% of ammonia removed over the course of the 

study. This phenomenon may be due to the presence of unknown nitrifiers that could 

not be categorized due to a lack of information present on their specific genomic 

structure. Of the nitrite reducers, the most prevalent species included Flavobacterium 

at 6.04% and Zoogloea at 1.87%. The most abundant microbe in the denitrifier class 

found was Dechloromonas at 1.57%. For DNA sequencing, an abundance percentage 

above 1% is considered high abundance.  

System 3 MLSS and kenaf samples, nitrite reducers and PAOs were detected 

at reasonably high levels as well. The population of Flavobacterium in the System 3 

MLSS was more than twice as large as that in System 1, and 1.2 times larger in the 

kenaf than System 1, indicating an overall more favorable environment for the 

bacteria in System 3. Additionally, higher amounts of AOBs and PAOs were identified 

in both System 3 MLSS and kenaf. Nitrosomonas was found at 0.12% in MLSS and 

0.42% in kenaf; Dechloromonas was found at 11.39% in MLSS, and 2.77% in kenaf. 

Gao & Tao (2011) reported AOB populations ranging from 2ï10% and NOB typically 

around 1ï3%. These findings highlight the disproportionate importance of relatively 

low-abundance functional guilds in driving nitrification within biofilm-based 

treatment systems. Higher microbial abundance is often indicative of favorable 

operating conditions within wastewater treatment systems. Seviour & Nielsen (2010) 

emphasized that environments supporting greater microbial biomass and diversity 

tend to show more stable and efficient process performance. They found that AOB 

Nitrosospira were far more abundant in biofilm (up to ~0.35% of total bacteria) 

compared to activated sludge (0.002ï0.005%), indicating that biofilm carriers favor 
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coexistence of classical AOB and comammox (complete ammonia oxidizing) 

organisms and likely enhance nitrification resilience in full-scale treatment systems. 

Comammox bacteria represent a relatively recent discovery in wastewater 

treatment microbiology, as they are capable of performing the full nitrification 

pathway within a single organism, oxidizing ammonia directly to nitrate without the 

need for separate AOB or NOB (Zhu et al., 2022). This dual function can improve the 

efficiency of nitrogen removal under certain operational conditions, particularly in 

low-substrate or low-dissolved oxygen environments where traditional nitrifiers may 

be less competitive. The most commonly identified comammox bacteria belong to the 

genus Nitrospira, especially Nitrospira inopinata and related clades (Zhu et al., 2022). 

These organisms are often detected in biofilm-based wastewater treatment processes, 

such as moving bed biofilm reactors (MBBRs) and granular sludge systems, where 

microenvironments of limited oxygen diffusion favor their growth. However, 

identifying which Nitrospira bacteria were acting as comammox and which were 

acting as nitrite-oxidizing bacteria was not possible, as specific activity tests were not 

performed in this study. Therefore, it was assumed any Nitrospira bacteria were acting 

as NOB, and no comammox activity was present in either system.  

As the MOB pilot system experiment continued, the microbial communities 

hosted in System 3 acclimated to the new environmental conditions and subsequent 

DNA sampling was performed to assess and quantify changes (Table 35). Another set 

of samples was taken in June 2024, and the general performance of System 3 listed in 

Table 34. The sequencing results are shown in Table 35. 
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Table 34: General performance and conditions of System 3 in June 2024 

Date (mm/dd/yyy) 6/11/24 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.88 0.61 

Aerobic Basin HRT (hours) 5.26 3.68 

SRT (Days) 1.69 3.52 

Influent 

Ammonia (mg-N/L) 40.6 39.7 

NOx (mg-N/L) 0.1 0.07 

OP (mg-P/L) 5.37 5.38 

Secondary Effluent 

Ammonia (mg-N/L) 34.2 0.8 

NOx (mg-N/L) 0.83 13.83 

OP (mg-P/L) 0.376 0.06 
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Table 35: Abundance of Specific Microorganisms Related to Phosphate and Nitrogen 

Removal (June 2024) 

Canonical genus name Function Name 
System 1  

(%) 

