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Nitrificag@o Tercidria de Efluente de Refinaria de Petroleo em Reatores de Leito Mdvel

com Biofilme: Desenvolvimento do Biofilme e Estabilidade Operacional.
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Os efluentes de refinarias de petroleo apresentam desafios significativos para o
tratamento biologico devido a presenca de compostos potencialmente inibitorios, como
6leo e fenois. Este estudo investigou o desempenho e a resiliéncia da nitrificagao tercidria
em reatores de leito mdovel com biofilme (MBBRs) tratando efluente real de refinaria. A
abordagem experimental foi dividida em duas fases. A primeira avaliou o
desenvolvimento do biofilme sob quatro estratégias distintas de aclimatagdo, variando
desde o uso de efluente sintético até a aplicacdao direta de efluente real, submetidas a
redugdes progressivas no tempo de retengao hidraulica (TRH) de 6 para 2 h. Os resultados
indicaram que estratégias empregando transi¢ao gradual ou suplementagdao de fonte de
carbono externa aceleraram significativamente a maturagao e a estabilidade do biofilme
em comparacdo com a aplicagdo direta de efluente real, a qual exibiu uma fase de
adaptagao prolongada. No entanto, uma vez estabelecido, o biofilme em todos os reatores
permitiu obter altas eficiéncias de remocdo de amonio (>95%), demonstrando robustez
contra o estresse hidraulico. A segunda parte do estudo avaliou o efeito de concentracdes
de oleo de at¢ 500 mg L' no desempenho da nitrificagdo. Niveis elevados de 6leo
resultaram em acumulo no material suporte, levando a aglomeracdo, formacdo de
biofilme com estrutura irregular e aumento do desprendimento de biomassa. Apesar
dessas alteragdes estruturais, as eficiéncias de remoc¢do de amonio permaneceram
elevadas e se recuperaram rapidamente apos quedas temporarias. Esses resultados
indicaram que o oOleo afetou principalmente a estrutura fisica do biofilme, e ndo o
desempenho global da nitrificagdo, demonstrando a resiliéncia operacional do sistema

MBBR sob cargas elevadas e flutuantes de dleo.
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Petroleum refinery wastewaters present significant challenges for biological
treatment due to the presence of potential inhibitory compounds, such as oil and phenols.
This study investigated the performance and resilience of tertiary nitrification in moving
bed biofilm reactors (MBBRs) treating real refinery wastewater. The experimental
approach was divided into two parts. The first evaluated biofilm development under four
distinct acclimation strategies, ranging from synthetic wastewater to direct application of
real refinery wastewater, subjected to progressive reductions in the hydraulic retention
time (HRT) from 6 to 2 h. Results indicated that strategies employing gradual transition
or carbon supplementation significantly accelerated biofilm maturation and stability
compared to the direct application of real wastewater, which exhibited a prolonged lag
phase for adaptation. However, once established, the biofilms in all reactors demonstrated
high ammonium removal efficiencies (>95%) and robustness against hydraulic stress.
The second part of the study evaluated the effect of oil concentrations up to 500 mg L™
on nitrification performance. Elevated oil levels resulted in accumulation on the carrier
media, leading to agglomeration, irregular biofilm structure, and increased biomass
detachment. Despite these structural changes, ammonium removal efficiencies remained
high and recovered rapidly after temporary declines. These findings indicated that oil
mainly affected the physical structure of the biofilm rather than the overall nitrification
performance, demonstrating the operational resilience of the MBBR system under high

and fluctuating oil loads.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Water is essential for sustaining life, as it constitutes a fundamental requirement
for all living organisms; however, rapid industrialization and population growth have
intensified wastewater generation. Petroleum refineries, although vital to economic
development, are among the major sources of inadequately treated industrial wastewaters
(ELMOBARAK et al., 2021). Wastewater produced throughout these petroleum refining
processes contains numerous toxic compounds, including polyaromatic hydrocarbons,
phenols, heavy metals, and ammonia. Among these contaminants, ammonium nitrogen is
one of the main pollutants due to its significant environmental and public health
implications. Elevated ammonium levels contribute to eutrophication, oxygen depletion
in receiving waters, and toxicity to aquatic organisms (FANG et al., 1993, FIGUEROLA,
ERIJMAN, 2010, KUMAR et al., 2022).

Biological nitrogen removal is widely applied in wastewater treatment due to its
high efficiency and cost-effectiveness (ZHANG et al., 2024). Nitrification is typically the
rate-limiting step in the biological nitrogen removal, being carried out by two main
functional groups: ammonium-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria
(NOB). The first group oxidizes ammonium to nitrite, a process known as nitritation,
while the second group is responsible for converting nitrite to nitrate (nitratation)
(METCALF & EDDY, 2003). Nitrification is generally regarded as a viable process for
ammonium removal and has been effectively applied to treat domestic sewage,
aquaculture wastewater, and other types of easily biodegradable wastewater. However,
removing ammonium by nitrification from wastewater generated by chemical industries
can be challenging due to its complex composition and the presence of potentially
inhibitory compounds (BASSIN et al., 2011).

In most cases, biological treatment processes remain the preferred option for a
wide range of wastewater. Microorganisms can grow either in suspension or attached to
surfaces, with biofilm-based processes gaining increasing attention for municipal and

industrial wastewater treatment. Biofilm reactors provide higher biomass retention and



enhanced stability under variations in loading rate, temperature, and toxicity, while
simplifying solids separation compared to conventional suspended-growth systems
(BASSIN, DEZOTTI, 2018). Biofilms consist of complex and heterogeneous microbial
communities embedded within a self-produced matrix of extracellular polymeric
substances (EPS), composed of proteins, polysaccharides, nucleic acids, lipids, and
various other biopolymers and humic substances. Biofilm formation on biocarrier
surfaces occurs through cell attachment and subsequent growth, eventually developing
into a mature, structured layer (FLEMMING et al., 2016).

The Moving Bed Biofilm Reactor (MBBR) is an advanced biofilm-based
technology that has gained considerable attention over the past two decades. Developed
in Norway in the early 1980s, MBBR was introduced as a compact and efficient solution
for the removal of organic matter and nitrogen (JDEGAARD et al., 2000). The process
integrates features of conventional activated sludge and biofilter systems, employing
moving plastic carriers that support biofilm formation and high biomass retention.
Compared with other biofilm-based fixed bed reactors, MBBRs exhibit minimal head
loss, require no periodic backwashing, and are not prone to clogging (O0DEGAARD,
2006, RUSTEN et al., 2006).

Research on nitrification in MBBRs highlights several parameters that strongly
influence performance. Hydraulic retention time (HRT) is a critical factor, as it directly
affects nitrification efficiency (WU et al., 2023). Chemical oxygen demand (COD) also
plays a key role: higher organic loads tend to suppress nitrification because heterotrophic
bacteria outcompete nitrifiers for oxygen and space in the biofilm (TORKAMAN et al.,
2015). Furthermore, operational conditions shape biofilm development and microbial
community dynamics. The presence of organic carbon during startup can accelerate the
formation of stable nitrifying biofilms due to the EPS produced by fast-growing
heterotrophs. As COD levels decrease, heterotrophic biofilm sloughing occurs, ultimately
favoring the enrichment of nitrifying populations (BASSIN et al., 2012).

Most studies on MBBRs have been conducted under carbon-rich or balanced C/N
conditions (CAO et al., 2016, WANG et al., 2023, ZHANG et al., 2024). Under such
conditions, Pourrostami Niavol et al. (2025) reported that lowering the C/N ratio from
20 to 10 and 7 reduced NH4"-N removal, indicating that proper C/N control is essential
for maintaining nitrification efficiency. However, conventional tertiary applications differ

substantially from these conditions. In tertiary treatment, applied post-secondary



treatment to produce high-quality effluent, the limited biodegradable carbon restricts
heterotrophic growth and shifts biofilm development toward nitrifying populations
(SINGH, SHIKHA, 2019). MBBRs have demonstrated effective tertiary nitrification,
achieving significant ammonium removal under diverse conditions (HOUDA et al., 2015,
SALVETTI et al., 2006, YOUNG et al., 2016). Specifically, Shore et al. (2012)
demonstrated that MBBR systems can achieve >90-95% ammonia removal in high-
temperature industrial wastewater (35—45 °C), consistently producing effluent below 1
mg N L. Bassin et al. (2011) further validated MBBR’s performance, showing tertiary
nitrification effectiveness in industrial wastewaters with high salinity. Despite these
promising results, studies addressing tertiary MBBRs treating real industrial wastewater
remain scarce, as most existing research relies on synthetic wastewater, which does not
reflect the complexity of real matrices. Under these conditions, the effects of
microconstituents, organic matter, and water matrix interferences are often overlooked
(ASHKANANI et al., 2019), which raises concerns about the validity of the results in the
real-world context.

Among industrial streams, oil refinery wastewater represents a particularly
complex matrix for tertiary nitrification. In addition to ammonium, these wastewaters
retain a diverse array of contaminants, such as petroleum hydrocarbons, phenols, sulfides,
and various organic and inorganic compounds, even after secondary treatment. The
biological treatment of such wastewater is inherently challenging, as these residual
constituents can collectively alter biofilm behavior compared to idealized experimental
conditions (JAFARINEJAD, 2019; SHETTIMA LAWAN et al., 2023). Of particular
concern within this mixture is the residual oil fraction. In certain cases, oil and grease can
negatively impact receiving waters by exerting toxic effects and inhibiting nitrification.
Furthermore, they may impair the oxygen transfer capacity of the water body
(BAHADORI, 2020). However, the magnitude of this inhibition is determined by the
intensity of the oil load increase and the resilience and adaptive capacity of the nitrifying
microbial community (GALI et al., 2005). In petroleum refineries, sudden increases in
pollutant concentrations may occur due to accidental spills, operational changes, or
fluctuations in production, leading to shock loads that can disrupt biological processes
(MALLICK, CHAKRABORTY, 2021). In addition, although the inhibitory nature of oil
on biological treatment is recognized, the specific effects of increasing oil loads on

nitrification performance, particularly under tertiary treatment conditions, remain



insufficiently understood. This lack of knowledge highlights the need for systematic
investigation into the response and stability of nitrifying systems subjected to elevated oil
loading, providing the basis and motivation for the present study.

Considering these aspects, this study investigated tertiary nitrification in MBBRs
treating oil refinery wastewater. Four lab-scale MBBRs were operated under distinct
acclimation strategies, either gradually shifting from synthetic to real wastewater or
directly treating refinery wastewater post-secondary stage, while being subjected to
progressive reductions in HRT and elevated oil load. Alongside reactor performance,
biofilm dynamics were monitored through thickness measurements, solids analysis, and
microscopic evaluation. The novelty of this work lies in demonstrating the adaptability
and resilience of nitrifying biofilms under real industrial wastewater conditions,
highlighting operational strategies that support stable nitrification despite inhibitory
compounds like oil, low carbon availability, and hydraulic stress, contributing to the
advancement of tertiary biological polishing technologies and highlighting the potential

of MBBRs as robust and sustainable systems for industrial wastewater treatment.

1.2 Objectives
1.2.1 General Objectives

The main goal of the research was to investigate the performance, stability, and
resilience of tertiary nitrification in moving bed biofilm reactors treating oil refinery
wastewater, evaluating the adaptability of nitrifying biofilms under real industrial
conditions, and addressing the operational strategies that support stable nitrification
despite the presence of inhibitory compounds (such as oil), low carbon availability, and

hydraulic stress.