System 3  

(MLSS 

Only, %) 

System 3 

(Kenaf 

Only, %) 

Nitrosomonas AOB 0.07 0.12 0.13 

Nitrosospira AOB 0.00 0.00 0.00 

Total AOB 0.07 0.12 0.13 

Nitrospira NOB 0.00 0.01 0.02 

Total NOB 0.00 0.01 0.02 

Candidatus 

Accumulibacter 
PAOs 0.04 0.38 2.82 

Tetrasphaera PAOs 0.00 0.00 0.00 

Dechloromonas PAOs 0.84 1.19 3.76 

Azonexus PAOs 0.00 0.00 0.00 

Total PAOs 0.88 1.57 6.58 

Candidatus 

Competibacter 
GAOs 0.00 0.01 0.00 

Total GAOs 0.00 0.01 0.00 

Nitrosomonas Nitrite reduction 0.07 0.12 0.13 

Nitrosovibrio Nitrite reduction 0.00 0.00 0.00 

Nitrospira Nitrite reduction 0.00 0.01 0.02 

Azonexus Nitrite reduction 0.00 0.00 0.00 

Dechloromonas Nitrite reduction 0.84 1.19 3.76 

Flavobacterium Nitrite reduction 4.08 9.24 7.48 

Bradyrhizobium Nitrite reduction 0.00 0.00 0.09 

Acidovorax Nitrite reduction 0.26 0.31 0.39 

Rhodoferax Nitrite reduction 1.08 0.96 0.83 

Simplicispira Nitrite reduction 0.28 0.20 0.20 

Zoogloea Nitrite reduction 1.00 1.66 1.03 

Haliangium Nitrite reduction 0.00 0.14 0.13 

Pseudomonas Nitrite reduction 0.00 0.07 0.06 

Thiothrix Nitrite reduction 0.35 0.18 0.22 

Dokdonella Nitrite reduction 0.03 0.01 0.04 

Total Denitrifiers 7.99 14.08 14.38 

 

Overall, the microbial population data from the June 2024 sampling revealed a 

decrease in the mapped bacterial populations in both System 1 and System 3, with a 

higher portion of unidentified microbes being detected. Dechloromonas, for example, 
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was found at 0.84% in System 1, 1.19% in System 3 MLSS, and 3.76% in System 3 

kenaf ï a notable decrease in comparison to the population data from two months 

prior. As observed in the previous DNA sequencing data, the abundance of NOBs was 

low, although System 3 MLSS sample revealed a slight increase (from 0.00% to 

0.01%), while the kenaf saw a minor decrease (0.07% to 0.02%) in abundance. 

System 1 exhibited the least change compared to the prior sampling, which is a 

reasonable observation since that system would be expected to have a more stable 

operating condition for the bacterial composition to reach an equilibrium. Similar 

decreases in microbial populations have been shown to compromise biological 

nutrient removal processes. For instance, Wagner et al. (2002) reported that loss of 

ammonia-oxidizing and nitrite-oxidizing bacteria populations is frequently correlated 

with impaired nitrification performance. Similarly, Oehmen et al. (2007) noted that 

reduced PAO abundance is directly associated with deteriorated phosphorus removal 

efficiency, as these organisms are essential for phosphate cycling in EBPR systems. 

The third set of microbial population data was collected in February 2025 and 

a tabulated summary is provided in Table 37. During this time, the general 

performance of System 3 was fluctuating; the general performance of System 3 listed 

in Table 36. Due to some data not being available, values with an asterisk (*) were 

estimated using linear interpolation.  
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Table 36: General performance and conditions of System 3 in February 2025 

Date (mm/dd/yyyy) 02/14/2025 

Location System 1 System 3 

Anaerobic Zone HRT (hours) 0.7 0.92 

Aerobic Basin HRT (hours) 4.22 5.52 

SRT (Days) 2.3 4.47 

Influent 

Ammonia (mg-N/L) 47.1 44.3 

NOx (mg-N/L) 0.09 0.04 

OP (mg-P/L) 6.13 6.35 

Secondary Effluent 

Ammonia (mg-N/L) 36.1 3 

NOx (mg-N/L) 1.3 15.25 

OP (mg-P/L) 0.61 1.35 
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Table 37: Abundance of Specific Microorganisms Related to Phosphate and Nitrogen 