1.2.2 Specific Objectives

v

To investigate the influence of different startup and acclimation strategies on
biofilm formation, microbial adaptation, and nitrification stability in MBBR
systems;

To evaluate the impact of biodegradable organic carbon on biofilm development,
heterotrophic competition, and the biomass-specific ammonium removal capacity
of nitrifying biofilms;

To assess the resilience of nitrifying communities under reduced hydraulic
retention times;

To analyze the structural behavior of the biofilm, including growth and
detachment dynamics, as well as solids distribution over the carriers;

To determine the impact of increasing influent oil concentrations on nitrification,
biofilm stability, and reactor performance;

To compare the performance of multiple MBBR configurations in terms of
nitrification efficiency, operational stability, and adaptation to real oil refinery

wastewater.



CHAPTER 2
LITERATURE REVIEW

2.1 Oil Refinery Wastewater

Oil and gas remain pivotal components of the global energy landscape and
economic infrastructure. Given their status as premier industrial activities of the 21
century, the imperative for effective waste treatment and disposal within the petroleum,
chemical, and unconventional sectors has intensified significantly (BAHADORI, 2020).

Petroleum refineries are complex factories that use many different steps to turn
crude oil into finished products. Since each refinery processes a specific type of oil to
create different goods, no two plants operate in the same way. These facilities also use
much more water than most other industries, though the exact amount depends on the
refinery's size, the oil it uses, and how complex its operations are (SINGH, SHIKHA,
2019). However, as a general guideline, petroleum refineries generate approximately 0.4
to 1.6 volumes of wastewater for every unit volume of crude oil processed (COELHO et
al.,2006). Table 1 presents the 11 Brazilian refineries along with their respective installed

production capacities.

Table 1- Refining capacity of Brazilian refineries. Source: adapted from PETROBRAS

(2026).
Refinery Installed capacity (bbl day™)
Abreu e Lima (Rnest) 230,000
Complexo de Energias Boaventura 21 million cubic meters of gas per day
Capuava (Recap) 53,000
Duque de Caxias (Reduc) 239,000
Alberto Pasqualini (Refap) 280
Gabriel Passos (Regap) 150,000
Presidente Getulio Vargas (Repar) 207,563
Presidente Bernardes (RPBC) 178,000
Paulinia (Replan) 415,000
Henrique Lage (Revap) 252,000
Lubrificantes ¢ Derivados do Nordeste Lubnor 8,000




Wastewater generated from the different unit operations and processing stages in
petroleum refining can generally be classified into four main streams: (1) desalter
wastewater originating from the desalter unit; (2) sour wastewater produced by processes
such as atmospheric and vacuum distillation, fluidized catalytic cracking, stripping, and
hydrotreating; (3) spent caustic wastewater arising from units including the Merox
process, alkylation, ethylene production, and visbreaking; and (4) oily wastewater
discharged from crude oil and slop storage tanks (THORAT, SONWANI, 2022). Table 2
presents a summary of the various wastewater sources associated with different units of

a petroleum refinery:

Table 2 - Wastewater sources from petroleum refinery processing units. Source: adapted

from THORAT and SONWANI (2022).

Unit

Description

Crude Desalting

Atmospheric and
Vacuum Distillation

Hydrotreating

Catalytic Cracking
(FCO)

Thermal Cracking

Alkylation

Polymerization

Isomerization

Amine Regeneration

Sulphur Recovery

This initial washing process removes salts and solids, generating wastewater
heavily contaminated with free oil, ammonia, sulphides, suspended solids, and
dissolved organics.

These separation units use steam to isolate volatile products, producing sour
water condensates rich in ammonia, hydrogen sulphide, chlorides, and phenols.

Designed to remove impurities from distillates using hydrogen, these units
generate sour water containing high levels of ammonia, hydrogen sulphide, and
phenols.

This process breaks down heavy hydrocarbons into lighter products, releasing
sour wastewater polluted with ammonia, hydrogen sulphide, oil, and spent
catalyst particles.

Operating under high pressure and temperature to crack hydrocarbons, this unit
produces sour wastewater characterized by dissolved solids, phenols, ammonia,
and high COD.

This unit uses strong acid catalysts (sulphuric or hydrofluoric acid) to produce
high-octane fuel, generating acidic waste streams containing oil and sulphides.

Converts light olefin gases into liquid fuels using acid catalysts; the water
scrubbing step generates wastewater containing sulphides, mercaptans, and
ammonia.

Upgrades light naphtha using metal catalysts, producing both caustic wash
water (containing calcium chloride) and sour water (containing ammonia and
sulphides).

Removes acid gases (H.S and CO») from process streams, discharging amine-
rich wastewater that can be toxic to aquatic life.

Recovers elemental sulphur from sour gas (typically via the Claus process),
producing effluents containing toxic and odorous sulphur compounds.




2.1.1 Characteristics of Wastewater from Qil Refineries

Wastewater generated by the petroleum industry contains complex mixtures of
contaminants, such as petroleum hydrocarbons, phenols, ammonia, sulfides, and other
organic compounds that make it particularly hazardous to the environment
(ELMOBARAK et al., 2021). This wastewater is also characterized by micrometer-sized
oil droplets dispersed in the aqueous phase, forming a stable oil-in-water emulsion even
in the absence of added stabilizing agents. In general, oil present in wastewater from
refineries can be broadly categorized based on droplet size into three groups: free-floating
oil (>150 pm), dispersed oil (20—150 pm), and emulsified oil (<20 um), as illustrated in
Figure 1 (OTITOJU et al., 2016). However, the solubility and concentration of these
components in the aqueous phase are governed by factors such as oil composition,
temperature, water salinity, and the water-to-oil volume ratio during contact (TANSEL
et al., 1995). Due to their persistence and toxicity, these oil fractions represent major
pollutants in aquatic environments and pose serious risks to both environmental integrity
and human health.

To assess such impacts and guide treatment strategies, wastewater is commonly
characterized using a range of chemical and physical parameters, the most frequently

applied of which are summarized in Table 3.

hd -
)
Free floating oil | Dispersed oil Dissolved oil

Figure 1 - Categories of oil droplets commonly found in oily wastewater streams. Source: OTITOJU et
al., 2016.



Table 3 - Significance of contaminants in wastewater treatment. Source: adapted from
BAHADORI (2020).

Contaminant Category

Key Components &
Examples

Environmental & Operational
Implications

Physical Suspended Solids

Biodegradable Organics

Nutrients

Refractory Organics

Heavy Metals

Dissolved Inorganic Solids

Biological Pathogens

Insoluble particles

Proteins, carbohydrates, fats
(Measured by biochemical
oxygen demand (BOD) and

COD)

Nitrogen, Phosphorus

Surfactants, phenols, and
agricultural pesticides

Toxic metallic elements

Calcium, Sodium, Sulfate

Bacteria, Viruses,
Protozoans

* Creates sludge deposits.
* Leads to anaerobic conditions.
* Degrades the esthetic quality of water.

* Decomposition consumes natural
dissolved oxygen.
* Can cause septic conditions in receiving

waters.

» Aquatic: Triggers excessive growth of
undesirable aquatic life (eutrophication).
 Land: Excessive discharge can
contaminate groundwater aquifers.

* These compounds resist standard
biological treatment methods, making
them difficult to remove.

» Toxicity can disrupt biological treatment
processes.

* These are often added during domestic
water use, and their presence complicates
or prevents the reuse of wastewater

* Responsible for the transmission of
communicable diseases.

2.1.2 Treatment Stages

A wastewater treatment plant is typically integrated into petroleum refineries to

collect and treat the wastewater streams produced during crude oil processing (YOUNIS

et al., 2020).

Treating oily wastewater before environmental discharge is crucial, as its elevated

organic and mineral content can lead to significant contamination of coastal waters,

rivers, estuaries, shorelines, soils, and groundwater (UAN, 2013). Therefore, wastewater

generated by petroleum refineries cannot be discharged directly into aquatic

environments and must undergo sequential primary, secondary, and tertiary treatment

processes to adequately remove the associated pollutant load (BAHADORI, 2020;
SINGH, SHIKHA, 2019). Figure 2 illustrates the typical processes to which the

wastewater is subjected.



INLET CHAMBER

Screenings for
SCREENS washing, dewatering
and disposal

GRIT

SEPARATION Grit for washing and
disposal

Storm Overflow | Stormwater storage

" before return to
treatment or

Return fo Treatment discharge

PRIMARY ';rlng
TREATMENT l
Secondary
Sludge

TERTIARY TREATMENT
(if necessary)

Treated
sludge
disposal/or

recycling

FINAL
DISCHARGE

Figure 2 - A simplified schematic representation of the wastewater treatment processes. Source:

BAHADORI, 2020.

Petroleum refinery wastewater requires a multistage treatment approach due to its
complex composition. Primary treatment removes floating and settleable materials such
as oil, grease, and suspended solids using physical processes, achieving partial reductions
in COD/BOD and settleable solids (ALJUBOURY et al., 2017, ENGLANDE et al.,
2015). The primary treatment stage mainly involves an oil-water separator, in which oil,
water, and solid particles are separated. This is followed by a secondary separation step
using dissolved air flotation (DAF) or induced air flotation (IAF) units to further remove
residual contaminants (SINGH, SHIKHA, 2019).

Secondary treatment primarily targets dissolved oil, biodegradable organic
pollutants, and nutrients (e.g., nitrogen and phosphorus) through biological processes,

where microorganisms convert organic matter into stable end products such as HoO, CHg,
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and CO:. These systems may operate as suspended- or attached-growth processes and
require adequate nutrient availability (BAHADORI, 2020; SONWANI et al., 2019; U.S.
EPA, 1995).

Tertiary treatment comprises further advanced water depuration processes applied
to secondary treated effluents to meet specific discharge or reuse requirements. This stage
provides additional polishing by removing residual contaminants that are not adequately
eliminated during conventional treatment, including trace organics, dissolved solids,
metals, and pathogens. Typical tertiary processes include chemical treatments and
pressure-driven filtration, and this stage is therefore commonly referred to as advanced

wastewater treatment (BAHADORI, 2020).

2.1.3 Brazilian Legislation on Industrial Wastewater Disposal

Wastewater discharge in Brazil is regulated at the federal level by CONAMA
Resolution 430 (Brazil, 2011), which expands upon the provisions of CONAMA
Resolution 357 (Brazil, 2005). In addition, state regulations are required to meet or exceed
federal standards, with NT-202.R-10 (INEA, 1986) and DZ-205.R-6 (INEA, 2007)
governing this framework in Rio de Janeiro State.

Table 4 provides an overview of the general wastewater discharge standards

established by CONAMA.

11



Table 4 - General wastewater discharge standards.

Parameter Limit / Condition
pH Between 5.0 and 9.0
Less than 40°C (and must not raise the receiving body's temperature
Temperature

Settleable Solids
Floating Materials
Oils & Greases (Mineral)

Oils & Greases (Veg/Animal)

BOD (Biochemical Oxygen
Demand)

Total Ammoniacal Nitrogen

Total Phenols

Sulfide

Benzene

Toluene

Xylene

Ethylbenzene

Arsenic (Total)

Mercury (Total)

Cadmium (Total)

by more than 3°C)

Up to 1 mL L in a 1-hour test in an Imhoff cone.
Virtually absent
Up to 20 mg L'
Up to 50 mg L-!

Minimum removal of 60% (unless the water body has high self-
depuration capacity)

Up t0 20.0 mg L"!
0.5mg L
1.0 mg L
1.2mgL"!
1.2mgL"!
1.6mg L
0.84 mg L
0.5mgL"
0.01 mg L

0.2mgL"

12



2.2 Tertiary Treatment of Wastewater

While secondary treatment efficiently reduces bulk organic loads, it often proves
insufficient for meeting stringent discharge limits regarding specific residual pollutants.
Secondary effluents frequently retain inorganic nutrients, primarily nitrogen and
phosphorus, along with emerging contaminants and microbial pathogens, all of which
pose significant risks to receiving water bodies. To mitigate these deleterious effects and
meet the rigorous quality criteria required for water reuse, advanced purification steps
known as tertiary treatment are essential (BHANDARI, RANADE, 2014; HOLMES et
al., 2019; ZAGKLIS, BAMPOS, 2022).

A wide range of technologies is available for the tertiary treatment of refinery
wastewater, with biological processes playing a particularly important role. Biological
treatment is widely recognized as one of the most practical and cost-effective approaches
for industrial wastewater management, as it generally requires lower capital investment
and operational costs than physicochemical alternatives (NAGDA et al, 2021). In
addition, biological processes can be successfully applied to the treatment of oily
wastewaters (AL-ATTABI, 2018). Biological wastewater treatment relies on bacteria and
other microorganisms to remove pollutants by assimilating and transforming them into
less harmful compounds. Consequently, treatment strategies based on bacteria, fungi,
plants, and other living organisms constitute sustainable and economically viable
solutions for reducing the polluting potential of secondary treated effluents and promoting

environmental recovery (MEENA et al., 2019; SANTO et al., 2013).

2.2.1 Microbial Growth in Biological Processes

Biological treatment processes are commonly distinguished based on how
microorganisms grow, with biomass developing either as suspended solids in the liquid
phase or as biofilm attached to support media.

One of the most commonly applied suspended-growth systems is the activated
sludge process. This process originated in the early 1900s from studies on wastewater
aeration (Figure 3). Ardern and Lockett demonstrated that repeated cycles of aeration and
settling led to the accumulation of biomass capable of achieving complete nitrification,
which they termed activated sludge. Activated sludge is defined as a suspension of

microorganisms, both living and dead, in wastewater, whose activity is sustained by the
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continuous supply of air; under these conditions, organic matter is metabolized into stable
end products and new microbial biomass (Singh; Shikha, 2019).

The first full-scale system operated in a fill-and-draw mode, later known as the
sequencing batch reactor (SBR) process, but operational challenges led to the adoption of
continuous-flow configurations (KAYSER, 2004). In a conventional activated sludge
system, wastewater is treated in an aeration tank where it is continuously mixed with a
high concentration of microorganisms, known as mixed liquor suspended solids (MLSS)
or mixed liquor volatile suspended solids (MLVSS). This biomass is mainly composed
of floc-forming bacterial aggregates, typically ranging from 50 to 200 um in size, and is
maintained under aerobic conditions for sufficient contact time to promote organic matter
degradation. The treated effluent then flows to a final clarifier, where the biomass is
separated by settling. Part of the settled sludge is recirculated to the aeration tank to
sustain biological activity, while excess sludge is removed to control biomass
concentration in the system (KAYSER, 2004). Activated sludge has been demonstrated
to be an effective and well-established treatment technology in the oil refinery industry

(ZABERMAWI, BESTAWY, 2024).
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Figure 3 - Basic schematic of an activated sludge system. Source: KAYSER, 2004.

Despite its widespread application and effectiveness, the conventional activated
sludge process presents several disadvantages. It typically requires large installation areas
due to the need for extensive settling tanks and the low concentration of biomass in the
aeration basins. In addition, the process generates significant amounts of excess sludge,

shows high sensitivity to fluctuations in organic loading, and exhibits relatively low
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volumetric treatment capacity. Its performance is strongly dependent on good sludge
settling properties, and poor floc formation, often associated with excessive growth of
filamentous microorganisms or unfavorable operational conditions, can lead to biomass
washout from clarifiers and deterioration of effluent quality, particularly when treating
complex industrial wastewaters (BASSIN, DEZOTTI, 2018; GUVEN et al., 2023).

In attached-growth systems, microbial communities develop as biofilms on inert
carrier materials rather than remaining suspended in the liquid phase. A biofilm can be
described as a structured microbial community in which microorganisms adhere to living
or inert surfaces and are embedded within a self-produced matrix of extracellular
polymeric substances (EPS). EPS is composed of a variety of components, including
proteins, polysaccharides, nucleic acids, lipids, surfactants, and humic substances (Figure
4). This matrix promotes cell-to-cell adhesion as well as attachment to solid surfaces or
interfaces, creating a stable and organized mode of growth distinct from planktonic
microorganisms suspended in the liquid phase (MAURYA, RAJ, 2020; SINGH ef al.,
2020; UNAL TURHAN et al., 2019).
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Nucleic acid

Figure 4- Composition of EPS in biofilms. Source: MAURYA, RAJ, 2020.

Among biological treatment technologies, biofilm-based processes have
demonstrated strong effectiveness in removing toxic, recalcitrant, and carcinogenic
contaminants from wastewater. Due to their robustness and high microbial retention,
biofilms are increasingly exploited in water and wastewater treatment technologies. At

the same time, their persistence can be detrimental in industrial processes and civil
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infrastructure, where they may cause material degradation, corrosion, and hydraulic head
losses. Growth in a biofilm provides several advantages to microorganisms, including
protection against predation and toxic chemicals, as well as enhanced resistance to
dehydration, enabling persistence at gas—liquid interfaces. Biofilms also act as reservoirs
of nutrients, since enzymes retained within the extracellular matrix can degrade complex
organic compounds into simpler, more readily metabolizable substrates. In addition, the
high cell density within biofilms facilitates horizontal gene transfer. This robustness
makes Dbiofilms particularly attractive for wastewater treatment and other
biotechnological applications, while at the same time posing significant challenges in
settings where biofilm formation must be controlled (BUTLER, BOLTZ, 2014;
LAZAROVA, MANEM, 1995).

Biofilm formation occurs through a sequence of well-defined steps (Figure 5).
Initially, organic and inorganic molecules adsorb onto a surface, forming a conditioning
film that modifies surface properties and provides nutrients for microbial attachment. This
is followed by the attachment of microorganisms to the conditioned surface.
Subsequently, attached cells produce extracellular polymeric substances, which bind the
cells together and to the surface, leading to the development of a structured and mature
biofilm. These stages are commonly described as adsorption, attachment, and biofilm
maturation/colonization, although the terminology may vary in the literature (ALI, AZIZ,
2024). Biofilm development and maturation primarily involve microbial growth and
accumulation on the surface. As biofilm systems continue to operate, the biofilm layer
becomes progressively thicker, which can hinder nutrient and mass transfer. This
limitation leads to reduced microbial activity and lower treatment efficiency, a condition
commonly referred to as biofilm aging. The detachment of aged biofilm through erosion
and sloughing plays a crucial role in restoring biofilm activity and maintaining system

performance (HUANG et al., 2019).
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Figure 5 - Formation, development, and aging of biofilm in wastewater treatment. Source: HUANG et al.,

2019.

Wastewater treatment systems can host various forms of bacterial biofilms,
including: (i) biomass attached to solid surfaces, known as submerged or attached
biofilms; (ii) suspended, unattached microbial aggregates in the liquid phase, referred to
as flocs; (ii1) macroscopic, mat-like structures formed at air—liquid interfaces, known as
pellicles; and (iv) dense microbial aggregates developing at liquid-liquid interfaces,
commonly called granules (AQEEL et al., 2019; RAJITHA et al., 2020; MAURYA et
al.,2023) (Figure 6).

___, Bubble biofilm
w % Bacterial cells in biofilm

Pellicle biofilm

Broth medium

Granules

Flocs

Planktonic cells

Solid surface
Submerged / attached biofilm

Figure 6 - Schematic representation of the main types of biofilm formation in wastewater environments.

Source: MAURYA et al., 2023.
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The performance of biofilm-based systems is strongly governed by the efficiency
of biofilm formation, which is influenced by both biotic and abiotic factors. These include
the diversity of the microbial community, the physical properties of the carrier surface,
such as surface energy and electrostatic interactions affecting bacterial adhesion, the
surface topography and roughness, and the chemical characteristics of the carrier
material, including the presence of functional groups. Environmental conditions,
particularly pH and temperature, also play an important role (KERR et al., 2003;
MURSHID et al., 2023). Figure 7 provides a schematic overview of biofilm formation,
key regulating factors, EPS functions, types of biofilms, associated impacts, and their

other main applications and reactor configurations.
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Figure 7 - An overview of bacterial biofilm formation, the factors influencing it, and its potential

applications. Source: MAURYA et al., 2023.
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Microbial activity within a biofilm depends on the transport of essential
components such as organic matter, oxygen, and nutrients (Figure 8). These substances
are first adsorbed onto the biofilm surface and then transferred by diffusion through the
liquid layer, across the liquid-biofilm interface, and into the biofilm, where they are
metabolized (BASSIN, DEZOTTI, 2018). For example, as oxygen diffuses into the
biofilm and its concentration progressively decreases with depth, the environment shifts
from aerobic conditions to anoxic conditions (in the presence of nitrate) and ultimately to
anaerobic conditions (METCALF & EDDY; TCHOBANOGLOUS et al., 2014). The
resulting biodegradation products diffuse outward toward the bulk liquid. Because
biofilm systems are subject to diffusional mass transfer limitations, these constraints can
reduce overall reaction rates, making the minimization of diffusion resistance essential
for improving the performance of immobilized-biomass bioreactors (BASSIN,

DEZOTTI, 2018).

Concentration
High

Co-diffusion biofilm

Figure 8 - Schematic diagrams of the biofilm structure and typical concentration profiles of the limiting

substrates. Source: LI, LIU, 2019.

Since the transport of substrates and oxygen occurs mainly by diffusion, biofilm
thickness becomes a key parameter controlling biofilm structure and activity. As biofilm
thickness increases, concentration gradients intensify, leading to stratification of
metabolic processes across the biofilm depth. This results in a more heterogeneous

biofilm structure, where different microbial populations coexist according to substrate
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and oxygen availability, potentially increasing microbial diversity but also imposing
diffusional limitations that can affect overall system efficiency (NAYERI et al., 2025;
TORRESI et al., 2016). Systems developed for nitrification generally rely on thinner
biofilms than those used primarily for organic matter removal. This is mainly due to the
greater sensitivity of nitrifying processes to environmental variations and the slower
growth rates of autotrophic nitrifying bacteria compared with heterotrophic
microorganisms (BASSIN ez al., 2011).

Several biofilm reactor configurations, such as fluidized-bed biofilm reactors
(FBBR), trickling filters (TFR), rotating biological contactors (RBC), and moving bed
biofilm reactors (MBBR), are commercially available and have been successfully applied

in industrial wastewater treatment (MAURYA et al., 2023).

2.2.2 Biological Organic Matter Removal

By the time oil refinery wastewater reaches the tertiary treatment stage, the
majority of readily biodegradable organic matter has been oxidized and removed during
secondary biological processes. Consequently, the influent entering the tertiary unit is
characterized by significantly lower COD and BOD levels (OMAR et al., 2024; SHI et
al., 2016). Despite this low overall concentration, understanding the specific composition
of this residual organic matter is essential. According to VON SPERLING (2007), the
carbonaceous material in wastewater can be classified based on its biodegradability as

either inert or biodegradable:

v’ Inert (non-biodegradable) organic matter passes through the treatment
system without being transformed. It can be divided into two fractions
based on its physical state: soluble inert organic matter, which remains
unchanged and exits the system at the same concentration as it enters, and
particulate inert organic matter, which becomes associated with the

biomass and is removed along with it.

v Biodegradable organic matter in wastewater can be broadly classified into
two distinct fractions based on its biodegradation rate and accessibility to
microorganisms. Rapidly biodegradable organic matter is primarily
soluble and composed of simple, low-molecular-weight compounds that

can be directly and quickly assimilated by heterotrophic bacteria. In
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contrast, slowly biodegradable organic matter is mainly present in
particulate or complex forms, although a minor soluble fraction may also
exist. These compounds cannot be immediately utilized by
microorganisms and must first undergo enzymatic hydrolysis to be
converted into soluble substrates, resulting in a slower and delayed
biodegradation process.