Removal in February 2025 

Canonical genus name Function Name 
System 1  

(%) 

System 3  

(MLSS 

Only, %) 

System 3 

(Kenaf 

Only, %) 

Nitrosomonas AOB 0.12 0.81 0.15 

Nitrosospira AOB 0.11 0.02 0.29 

Total AOB 0.24 0.83 0.45 

Nitrospira NOB 0.00 0.11 0.49 

Total NOB 0.00 0.11 0.49 

Candidatus 

Accumulibacter 
PAOs 0.39 2.21 0.89 

Tetrasphaera PAOs 0.27 0.01 0.02 

Dechloromonas PAOs 0.49 1.17 2.66 

Azonexus PAOs 0.04 0.36 0.35 

Total PAOs 1.19 3.75 3.92 

Candidatus 

Competibacter 
GAOs 0.01 0.00 0.02 

Total GAOs 0.01 0.00 0.02 

Nitrosomonas Nitrite reduction 0.12 0.81 0.15 

Nitrosovibrio Nitrite reduction 0.11 0.02 0.29 

Nitrospira Nitrite reduction 0.00 0.11 0.49 

Azonexus Nitrite reduction 0.04 0.36 0.35 

Dechloromonas Nitrite reduction 0.49 1.17 2.66 

Flavobacterium Nitrite reduction 1.41 3.05 6.39 

Bradyrhizobium Nitrite reduction 0.02 0.03 0.01 

Acidovorax Nitrite reduction 3.81 0.78 1.00 

Rhodoferax Nitrite reduction 0.11 0.09 0.44 

Simplicispira Nitrite reduction 0.01 0.01 0.15 

Zoogloea Nitrite reduction 3.72 3.35 2.33 

Haliangium Nitrite reduction 0.20 0.90 0.79 

Pseudomonas Nitrite reduction 1.55 0.13 0.12 

Thiothrix Nitrite reduction 0.30 0.00 0.00 

Dokdonella Nitrite reduction 0.00 0.33 0.89 

Total Denitrifiers 11.90 11.15 16.06 

Some of the most prevalent microorganisms identified in System 1 included 

AOBs such as Nitrosomonas and Nitrosospira, found at 0.12% and 0.11%, 

respectively; PAOs such as Ca. Accumulibacter and Dechloromonas were found at 

0.39% and 0.49%, respectively; and nitrite reducers such as Acidovorax and 
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Pseudomonas, found at 3.81% and 1.55% respectively. Nitrite reducers were by far 

the most prevalent in System 1, followed by PAOs and AOBs. No NOB 

microorganisms were identified in System 1 for this sample set.  

In System 3ôs MLSS, both Nitrosomonas and Nitrosospira were present, with a 

majority of Nitrosomonas at 0.81%. Comparatively, the sample extracted from System 

3 kenaf only measured Nitrosomonas at 0.15%. Other bacteria seemed to favor 

System 3 MLSS over kenaf, such as nitrite reducers like Zoogloea, which measured 

3.35% and 2.33%, respectively. However, the kenaf samples generally had higher 

relative numbers of mapped microbial populations in comparison to the MLSS, such 

as the Dechloromonas (2.66% for kenaf compared to 1.17% for MLSS) and 

Flavobacterium (6.39% for kenaf compared to 3.05% for MLSS). These greater 

abundances may reveal that the attached growth condition associated with kenaf may 

be more favorable to those specific microorganisms, whether as protection within a 

biofilm or due to lower relative growth rates that would not be sustained by suspended 

growth conditions. Additionally, the total PAOs in the kenaf is higher than both the 

MLSS and System 1, likely due to the favorable conditions provided by the biofilm 

on the kenaf. This follows the results of Godzieba et al. (2022), where PAOs such as 

C. Accumulibacter was found more abundantly in biofilm compared to the activated 

sludge.  