Biodegradable organic matter, mainly composed of proteins, carbohydrates, and
animal fats, is generally quantified in terms of BOD and COD. When discharged into the
environment without prior treatment, its biological stabilization can lead to the depletion
of natural oxygen resources and the development of septic conditions (METCALF &
EDDY, 2014). The biodegradation of organic compounds in wastewater treatment can
occur under aerobic conditions through respiration, under anoxic conditions via
denitrification, or under anaerobic conditions through processes such as methanogenesis
or sulfidogenesis. During aerobic respiration, soluble organic matter is oxidized using
oxygen as the terminal electron acceptor, resulting in the formation of carbon dioxide and
water, along with the generation of a significant amount of excess biomass (sludge)
(KAYSER, 2004).

The aerobic stabilization of carbonaceous material in sewage is primarily carried
out by decomposer organisms, predominantly aerobic and facultative heterotrophic
bacteria. In general terms, the aerobic transformation of carbonaceous matter can be

described by Equation (1) (VON SPERLING, 2007):
CeHy 0, + 7 (4x +y — 22)0, - xCO, + % H,0 (1)

The equation provided can be used to estimate the oxygen required for the
complete oxidation of a generic substrate, expressed as chemical oxygen demand;
however, it does not account for the assimilation of carbon and nutrients into new
biomass. COD represents the total oxygen needed to oxidize all organic matter to carbon
dioxide and water, without distinguishing between biodegradable and inert fractions. In
contrast, BOD quantifies the oxygen consumed by microorganisms during the aerobic
degradation of biologically available organic matter (METCALF & EDDY, 2004; BHAT
et al., 2004). The removal of biodegradable pollutants by biomass involves successive

processes (Figure 9), beginning with the adsorption and absorption of soluble or colloidal

21



organic matter by bacterial flocs. The retained compounds are then broken down by
extracellular enzymes into simpler molecules that can be assimilated by the cells. These
substrates are subsequently metabolized through intracellular biochemical reactions that
supply energy for biomass synthesis. Under conditions of substrate limitation,
microorganisms undergo progressive self-oxidation of their cellular constituents,
releasing organic by-products back into the medium (DEZOTTI, 2008). Equation (2),
presented in unbalanced form, represents these processes in a more general manner than
Equation (1), as it also accounts for the assimilation of carbon and nutrients required for

the formation of new biomass (METCALF & EDDY, 2004):

bacteria

COHNS + 0, + nutrients - CO, + NH; + HO, + CsH,NO, + other products (2)

organic matter new cells

Organic compounds

Biosorption in flocs and/or
biofilms

\ J

( \

Action of extracellular
enzymes

Uptake of substrates into

the cells
, , °e
New cells Metabolization
CO: + H:0

Products of metabolization

\ J

Figure 9 - Simplified process of aerobic degradation of organic substances by bacteria. Source: adapted

from DEZOTTI (2008).
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2.2.3 Biological Nitrogen Removal
2.2.3.1 Nitrogen Pollution in Wastewater Systems

Nitrogen, the fifth most abundant element in the solar system, is an essential
nutrient for all living organisms and a fundamental component of nucleic acids and
proteins, which underpin the structures and biochemical processes of life. The biological
demand for nitrogen is therefore considerable, with approximately 2 to 20 nitrogen atoms
incorporated into cellular material for every 100 carbon atoms assimilated, depending on
the organism. Owing to its central role in sustaining life, nitrogen has even been suggested
as a potential biosignature for the detection of life on other planets (CANFIELD ef al.,
2010; CAPONE et al., 2006; FRANCIS et al., 2007).However, despite its essential role,
excess nitrogen in aquatic environments can lead to severe environmental impacts. Since
the 1980s, it has been recognized that wastewaters may exert significant polluting effects
even in the absence of organic matter, particularly when nitrogen compounds are present.
When present alongside phosphorus, nitrogen promotes excessive primary production,
leading to rapid phytoplankton growth and algal blooms, a phenomenon known as
eutrophication. The subsequent degradation of this biomass stimulates microbial activity
and sharply increases oxygen demand, often resulting in oxygen depletion, fish mortality
due to asphyxiation, higher water treatment costs, and the loss of suitability of affected
waters for multiple uses (BASSIN, DEZOTTI, 2018).

According to NOAA’s National Ocean Service, the excessive growth of algae and
aquatic plants ultimately undergoes decomposition, releasing significant quantities of
carbon dioxide that reduce seawater pH, a phenomenon known as ocean acidification.
This acidification impairs the growth of fish and shellfish and can inhibit shell formation
in bivalve mollusks, resulting in declines in commercial and recreational fisheries and,
consequently, smaller yields and higher seafood costs.

In wastewater, the most common and significant forms of nitrogen include
ammonia (NH3), ammonium (NHa4"), gaseous nitrogen (Nz), nitrite ions (NO:"), and
nitrate ions (NOs;”) (CHAN-PACHECO et al., 2021; URAKAWA et al, 2019). In
aqueous ammonia solutions, un-ionized ammonia is in equilibrium with ammonium and
hydroxide ions. This equilibrium relationship can be expressed by the following equation

(QUINN et al., 1992):

NH} + OH™ & NH;.H,0 & NH; + H,0 (3)

23



The relative proportions of NH4+* and NHs are primarily controlled by the pH and
temperature of the water. As pH and temperature increase, the fraction of NHs rises while
the concentration of NH4" decreases. Many chemical methods are unable to distinguish
between ammonium and un-ionized ammonia; instead, they quantify both forms together,
commonly referred to as total ammonia. This parameter, defined as the sum of NH4" and
NHs, is therefore the standard measure reported in water analyses (COLLOS,
HARRISON, 2014; EMERSON et al., 1975; URAKAWA et al.,2019). Atacidic to near-
neutral pH values, the equilibrium shifts toward the formation of ammonium, resulting in
ammoniacal nitrogen being predominantly present as NHa*, particularly at temperatures
around 25-35 °C (COLLOS, HARRISON, 2014; HUANG et al, 2018; VON
SPERLING, 2007).

Among the various contaminants present in refinery wastewater, ammonium
nitrogen stands out as one of the major pollutants because of its pronounced
environmental and public health impacts. High concentrations of ammonium promote
eutrophication, increase oxygen depletion in receiving water bodies, and exert toxic
effects on aquatic organisms (FANG et al., 1993; FIGUEROLA; ERIJMAN, 2010;
KUMAR et al., 2022). In particular, ammonium-derived compounds can be highly
harmful, as even low concentrations of ammonia, around 3 ppm, are toxic to certain fish
species (BOOPATHY et al., 2013; HAN et al., 2021). Moreover, nitrate (NOs") and
nitrite (NOz") derived from ammonium oxidation by nitrification are linked to adverse
effects on both aquatic ecosystems and human health, including disorders such as
methemoglobinemia. In aquatic organisms, particularly fish and crayfish, the primary
toxic mechanism involves the oxidation of oxygen-transport pigments, such as
hemoglobin and hemocyanin, into methemoglobin and methemocyanin, which are
incapable of effectively carrying oxygen (HAN et al., 2021; URAKAWA et al., 2019).

A significant fraction of ammonium present in aqueous systems may also be lost
through ammonia volatilization. As a relatively strong and corrosive base, gaseous
ammonia can generate unpleasant odors and cause severe irritation or burns to the eyes,
skin, and respiratory tract at concentrations as low as 50—100 ppm. In addition, ammonia
can react with atmospheric pollutants such as SOx and NOy to form ammonium salts,
contributing to the formation of fine particulate matter (PMz.s) in the atmosphere (HAN

et al., 2021). Therefore, greater emphasis must be placed on achieving acceptable
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ammonia concentrations in refinery wastewaters through the application of appropriate

treatment techniques for protecting the quality of receiving water bodies.

2.2.3.2 Nitrogen cycle

Until recently, the global nitrogen cycle was viewed as a largely linear process,
beginning in the atmosphere and ultimately returning there. The atmosphere represents
the largest nitrogen reservoir on Earth, with nitrogen present mainly as triple-bonded N2
gas (about 78%), which must first be biologically fixed by microorganisms to become
available to other forms of life. Within living organisms, nitrogen occurs in its most
reduced form (i.e., organic nitrogen), but after cell death and lysis, it is rapidly oxidized
to nitrate through aerobic nitrification. Under suboxic or anoxic conditions, nitrate is then
reduced back to N: gas via denitrification, thereby closing the cycle (Figure 10)
(CANFIELD et al., 2010; FRANCIS et al., 2007).

NZ Na
= A
=
3
‘5 Nitrification
z Ammonium Oxidation Nitrite Oxidation
Oxi PON <+ NH; —»NH:0H — NO:- —PN03
JDxic
Suboxic NOz «— N03

U0 YL IUS (]

Remineralization

Org’mlc NO;
N"O
Anammox

Figure 10- Microbial nitrogen transformations occurring above, below, and across the oxic—anoxic

interface in aquatic environments are illustrated, with nitrite highlighted in red to underscore its
central role as a key metabolic intermediate linking multiple nitrogen cycling pathways. Source:

adapted from FRANCIS et al. (2007).
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These same biological transformations underpin nitrogen removal in wastewater
treatment, which is generally accomplished in two sequential stages. Nitrification
promotes the aerobic conversion of ammonium to nitrate using oxygen as the electron
acceptor, while denitrification reduces nitrate to nitrogen gas under anoxic conditions,
with nitrate serving as the terminal electron acceptor (BASSIN et al,, 2011).

Another important biological pathway for nitrogen removal is anaerobic
ammonium oxidation (anammox), which has the potential to enable more cost-effective
nitrogen removal technologies, particularly for nitrogen-rich wastewaters (FRANCIS et
al., 2007). Since the experimental investigations in this study focused exclusively on
nitrification, this process is discussed in detail below, while the remaining nitrogen cycle

pathways are described elsewhere in the literature (CHEN et al., 2023).

2.2.3.3 Nitrification

Nitrification is a biological process in which ammonium nitrogen (NH4+*—N) is
oxidized by microorganisms to nitrite (NO2"—N) and subsequently to nitrate (NOs —N).
Due to its high oxygen requirement and the toxic effects of ammonium on aquatic
macroorganisms, the removal of NH4"—N is mandatory for certain types of wastewaters
(RITTMANN; MCCARTY, 2012).

Nitrifying bacteria are obligate aerobic chemolithoautotrophs that utilize carbon
dioxide as their primary carbon source and derive energy from the oxidation of inorganic
substrates, such as ammonia, to mineralized forms (RITTMANN; MCCARTY, 2012;
VON SPERLING, 2007). Nitrifying bacteria exhibit very low growth rates, which can
complicate the operation of biological treatment systems under certain conditions.
Because biomass production is limited, the nitrification process is particularly vulnerable
to inhibition by numerous compounds and is considered one of the most sensitive
biological processes occurring in wastewater treatment bioreactors (BASSIN, DEZOTTI,
2018; METCALF & EDDY, 2004).

The nitrification process occurs through a series of steps, as represented by

Equations (4-6):

NH;} + ()0, » NO7 + H,0 + 2H*  (Nitritation) 4)
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NO3 + ()0, - NO3 (Nitratation) (5)

NHy + 20, » NO3 + 2H* + H,0 (Complete Nitrification) (6)

The conversion of ammonia to nitrite is mediated by ammonia-oxidizing bacteria
(AOB) such as Nitrosomonas, Nitrosospira, Nitrosovibrio, and Nitrosococcus, whereas
the subsequent oxidation of nitrite is performed by nitrite-oxidizing bacteria (NOB),
including Nitrobacter, Nitrospira, and Nitrococcus species (WONG et al., 2003;
PROSSER, 1990).

As indicated by the ammonia oxidation reactions, hydrogen ions are generated
during nitrification. In the absence of adequate alkalinity to neutralize these ions, a
decrease in pH may occur, which can ultimately inhibit the nitrification process. In this
context, alkalinity, particularly in the form of carbonate and bicarbonate, is considered
essential for nitrifying bacteria, as it both supplies buffering capacity and supports stable
nitrification (METCALF & EDDY, 2004).

During nitrification, the oxidation state of nitrogen in ammonium increases from
—3 to +5 as eight electrons are transferred to the oxidizing agent, molecular oxygen
(Figure 11). These electrons are taken up by two oxygen molecules (four oxygen atoms),
reducing oxygen from an oxidation state of 0 to —2 as it transforms into water (Hz0).
Consequently, the oxidation of 1 mol of ammonium nitrogen (14 g N) requires 2 mol of
oxygen (64 g O2), resulting in a stoichiometric oxygen demand of 64/14, or 4.57 mg O:
per mg of nitrogen (VAN HAANDEL; VAN DER LUBBE, 2012).

Component NH4 NO: NOs

i i i
v ¥ v

Oxidation number 3 2 1 0 1 2 3 4

———n a———-

‘ Nitrification: 8 electrons per N-atom

=4.57mg O:mgN"'

Figure 11 - Variation in the oxidation state of the nitrogen atom during the complete nitrification process.

Source: adapted from VAN HAANDEL and VAN DER LUBBE (2012).
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The primary parameters that directly affect nitrification activity are pH,
temperature, alkalinity, dissolved oxygen (DO) levels, the organic carbon-to-nitrogen
(C/N) ratio, and competition for ammonia and oxygen by heterotrophs (BASSIN,
DEZOTTI, 2018). Wong et al. (2003) reported that nitrification is most effective at pH
values between 8 and 9, whereas pH levels below approximately 6.0 are unfavorable for
this process. Nitrifying bacteria are particularly sensitive to dissolved oxygen
concentrations, with growth rates decreasing at DO levels below 34 mg L' and
experiencing a marked reduction when concentrations fall below 2 mg L' (U.S. EPA
1995; METCALF & EDDY, 2004). Moreover, high temperatures can significantly hinder
nitrification performance. Bench-scale studies have shown that the optimal temperature
range for AOB is approximately 30-35 °C, while NOB exhibits optimal activity at
slightly higher temperatures, around 35-40 °C (SHORE et al., 2012).

Another critical parameter affecting the nitrification process is the concentration
of organic substrates in the wastewater, as it directly governs the competition between
heterotrophic and autotrophic bacterial populations (BASSIN ef al., 2012;
POURROSTAMI NIAVOL et al., 2025). The chemical oxygen demand to nitrogen
(COD/N) ratio plays an important role in nitrification efficiency, particularly in biofilm-
based systems, where competition between heterotrophic and nitrifying bacteria for both
oxygen and attachment sites is intensified (BASSIN et al., 2012; ELENTER et al., 2007).
Elevated COD levels stimulate the growth of heterotrophic microorganisms, which have
substantially higher growth rates than autotrophs and therefore outcompete them for
oxygen and nutrients. As a result, autotrophic nitrifying bacteria can be overgrown and
displaced, leading to reduced nitrification efficiency.

In biofilm systems, these fast-growing heterotrophs preferentially occupy the
outer biofilm layers and consume most of the oxygen diffusing into the biofilm under
high organic loading conditions, limiting oxygen penetration to the inner layers and
constraining nitrification activity (BASSIN ef al., 2012; ELENTER et al., 2007; OKABE
et al., 2004). However, under certain conditions, heterotrophic bacteria can also play a
supporting role in nitrification. The biofilm matrix formed by heterotrophs may protect
nitrifying bacteria by reducing biomass detachment and providing structural stability,
thereby creating a more favorable microenvironment for autotrophic growth. Autotrophic
nitrifiers are known to have a limited capacity for biofilm formation due to their slow

growth rates and low EPS production, which constrains cell adhesion. Consequently, in
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wastewater with low or absent organic carbon, sustaining an adequate nitrifying
population in autotrophic biofilm reactors can be challenging. Therefore, promoting
nitrifying biofilm development can be achieved through the appropriate regulation of
heterotrophic growth and EPS production microorganisms (BASSIN et al., 2012;
TSUNEDA et al., 2001)

In addition to the mentioned parameters, the presence of oil and grease, for
instance, in refinery wastewater represents another critical factor influencing nitrification
performance (BAHADORI, 2020). The impact of oil becomes particularly critical under
shock-loading events, which frequently occur in such wastewaters. Rapid increases in oil
and other contaminants may result from accidental releases, process upsets, or
fluctuations in production, causing sudden alterations in influent composition. These
disturbances challenge the resilience of biological treatment systems and can strongly
inhibit sensitive processes such as nitrification. Although many toxic compounds can be
biologically degraded by microorganisms, abrupt variations in pollutant concentrations
may impair microbial metabolism and alter community structure. Such rapid loading
fluctuations within bioreactors can compromise operational stability, ultimately reducing
treatment efficiency and process reliability (MALLICK; CHAKRABORTY, 2021).

Oily wastewater may contain harmful compounds, including phenols, petroleum
hydrocarbons, and polycyclic aromatic hydrocarbons (D'LAMARE et al., 2022). These
compounds can inhibit nitrification both through direct toxic effects on nitrifying
microorganisms and by limiting oxygen transfer, which is essential for autotrophic
ammonia oxidation (HYDROSCIENCE, INC., 1971). Oily compounds may impose
physical limitations on nitrification through hydrophobic interactions within the biofilm
structure. According to Boleydei et al. (2018), oil adsorption onto biomass occurs through
interactions between hydrocarbon compounds and functional groups on biological
surfaces, together with the porous and hydrophobic nature of the biomass that favors rapid
attachment and accumulation. Since biofilms are surface-attached microbial communities
embedded in a matrix composed of exopolysaccharides, proteins, and extracellular DNA
(SZCZEPANSKI; LIPSKI, 2013), they provide multiple adsorption sites and
hydrophobic regions that promote oil adherence. Together, these mechanisms suggest that
nitrifying biofilms may adsorb and retain oil on their surface, potentially forming a

diffusion barrier that limits oxygen and substrate transfer.
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In addition to physical mass transfer limitations, refinery oil may exert direct toxic
effects on nitrifying communities. It has been reported in the literature (MISITI ef al.,
2013; URAKAWA et al., 2012) that ammonia-oxidizing microorganisms are particularly
susceptible to petroleum contamination because, as chemolithoautotrophic organisms,
they are unable to utilize crude oil as a carbon or energy source. As a result, petroleum
hydrocarbons function primarily as toxic stressors rather than growth substrates,
increasing the vulnerability of nitrifying communities to inhibition. However, the severity
of this inhibition depends on the magnitude of the oil load increase as well as the
resilience and adaptive capacity of the nitrifying microbial community (GALI et al.,
2005). Consequently, a comprehensive understanding of how oil influences nitrifying
communities is crucial for sustaining process stability, preserving the activity of sensitive

microorganisms, and achieving reliable nitrification performance.

2.3 Moving Bed Biofilm Reactor (MBBR)

Although biofilm systems offer advantages, they also present limitations: trickling
filters require large reactor volumes, rotating biological contactors are prone to
mechanical failures, fixed submerged media biofilters suffer from uneven flow
distribution, and granular biofilters necessitate backwashing, which prevents continuous
operation. To address these operational limitations, the compact and innovative moving
bed biofilm reactor (MBBR) (Eur. pat. n0.0575314, US pat. no. 5,458,779) was
developed (RUSTEN et al., 2006; RUSTEN et al., 1997). The MBBR technology was
patented following its development by the Norwegian company Kaldnes Miljeteknologi
(Tonsberg, Norway), in collaboration with the Foundation for Scientific and Industrial
Research at the Norwegian University of Science and Technology (SINTEF), Trondheim,
Norway, in the late 1980s and early 1990s (ODEGAARD, 2000; RUSTEN et al., 1998).

MBBR is a widely used wastewater treatment technology that has received
considerable research attention since 2000 due to its numerous advantages (Figure 12).
This growing scientific interest has been accompanied by strong industrial acceptance.
The MBBR technology is now well established in the wastewater treatment market, with
numerous large-scale plants and many smaller treatment facilities operating worldwide
(BASSIN, DEZOTTI, 2018; RUSTEN et al., 2006). To date, more than 400 MBBR
installations have been implemented globally across both industrial and municipal sectors

(GZAR et al., 2021).
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Figure 12 - The published literature on MBBR applications for wastewater treatment from 2000
to 2025. Source: Scopus database.

2.3.1 Basic Characteristics of the MBBR

The moving bed biofilm reactor combines the advantages of biofilters and
activated sludge systems while avoiding their main limitations. It is designed as a
continuously operated, non-cloggable biofilm reactor with low head loss and a high
specific surface area for biomass attachment. In this system, microorganisms grow on
small carrier elements that move freely within the reactor volume, ensuring effective mass
transfer and stable operation. Carrier movement is promoted by aeration in aerobic
reactors (Figure 13.a) and by mechanical mixing in anoxic or anaerobic configurations
(Figure 13.b) (ODEGAARD, 2000; RUSTEN et al., 1998). A device, commonly known
as a sieve, is installed at the reactor outlet to prevent the media from leaving the tank
(BASSIN, DEZOTTI, 2018).

In contrast to activated sludge processes, where biological activity occurs in
suspended biomass, the MBBR relies on attached biofilm growth on mobile carriers. This
biofilm configuration allows the decoupling of sludge retention time (SRT) from
hydraulic retention time (HRT), enabling operation at shorter HRTs and longer SRTs than
conventional activated sludge systems. As a result, MBBR systems achieve higher
biomass retention, enhanced pollutant removal efficiency, and a reduced reactor footprint.

Furthermore, continuous sludge recirculation is generally not required (GUPTA et al.,
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2022; NAYERI et al., 2025). A comparative analysis between activated sludge and
MBBR systems is presented in Table 5.

(a)

Figure 13 - Schematic representation of a typical MBBR, in which the biofilm carriers are maintained in
suspension by (a) aeration in aerobic systems or (b) mechanical mixing in anoxic or anaerobic systems,
and (c) axes of rotation of a typical biofilm carrier in a generic MBBR system. Source: BASSIN,

DEZOTTIL, 2018; DEENA et al., 2022; RUSTEN et al., 2006.
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Table 5 - Advantages and limitations of activated sludge and MBBR systems.
Source: adapted from KAWAN et al. (2016).