The final set of microbial sequencing data was collected near the end of the 

pilot demonstration in June 2025. No system performance data was available. Similar 

to previous sequencing data performed at TMWRF, nitrite reducers were the most 

abundant of the mapped microorganism detected in both System 1 and System 3, with 

the second most prevalent type being PAOs (Table 38). AOB and NOB populations 
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decreased in both systems from the previous sampling, with little to no AOB species 

detected in any samples, and a low NOB population (although Nitrospira [an NOB 

species] did increase in System 3 MLSS). This is unusual, as nitrification in System 3 

during this time performed well. However, data from the same analysis reported NOB 

like Nitrospira was found at 0.215% at South Truckee Meadows Water Reclamation 

Facility (STMWRF), and 0.054% at Reno Stead Water Reclamation Facility 

(RSWRF), two other wastewater treatment plants serving Reno, NV. These values 

indicate the NOB should be fairly low. For AOB like Nitrosospira, STWMRF hosted 

0.061% and RSWRF hosted 0.036%, which suggest an error with extracting or testing 

the samples occurred and led to the discrepancy with AOB populations. Notably, a 

nitrite reducing species Haliangium increased for the System 3 kenaf sample 

compared to the February 2025, data, from 0.79% to 17.2%. While both System 1 

(doubling from 0.20% to 0.46%) and System 3 MLSS (from 0.90% to 2.73%) 

revealed some increase from the prior sample set, neither exhibited such a drastic 

change. In contrast, Flavobacterium experienced a population increase in System 1 

and System 3 MLSS, but a decrease for the System 3 kenaf sample. This indicates this 

particular genus preferred activated sludge formations over the biofilm structure.  

  



 

 

153 

Table 38: Abundance of Specific Microorganisms Related to Phosphate and Nitrogen 

Removal in June 2025 

Canonical 

genus name 
Function Name 

System 1  

(%) 

System 3  

(MLSS 

Only, %) 

System 3 (Kenaf 

Only, %) 

Nitrosomonas AOB 0.00 0.00 0.00 

Nitrosospira AOB 0.00 0.00 0.00 

Total AOB 0.00 0.00 0.00 

Nitrospira NOB 0.00 0.60 0.10 

Total NOB 0.00 0.60 0.10 

Candidatus 

Accumulibacter 
PAOs 2.60 1.22 2.12 

Tetrasphaera PAOs 0.03 0.25 0.26 

Dechloromonas PAOs 1.52 0.33 0.30 

Azonexus PAOs 0.05 0.46 0.33 

Total PAOs 4.20 2.27 3.01 

Candidatus 

Competibacter 
GAOs 0.04 1.03 0.32 

Total GAOs 0.04 1.03 0.32 

Nitrosomonas Nitrite reduction 0.00 0.00 0.00 

Nitrosovibrio Nitrite reduction 0.01 0.33 0.10 

Nitrospira Nitrite reduction 0.00 0.60 0.10 

Azonexus Nitrite reduction 0.05 0.46 0.33 

Dechloromonas Nitrite reduction 1.52 0.33 0.30 

Flavobacterium Nitrite reduction 3.12 5.42 3.18 

Bradyrhizobium Nitrite reduction 0.06 0.11 0.12 

Acidovorax Nitrite reduction 4.83 2.75 1.39 

Rhodoferax Nitrite reduction 0.53 0.47 0.12 

Simplicispira Nitrite reduction 0.02 0.08 0.03 

Zoogloea Nitrite reduction 1.01 2.06 6.69 

Haliangium Nitrite reduction 0.46 2.73 17.20 

Pseudomonas Nitrite reduction 0.85 0.19 0.25 

Thiothrix Nitrite reduction 0.55 0.00 0.00 

Dokdonella Nitrite reduction 0.01 0.76 0.27 

Total Denitrifiers 13.02 16.30 30.07 

 