System

Advantages

Disadvantages

Activated
Sludge

MBBR

AN

A well-established and widely applied
process
Large surfaces

Eliminates the need for a clarifier or biomass
recirculation

Produces low amounts of excess sludge
Provides a high specific surface area with
elevated biomass density

Ensures strong biomass retention and long
sludge age

small footprint

Allows easy upgrading of existing treatment
systems

Supports the coexistence of aerobic and
anoxic microorganisms within the biofilm
Offers a robust process with a resilient
microbial community

Capable of handling high organic loads and
temporary operational disturbances

Simple design with straightforward operation
Low maintenance requirements

Not susceptible to clogging issues

Typically exhibits poor
sludge settleability

Prone to foaming and
sludge bulking issues
Generates large amounts
of excess biomass
Sensitive to shock loads
and elevated
concentrations of toxic
compounds in  the
influent

May require a longer
start-up period

High energy demand
associated with aeration,
which is required both to
supply oxygen to the
microorganisms and to
ensure the movement of
carriers within the reactor
Removing the carriers for
reactor maintenance can
be logistically
challenging

In MBBR systems, which operate under aerobic conditions, the main processes

involved are the biodegradation of organic matter as well as nitrification and

denitrification (GUPTA et al., 2022). In biofilm reactors performing simultaneous

organic matter removal and nitrification, heterotrophic and nitrifying bacteria compete

for both oxygen and space, leading to biofilm stratification. Faster-growing heterotrophs

typically dominate the outer biofilm layers, where substrate availability and biomass

detachment are higher, while nitrifiers develop in the inner layers (Figure 14). Under low

dissolved oxygen conditions, the outer heterotrophic layer limits oxygen diffusion,

impairing nitrification and potentially inhibiting nitrifier establishment. However, when

DO levels are sufficient, this heterotrophic layer may protect nitrifiers from sloughing

and support stable nitrification (BASSIN, DEZOTTI, 2018). Denitrification can occur in
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aerated reactors, particularly within anoxic zones of the biofilm where oxygen penetration

1s limited.
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Figure 14 - Reaction mechanisms of the MBBR process under aerated conditions for the removal of
organic matter and nutrients. Source: GUPTA et al., 2022.

2.3.2 Factors Affecting MBBR Performance

The biological performance of the MBBR system is influenced by a range of
operational and design parameters, including hydraulic retention time, surface loading
rate (SLR), dissolved oxygen, carrier size and geometry, carrier filling fraction, air
diffuser configuration, mixing intensity, and aeration rate (KAWAN et al, 2016;
MAHTO; DAS, 2021). The effects and significance of selected parameters are examined
in detail as follows.

The biofilm carrier is a key element of an MBBR system, as its properties strongly
affect microbial growth and the formation of an efficient biofilm. The selection of an
appropriate carrier depends on several characteristics, including specific surface area,
material type, shape, geometry, and surface roughness. Because the carriers are
continuously suspended and exposed to wastewater, biofilm develops progressively on
their surfaces. Anaerobic or facultative microorganisms typically establish in the inner
biofilm layers, while aerobic bacteria dominate the outer layers. Consequently, each
carrier acts as a microreactor where multiple biological processes occur simultaneously

(KUMAR et al., 2026). Hydrodynamic shear generated by the movement of biocarriers
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within the reactor significantly influences oxygen transfer efficiency. The presence of
biocarriers promotes the breakup of air bubbles into smaller sizes, increasing the gas—
liquid interfacial area and thereby enhancing oxygen transfer rates (NAYERI ez al., 2025).

The original biofilm carriers applied in MBBR technology were developed by the
patent holder AnoxKaldnes®. These carriers are manufactured from polyethylene (PE)
with a density of approximately 0.95 g cm™ and are available in various sizes, differing
in diameter and height. Their design typically includes an internal cross structure that
partitions the carrier into circular compartments, along with longitudinal ridges, or fins,
on the outer surface to enhance biofilm attachment (BASSIN, DEZOTTI, 2018; RUSTEN
et al., 2006). Some of the most widely used AnoxKaldnes® carrier models are

summarized in Table 6, together with their principal characteristics.

Table 6 - Key characteristics of selected Kaldnes® biofilm carriers. Source: adapted

from BASSIN, DEZOTTI (2018).

Nominal Nominal Protected surface area

Type of carrier diameter (mm) height (mm) (m* m?) Shape
."-
K1 9.1 7.2 500 :
K2 15 15 350 S PN
/r/ff'/,y
S
et Y.
K3 25 10 500 2"
O 2
»»
K5 25 3.5 800 _
L
Natrix
M 46 37 200
Biofilm
Chip M 48 2.2 1200
Biofilm
Chip P 45 3 900
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The K-series biocarriers differ in their dimensions (diameter and height), the
surface area available for biofilm growth, and the number and configuration of internal
sections or openings formed by surrounding rims. The effective surface area refers to the
protected portion of the carrier that does not come into contact with other carriers during
mixing. The choice of biocarrier type depends on the treatment objective and operating
conditions, and may vary between aerobic and anoxic or anaerobic processes (DI BIASE
etal., 2019).

The filling fraction (Vs/Vr) is defined as the ratio between the volume of
biocarriers (Vs) and the total reactor volume (Vr). A key advantage of MBBR technology
is the flexibility to design reactor size based on a selected filling fraction, allowing
additional carriers to be added to enhance performance or increase volumetric capacity.
However, excessive filling fractions may impair mixing and reactor hydrodynamics,
leading to stagnant zones. For aerobic systems, it is recommended that the filling fraction
does not exceed 70% to ensure adequate carrier movement. Therefore, an optimal filling
fraction must be selected to balance effective mixing, mass transfer, and treatment
efficiency. Once the carrier type and filling fraction are defined, the reactor volume can
be appropriately sized, while also considering future capacity upgrades (DI BIASE et al.,
2019; ODEGAARD, 2006; SALVETTI et al., 2006).

HRT is another key operational parameter influencing MBBR performance, as it
directly determines the contact time between microorganisms and pollutants and,
consequently, the extent of biological reactions (WU et al., 2023). In general, lower HRTs
favor the rapid availability of substrates to heterotrophic microorganisms, enhancing
organic matter removal. However, higher HRTs are more favourable to nitrification, as
autotrophic nitrifying bacteria require longer contact times to grow and remain active
(NAYERI et al., 2025). Increasing HRT also promotes biofilm development by providing
microorganisms with extended exposure to nutrients, resulting in thicker biofilms on the
carrier surface (GUPTA ef al., 2022). Thicker biofilms can create anoxic zones in their
inner layers, which are advantageous for denitrification. In contrast, reducing the HRT
limits the time available for microbial growth and biofilm accumulation, as substrates and
nutrients pass through the reactor more rapidly. This typically leads to thinner biofilms
with lower biomass concentrations, negatively affecting process efficiency due to
insufficient conditions for nitrification. Consequently, HRT must be carefully optimized

in MBBR systems according to the specific treatment objectives of the wastewater
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process (NAYERI et al., 2025). Studies have shown that HRTs applied in MBBR systems
for nitrification typically range between 4 and 24 hours (BASSIN et al., 2012; KAWAN
etal., 2022; WU et al., 2023).

Additionally, the performance of biological treatment processes is strongly
influenced by the influent volumetric loading rate. In biofilm-based systems such as
MBBRs, this influence is more effectively described by the surface loading rate, defined
as the ratio of the volumetric load to the total surface area provided by the carrier media
(RUSTEN et al., 1998). For a given reactor volume, the applied surface loading can
therefore be controlled by adjusting the amount of carrier media, directly impacting
biomass retention and treatment efficiency (BASSIN, DEZOTTI, 2018; MCQUARRIE;
BOLTZ, 2011). Optimal removal performance is generally achieved at a threshold
surface loading rate, where the retained biomass concentration is sufficient to support
efficient pollutant degradation without imposing mass transfer limitations (KAWAN et
al., 2016).

Dissolved oxygen is another key limiting parameter in biological treatment
processes in MBBR, influencing both organic matter removal and nitrification. Although
a concentration of around 2 mg L is generally sufficient for aerobic degradation of
organic matter, biofilm-based systems often require higher DO levels due to diffusion
limitations within the biofilm (BASSIN, DEZOTTI, 2018; METCALF & EDDY, 2014).
In particular, nitrification is highly sensitive to oxygen availability, with concentrations
above 2-3 mgO: L' needed to initiate the process. Nitrification rates increase nearly
linearly with DO concentration and may continue to rise at levels exceeding 10 mg O: L
!. At ammonium concentrations above 3—4 mg NH+—N L', nitrification performance is

primarily governed by oxygen availability and organic loading (ODEGAARD, 2006).
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2.4 Overview of Previous Studies on Biological Treatment of Oil Refinery
Wastewater

A comprehensive overview of recent studies investigating the biological treatment
of oil refinery wastewater is summarized in Table 7. Recent literature highlights the
flexibility and resilience of biofilm-based biological treatments, particularly MBBRs, in
managing the complex and toxic profile of oil refinery wastewater. Hybrid and sequential
configurations, such as anoxic-aerobic systems, have proven highly effective for the
simultaneous removal of organic compounds and nitrogenous wastes in both synthetic
and real effluents (LU er al., 2013; MALLICK; CHAKRABORTY, 2017). A key
advantage of these systems is their robustness against toxic shock loads. For instance,
while high concentrations of crude oil can cause temporary inhibition and nitrite
accumulation, biomass demonstrates significant resilience, often recovering near-
complete nitrification and ammonium removal once the shock is withdrawn (MALLICK;
CHAKRABORTY, 2021). Furthermore, hybrid fed-batch MBBR setups maintain high
removal efficiencies even under variable phenol loadings (SATAPATHY; JAYAPAL,
2023), confirming the stability of biofilm systems under harsh conditions.

The success of nitrification in these systems is heavily dependent on precise
operational control, most notably the HRT. Autotrophic nitrifying bacteria require
adequate contact time to establish and perform effectively. Studies consistently show that
reducing the HRT or increasing the hydraulic loading rate severely hinders ammonia
removal. For example, an HRT of 6 hours was found to be optimal for effective
ammonium removal in an aerobic MBBR, whereas an HRT of 3 hours was entirely
insufficient for nitrification (SCHNEIDER et al., 2011). This sensitivity is echoed in
other biofilm systems, where shorter retention times create an influx of ammonia that
hinders the biological process (DELASHOOB; BORGHEI, 2020;
GHALEHKHONDABI et al., 2021). Additionally, environmental stressors such as high
salinity and increased organic loading further diminish nitrification performance,
necessitating carefully optimized HRTs to counteract these inhibitory effects

(DELASHOOB; BORGHE]I, 2020).
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Table 7 - Overview of Previous Studies on Biological Treatment of Oil Refinery Wastewater

Ref. Wastewater type Treatment method Og)e;gittli(::lal Key findings

(MALLICK; Synthetic Anoxic—aerobic sequential Crude oil: Crude oil shock loads caused temporary inhibition of
CHAKRABORTY, petroleum refinery moving bed reactors 300 mg/L (normal), biological processes, including nitrification, due to toxicity
2021) wastewater operated in sequencing 600 mg/L (shock 1), and biomass loss. Ammonium removal decreased to ~89%
containing crude batch mode. 900 mg/L (shock 2); (shock 1) and ~80% (shock 2), with nitrite accumulation

oil, phenol, and HRT: 60 h (anoxic) + observed.
ammonia 20 h (aerobic); pH = Full nitrification and ammonium removal (~99%)
9.5 recovered after shock withdrawal, demonstrating system

resilience.

(SATAPATHY; Synthetic Refinery Hybrid fed-batch MBBR Three units in series; Achieved 99% phenol and 95% ammonia removal.

JAYAPAL, 2023)

(LU et al., 2013)

(SCHNEIDER et
2011)

al.,

wastewater
containing phenol
and ammonia

Real  petroleum
refinery
wastewater (PRW)
primarily
composed of
hydrocarbons

Real oil refinery
wastewater

(Anaerobic-Anoxic-

Aerobic)
Sequential anaerobic-
aerobic (A/O) MBBR

MBBR followed by post-
ozonation and biological
activated carbon (BAC)

24-day total HRT;
recycle ratio of 1.0;
phenol range 250-
1,000 mg/L  and
ammonia 50 mg/L

Continuous flow; total
HRT varied from 72 h
to 18 h; 50% (v/v)
carrier filling ratio

Aerobic MBBR
operated at an HRT of
3-12 h, with a bed-to-
reactor volume ratio of
0.6, followed by post-
treatment using Os and
biological  activated
carbon (BAC).
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Variations in the influent phenol concentration did not
significantly affect NHs—N removal efficiency.

Indigenous mixed culture was resilient to high phenol
loading.

An effective and practical strategy for the simultaneous
removal of COD and ammonium from PRW was
demonstrated.

The results indicated that total COD and ammonia
removal efficiencies exceeded 85% at hydraulic retention
times of 72 and 36 h, respectively.

Stable COD removal was achieved in the MBBR at HRTs
of 12-3 h, with efficiencies of 69-89% and effluent COD
of 40-75 mg L' (below discharge limits).

An HRT of 6 h was optimal, providing effective
ammonium removal.

An HRT of 3 h was insufficient for nitrification.



(MAHMOUDKHANI
etal., 2012)

(GHALEHKHONDABI
etal.,2021)

(MALLICK;
CHAKRABORTY,
2017)

(DELASHOOB;
BORGHETI, 2020)

Real  petroleum-
contaminated
water from Tehran
oil refinery wells

Real petroleum
refinery
wastewater

Synthetic
petroleum refinery
wastewater

Synthetic  saline
petroleum refinery
wastewater

Oil separation followed by
aerobic MBBR, filtration,

and activated carbon
treatment.

Four-stage Rotating
Biological Contactor
(RBC)

Anoxic—aerobic sequential
moving bed reactors

MBBR and
Anaerobic/Anoxic/Aerobic
(AOA) system

Lab-scale MBBR (550
L); polyurethane
carriers (85% filling,
3% reactor volume);
HRT = 240 min; DO =
4-5 mg/L; pH = 6.7-
7.5; temperature = 15—
25 °C;

Temperature:  25-35
°C; Influent NHs-N:
2060 mg/L; Flow
rate: 5.5-16.5 mL/min;
Disc rotational speed:
2-10 rpm; Hydraulic
loading rate: 0.005—
0.016 m3/m2-d; pH:
7.0-7.5; DO: 2-4 mg/L

Feed pH = 9.5;
Sulphide: 750 mg/L;
Phenol: 750 mg/L;
Diesel: 300 mg/L;
Ammonia-N: 350
mg/L

HRT: 12-24 h; COD:
800-1200 mg/L;
NH4+*—N: 200400
mg/L; Salinity: 10-20
g/L NaCl

Overall removal efficiencies reached 99% for COD, 94%
for total nitrogen, and 58% for phosphorus.

Ammonium removal efficiency was ~97%, indicating
near-complete nitrification.

The combined MBBR—filtration—activated carbon system
was identified as an effective method for treating
petroleum-contaminated water, with most effluent
parameters meeting environmental discharge standards.

Optimum conditions were obtained at 32.19 °C, influent
NHs-N of 20.54 mg/L, flow rate of 5.57 mL/min, and disc
rotational speed of 4.58 rpm, resulting in 99.07% ammonia
removal and 85.76% COD removal.

Lower hydraulic loading rates (HLR) enhanced
nitrification efficiency in the RBC system, as increasing
HLR, resulting from reduced HRT, negatively affected
ammonia removal.

The optimum operating conditions included an anoxic
reactor with an HRT of 2 days and a disc rotational speed
of 20 rpm, followed by an aerobic MBBR with an HRT of
16 h, giving a total HRT of 64 h. Under these conditions,
complete removal of phenol, ammonia-N, COD, and total
hydrocarbons was achieved, confirming effective
nitrification and successful treatment of complex refinery
wastewater.

MBBR is identified as a top system for nutrient removal in
saline conditions.

Increased salinity and organic loading negatively affected
nitrification performance.

Shorter retention times increase the feed flow rate. This
influx of ammonia actually slows down the nitrification
speed.
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CHAPTER 3
MATERIALS AND METHODS

This section describes the materials and methods applied throughout the
experimental investigations. It includes a detailed description of the wastewater sources,
reactor configuration, and operational conditions, startup and acclimation procedures,
experimental phases, and the analytical techniques used to monitor physicochemical and
biological parameters during MBBR operation. All experimental procedures were
conducted at the Water Pollution Control Laboratory (LabPol), affiliated with the
Chemical Engineering Program (PEQ) of COPPE/UFRJ.

3.1 Wastewater Source and Characteristics

Real wastewater (RW) used in this study was collected from a full-scale refinery
wastewater treatment plant located in Minas Gerais, Brazil (Figure 15). The facility
receives wastewater from oil refining activities. The plant employs a multi-stage
treatment system that includes preliminary treatment (screening, grit removal, and oil
separation), primary treatment (equalization, flotation, and removal of suspended solids
and emulsified oil), and secondary treatment consisting of aerated lagoons. The aeration
system includes two configurations: a completely mixed lagoon (South) and a facultative
lagoon (North). For this study, wastewater samples were collected after the secondary
treatment stage to simulate a tertiary treatment step. The samples were periodically sent
to the laboratory and stored at 4°C until use, in accordance with the requirements of each
operational phase, as detailed in Section 3.3. The real wastewater was supplemented with
phosphorus (5-10 mgP L) to enable microorganism growth, and alkalinity was adjusted
to ensure stoichiometric requirements for nitrification. During the experimental period,
various wastewater samples were collected, showing variability in several parameters.
Table 8 summarizes the key characteristics of the wastewater throughout the operational

period.
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Figure 15 — Diagram of the real oil refinery wastewater treatment plant.
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Table 8 - Characteristics of the refinery wastewater.

Parameter Range
pH 7.5-8
Total suspended solids (mg L) 30-80
Volatile suspended solids (mg L) 20— 60
COD (mgO: L") 80 -200
Ammonium Nitrogen (mgNH4*-N L) 10 -30
Nitrate (mg NOs—N L) 0-41
Nitrite (mg NO.-N L) 0-32
Alkalinity (mg CaCOs L) 280 -330
Total Oil and Grease (mg L) 10-34
Phosphate (mg L) 05-2
Chloride (gCI" L) 03-0.5

The composition of the synthetic wastewater (SW) used in this study was adjusted
for each operational phase to meet specific ammonium, alkalinity, and external carbon
requirements, using NH4Cl, NaHCOs, and glucose, respectively. The medium also
contained 0.025 g K2HPO4L™!, 0.02 g KH.PO4 L', and 0.5 mL L™! of a trace metal solution
(composition detailed in (Vishniac & Santer, 1957)). Aside from the COD, the synthetic
wastewater was prepared to simulate the specific constituent concentrations typically
entering the tertiary nitrification stage of a real oil refinery wastewater treatment plant.
Figure 16 shows a visual comparison of real oil refinery effluent versus the synthetic

wastewater formulation.

Figure 16 - Visual comparison of real oil refinery effluent (left) versus synthetic wastewater (right).
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3.2 Moving-Bed Biofilm Reactors

3.2.1 Experimental Setup
The study employed four cylindrical bench-scale reactors, labeled MBBRI,
MBBR2, MBBR3, and MBBR4, as shown in Figure 17.

(a)

Aeration

(b)

Figure 17 — (a) Schematic view of the MBBR system and (b) the lab-scale MBBR system experimental
set-up.

44



MBBR1 and MBBR2 were constructed from glass with a cylindrical shape, each
having a diameter of 7.0 cm and a usable height of 17.5 cm, providing a working volume
of 0.5 L. Meanwhile, MBBR3 and MBBR4 were also made from glass, with a cylindrical
design, a diameter of 5.5 cm, and a usable height of 9.5 cm, yielding a working volume
of 0.22 L. MBBR1 and MBBR2 were filled with 252 units of Kaldnes K1 carriers, while
MBBR3 and MBBR4 were filled with 113 units of same carrier, each having a specific
surface area of 500 m? m=. Table 9 summarizes the main characteristics of the K1 carrier.
This configuration was designed to achieve a filling fraction of 50% (Vcarriers/Vreactor).
The experimental setup includes 20 L plastic drums used for storing feed streams, which
were kept at 4°C to minimize biological activity in the wastewater before its use,

especially when biodegradable COD was present.

Table 9 - Physical and structural characteristics of the K1 carrier used in the biological
reactors. Source: adapted from RUSTEN et al. (2006).

K1 Support Characteristics Value
Nominal diameter (mm) 9.1
Nominal length (mm) 7.2
Apparent density (kg m™) 150
Protected specific surface area (m? m™) 500

The dissolved oxygen (DO) concentration in the continuously operated systems
was maintained between 6.5 and 7.0 mg L. The temperature was controlled at 24 + 3°C
using air conditioning, and the pH levels in all reactors were maintained within the range
of 7.0 to 8.5. The reactors were fed from the bottom in upflow mode using peristaltic
pumps, and continuous aeration was maintained through a compressed air line connected
to a porous diffuser at the base of each reactor. The reactors operated continuously, with

the treated effluent being discharged gravitationally from the upper part of the systems.
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3.2.2 Start-up of MBBRs

During the startup phase, the reactors were inoculated to promote biofilm
formation on the carriers. MBBR1 and MBBR2 were inoculated with activated sludge
from two sources: an industrial wastewater treatment plant of an oil refinery located in
Sdo Paulo, Brazil, and from a municipal wastewater treatment plant (Rio de Janeiro,
Brazil), with 50 mL from each source. The purpose of mixing the sludge was to promote
greater microbial diversity, providing a more robust and functional biological community
in reactors. After insertion of the sludge, the reactors were filled to the total working
volume (500 mL) using synthetic wastewater. In the first 15 days of operation, the
reactors were operated in batch mode. During this period, 300 mL of the liquid fraction
from each reactor was replaced daily with fresh synthetic wastewater. In the first five
days, the synthetic wastewater contained 1000 mg L' of COD, which was reduced to
500mg L' from the sixth day onward. This strategy was implemented to accelerate
biofilm formation by initially promoting heterotrophic growth, followed by a reduction
in organic loading to enrich the biofilm with nitrifying microorganisms. Figure 18
presents MBBR2 during the inoculation period. After 15 days of batch operation, the

reactors switched to continuous operation mode.

Figure 18 - MBBR2 during the inoculation period.
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MBBR3 and MBBR4 were inoculated with 200 mL of activated sludge obtained
from a municipal wastewater treatment plant in Rio de Janeiro, Brazil. Following sludge
addition, the reactors were filled to their total working volume (220 mL) using real
wastewater from the petroleum refinery. For MBBR3, RW was supplemented with COD,
while MBBR4 received no COD supplementation. Both reactors were initiated under
continuous flow conditions. However, during the first week of operation, the settled
sludge accumulating in the reactor outlet was manually recirculated back into the reactor

to promote biomass retention and support initial biofilm development.

3.3 Operational Phases of MBBRs

This study was conducted in two complementary parts to evaluate tertiary
nitrification performance and biofilm stability in MBBR systems treating refinery
wastewater under progressively challenging conditions. In the first part of this study, four
MBBRs were operated under different strategies to investigate biofilm development,
acclimation pathways, and tertiary nitrification performance when treating oil refinery
wastewater. Each reactor followed a distinct approach: a fully synthetic control system to
establish baseline nitrification behavior; a gradual acclimation strategy transitioning from
synthetic to real refinery wastewater; a strategy using external carbon supplementation to
support biofilm establishment under real wastewater conditions; and a direct exposure
approach in which the reactor received real refinery wastewater without any external
support. This comparative design allowed evaluation of different startup and adaptation
strategies and their influence on nitrifying biofilm stability and resilience under
progressively more realistic and challenging conditions.

In the second part of the study, the focus shifted specifically to the influence of oil
and grease on nitrification performance. Using the reactor working with only real refinery
wastewater, the impact of increasing oil concentrations was systematically assessed to
determine the response, tolerance, and adaptive capacity of the nitrifying biofilm. This
phase aimed to isolate the effect of oil as an inhibitory factor and to better understand its

role in limiting tertiary nitrification efficiency in refinery wastewater treatment.
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3.3.1 Part I: Development of Stable Nitrifying Biofilm under Variable COD and
HRT Conditions

In the first part of this study, the experimental system was composed of four
MBBR units, each operated under distinct phases to evaluate different aspects of biofilm
development and nitrification performance under varying substrate compositions and
operational stresses.