Generally, PAOs were more abundant in System 3 compared to System 1, 

even though phosphate removal was not as consistent or high in System 3. However, 

abundance does not guarantee high performance, as observed by Pijuan et al., 2006). 
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In that study, failure was induced in a system using alternating anaerobicïaerobic 

zones by switching to fully aerobic conditions, to measure the impact on EBPR and 

the related microorganisms. The net phosphorus removal could not be achieved under 

these failure conditions, but the EBPR microorganism populations did not experience 

significant change that could be linked to this failure. While DNA sequencing 

revealed higher relative abundances of AOB, NOB, PAOs, and denitrifiers in System 

3 -- consistent with observed nitrogen removal trends -- these values reflect microbial 

presence rather than metabolic activity. Notably, the elevated abundance of 

denitrifiers in System 3 aligns with improved denitrification performance, though the 

higher PAO presence did not consistently correspond to enhanced phosphorus 

removal, highlighting the limitation of using abundance alone to infer functional 

outcomes.  

4.4.1 Final Nitrification Batch Study - June 2025 

The final two bioreactors were run in June 2025. Unlike previous bioreactor 

experiments, which used primary effluent, tertiary effluent was collected to serve as 

media for resuspending the biomass in each bioreactor. This tertiary effluent was 

collected from the system post-filtration, but prior to disinfection. Plant operating 

conditions during the time of sampling were not available. To find the appropriate 

volume of System 3 RAS required, TS/VS tests were run and the results are shown 

with pH values in Table 39. 
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Table 39: Biosolids and pH Measurements in Two Bioreactors in June 2025 

Bioreactor 1: RAS + NH4Cl 

Initial pH 8.55 

Final pH 7.72 

TS/VS (mg/L) 1,104/480 

Biomass for Normalization (mg/L) 480 

Bioreactor 2: RAS + KNO2 

Initial pH 8.13 

Final pH 7.76 

TS/VS (mg/L) 1,080/373 

Biomass for Normalization (mg/L) 373 

 

This bioreactor run was tailored to focus on the ammonia and nitrite oxidation 

rates of the relevant bacteria currently hosted on the kenaf biofilm carriers in the 

System 3 RAS, as DNA sequencing data indicated more nitrite-oxidizing bacteria 

present on kenaf-based biofilm compared to ammonia-oxidizing bacteria. To achieve 

this, approximately 1.3 grams of NaHCO3 and 56 mg Na2HPO4 were mixed into 8 L 

of tertiary effluent to adjust alkalinity and phosphorus levels. Two sets of 1.5 L of 

System 3 RAS were screened and washed to retain the kenaf granules. One set was 

placed in one bioreactor with the spiked tertiary effluent and 0.179 grams of NH4Cl. 

This was to achieve a concentration of 15 mg-N/L of NH4-N. The other set of kenaf 

granules was placed into a second bioreactor with the spiked tertiary effluent and 

0.273 grams KNO2, to achieve a concentration of 15 mg-N/L of NO2-N. By using set 

concentrations in the tertiary effluent, the removal of ammonia and nitrite could be 

more closely tracked without external influences or unexpected interference from 

other constituents in the effluent.  

Air was pumped into the bioreactors for 180 minutes to mimic the aeration 

stage. The results from the ammonia-spiked bioreactor are shown in Figure 106. 
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Figure 106: Time-series analysis of ammonia, NOx and phosphate dynamics in ammonia-

spiked bioreactor. 

A total of 1.1 mg-N/L of ammonia was removed during the three-hour aeration 

period, at a rate of 0.005 mg-N/L/min as shown in Figure 107 (specific rate of 0.001 

mg-N/mg-VS/day). Nitrite and nitrate were produced at a rate of 0.001 mg-N/L/min, 

or a specific rate of 0.005 mg-N/mg-VS/day (Figure 108). This was expected, as this 

bioreactor was focused on the ammonia consumption. Both rates are significantly 

lower than the May 2025 System 3 bioreactorôs specific nitrification rate of 0.13 mg-

N/mg-VSS/day by 99.2%, and the specific NOx production rate of 0.13 mg-N/mg-

VSS/day by 96.1%, respectively. These results are consistent with the previous kenaf-

only bioreactors; without MLSS, both ammonia removal and NOx production rates 

were likely impeded, as it has shown to be the predominant contributor to nitrification 

in System 3, outperforming kenaf alone.  


