MBBRI1 functioned as a control system and was operated exclusively with
synthetic wastewater and glucose as the carbon source. It served to establish a
performance baseline under controlled conditions to assess biofilm stability and
nitrification potential in the absence of real wastewater coming from the secondary
treatment stage of the petroleum refinery. The reactor was initially subjected to an HRT
of 6 h and a high organic load of 500 mg L' COD to stimulate initial biomass attachment
and heterotrophic growth (P1). In subsequent phases (P2 to P4), the external COD was
progressively reduced to 200, 100, and finally 0 mg L. This stepwise elimination of
carbon aimed to shift the competitive advantage from fast-growing heterotrophic bacteria
to slow-growing autotrophic nitrifying bacteria. Later, in the absence of external carbon,
hydraulic stress was introduced by reducing the HRT from 6 to 4 h (P5) and then to 2 h
(Po).

The operational methodology of MBBR2 was designed to evaluate a gradual,
stepwise acclimation strategy. The goal was to build a robust microbial biofilm under
optimal synthetic conditions first, and then progressively introduce the real wastewater
coming from the secondary treatment stage of the petroleum refinery. The operation
began with synthetic wastewater supplemented with glucose (500 and 200 mg L' COD
at an HRT of 6 hours in P1 and P2, respectively) to promote rapid biofilm formation. In
P3, real wastewater was gradually introduced into the feed while the COD was lowered
to 100 mg L". The proportion of real wastewater was subsequently increased to 50% (P5)
and finally to 100% (P6), effectively eliminating both the synthetic wastewater and the
external carbon source. After successfully transitioning to 100% real wastewater, the
system's resilience was tested by decreasing the HRT to 4 h (P7) and 2 h (P8), allowing
evaluation of biofilm performance, system resilience, and nitrification efficiency under

realistic industrial conditions.
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The purpose of MBBR3 was to evaluate whether supplementing real wastewater
coming from the secondary treatment stage of the petroleum refinery with an easily
biodegradable external carbon source (ethanol) could accelerate initial biofilm formation
and counteract the toxicity of the real wastewater. The reactor was continuously fed with
100% real wastewater. During the initial phases, ethanol was added to provide 300, 150,
and 75 mg L' COD (P1, P2, and P3, respectively) at a constant HRT of 6 h. After
establishing a mature biofilm, the ethanol supplementation was completely withdrawn
(P4), transitioning the system entirely towards autotrophic nitrification. System stress was
further increased by reducing the HRT to 4 h (P5) and 2 h (P6). Finally, in P7, while
maintaining the 2 h HRT, the influent ammonium concentration was reduced. The
objective of this final phase was to examine the system's tertiary nitrification capacity and
the biofilm's stability under conditions of low ammonium availability.

MBBRA4, on the other hand, was operated under the most challenging conditions,
receiving secondary refinery wastewater without any additional carbon source. This
reactor was specifically used to investigate the biofilm’s capacity to maintain nitrification
and overall treatment performance in the presence of inhibitory compounds, under
reduced HRTs. The reactor started at an HRT of 6 h (P1) to allow for the slow growth of
autotrophic bacteria. Once initial stabilization was observed, the retention time was
reduced to 4 h (P2) and then to 2 h (P3), aiming to assess the biofilm's robustness under
severe operating conditions. Table 10 shows all the experimental phases applied in
MBBR systems to evaluate the optimal conditions for tertiary nitrification of oil refinery

wastewater.
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Table 10 - Experimental conditions of the MBBR1, MBBR2, MBBR3, and MBBR4

during the entire operational period.

1
S . Average surface
& Phase Opg;atslng Inﬂ(l:sntng)D Influent type (h) ammonium load
& y g (eNHs" -N m2d™)
P1 0-64 500 (glucose) 100% SW 6 0.7+0.1
P2 65-91 200 (glucose) 100% SW 6 0.9+0.1
~ P3 92-112 100 (glucose) 100% SW 6 0.8+0.1
m
% P4 113-121 0 100% SW 6 0.620.1
P5 122-133 0 100% SW 4 0.8+0.1
P6 134-197 0 100% SW 2 1.5+0.2
P1 0-64 500 (glucose) 100% SW 6 0.7+0.1
P2 65-91 200 (glucose) 100% SW 6 0.9+0.1
P3 92-112 100 (glucose)  75% SW + 25% RW 6 0.8+0.1
g P4 113-121 0 75% SW + 25% RW 6 0.620.1
m
% P5 122-133 0 50% SW + 50% RW 6 0.5+0.1
P6 134-147 0 100% RW 6 0.6+0.1
P7 148-182 0 100% RW 4 0.9+0.1
P8 183-197 0 100% RW 2 1.3£0.3
P1 0-70 300 (ethanol) 100% RW 6 0.5+0.2
P2 71-85 150 (ethanol) 100% RW 6 0.5+0.1
= P3 86-97 75 (ethanol) 100% RW 6 0.5+0.1
é P4 98-120 0 100% RW 6 0.6+0.1
= P5 121-140 0 100% RW 4 0.9+0.1
P6 141-153 0 100% RW 2 1.5+0.4
P7 154-174 0 100% RW 2 0.9+0.2
< Pl 0-83 0 100% RW 6 0.5+0.1
% P2 84-97 0 100% RW 4 0.7+0.1
= P3 98-175 0 100% RW 2 1.6+0.3
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3.3.2 Part II: Effect of Oil Concentration on Nitrification

As discussed in Chapter 2, the presence of oil and grease is a critical factor
influencing nitrification performance in refinery wastewater. Oil can affect nitrifying
microorganisms through potential inhibitory effects and/or by limiting oxygen transfer,
thereby compromising ammonia oxidation efficiency. Therefore, the second part of this
study was specifically designed to evaluate the impact of oil concentration on the
nitrification performance of MBBR4 under controlled and stable operating conditions.

To isolate the effect of oil loading, the reactor was operated with a constant
influent NH4*—N concentration of 3040 mg L' and a HRT of 2 h. Oil concentration in
the influent was gradually adjusted across different operational phases to assess the
response, stability, and potential adaptation of the nitrifying biomass to increasing oil
loads. The sequence of operational phases applied to MBBR4 during this period is
summarized in Table 11, providing an overview of the tested oil concentrations and

corresponding experimental conditions.

Table 11 - Operational phases of MBBR4 during the operation with oil.

Average surface

HRT il concentration
Phase Operating days ammonium load I
(h) N (mg L")
(gNH4 -Nm™d™)

P3 98-175 1.7+£0.3 10-302

P4 176-188 1.4+0.1 30-50
P5 189-215 2 1.2+0.1 50-100
P6 216-251 1.5+£0.2 200-300
P7 252-281 1.5+£0.2 300-500

& This value corresponds to the oil concentration measured in the real wastewater.

3.3.2.1 Oil Emulsification Procedure

To ensure a stable and homogeneous distribution of oil in the influent, refinery oil
was emulsified in the wastewater using a high-speed homogenizer (IKA T25 digital
ULTRA-TURRAX, IKA®-Werke GmbH & Co. KG, Germany). Given the insoluble
nature of the oil, the use of an emulsifying agent was proposed to improve hydrocarbon

dispersion in the liquid phase. Accordingly, sodium dodecyl sulfate (SDS) was added as
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a surfactant at a concentration of 0.4 mL per liter of wastewater to improve emulsion
stability. The mixture was homogenized at 20,000 rpm for 10 min before feeding the
reactor (Figure 19). The influent was prepared daily to minimize changes in oil
distribution and chemical composition, and its oil concentration was gradually increased
over the experimental period to evaluate the system’s response. To ensure a homogeneous
feed, from P5 onward, at higher oil concentrations, the feed bottle was placed on a

magnetic stirrer (Figure 20).

Figure 19 - Preparation and homogenization of oily wastewater influent using high-speed ULTRA-

TURRAX mixing.
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Figure 20 - Schematic view of MBBR4 during the operation with oil.

3.5 Analytical Methods

The performance of the MBBRs during the treatment of oil refinery wastewater
was assessed through the monitoring of several parameters in the influent and effluent
streams. Physicochemical analyses were carried out at the Water Pollution Control
Laboratory (LabPol). Before analysis, all samples were filtered through 0.45 um cellulose
nitrate membrane filters to remove fine suspended solids. The physicochemical
parameters analyzed and their respective analytical methods are presented in Table 12. It
is important to note that, in most cases, sample analyses were conducted on the day
following the preparation of the wastewater and reactor cleaning, due to the potential
degradation of the compounds present and the need to ensure the representativeness of

the results obtained.
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Table 12 - Analytical methods applied throughout the experimental operations of

MBBRs.

Parameter

Frequency

Method and Equipment

Chemical Oxygen Demand
(COD)

Ammoniacal Nitrogen (NH4+*-N)

Nitrate (NOs—N)

Nitrite (NO2"-N)

Dissolved Oxygen (DO)

pH

Temperature (°C)

Total Suspended Solids (TSS),
Volatile ~ Suspended  Solids
(VSS), and Fixed Suspended
Solids (FSS)

Total Attached Solids (TAS),
Volatile Attached Solids (VAS),
and Fixed Attached Solids (FAS)

Visual changes in the biofilm

Optical Microscopy

Weekly

Weekly

Weekly

Weekly

Weekly

Weekly

Weekly

2 times per month

2 times per month

2 times per month

1 time per phase

Cienlab digestion blocks, model
CE-350; Hach®
spectrophotometer, model
DR3900; colorimetric method
5220 D (APHA, 2005).

Nessler reagent colorimetric
method, according to procedure
4500-NHs (APHA, 1992).

Brucine colorimetric method,
according to procedure 352.1
(APHA, 1976)

NED  reagent  colorimetric
method, according to procedure
4500-NO:" B (APHA, 1992)

HANNA® Instruments dissolved
oxygen ion-selective electrode,
model HI98193

pH electrode, HANNA®
Instruments; electrometric
method 4500-H B (APHA,
2005)

Temperature probes within the
pH meter

ICAMO drying oven and muffle
furnace, model 4; standardized
methods 2540 D and 2540 E
(APHA, 2005).

ICAMO drying oven and muffle
furnace, model 4; standardized
methods 2540 B and 2540 E
(APHA, 2005).

Stereomicroscope, model Stemi
508 (Carl Zeiss)

ZEISS optical microscope
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3.5.1 Total Suspended (TSS), Fixed (FSS), and Volatile Solids (VSS)

The determination of total, volatile, and fixed suspended solids (TSS, VSS, and
FSS) was carried out following an adaptation of Standard Methods 2540 D and 2540 E
(APHA; AWWA etal., 2017). The procedure began with washing a glass fiber filter (pore
size <2 um) with reagent-grade water, followed by drying at 550 °C in a muffle furnace
for 1 h and subsequent weighing using an analytical balance (P1). A known volume of
sample 20—-100 mL (V) was then filtered through the same glass fiber filter, and the filter
containing the retained solids was dried at 103—105 °C for 24 h, or until constant mass
was achieved (P2). Subsequently, the filter was ignited at 550 °C for 1 h in a muffle
furnace. After cooling, it was weighed to obtain mass P3.

Equations (7) to (9) were used to calculate suspended solids concentrations. The
difference between P2 and P1 was used to determine the concentration of total suspended
solids (TSS), whereas the difference between P2 and P3 was used to calculate the
concentration of volatile suspended solids (VSS). The concentration of fixed suspended

solids (FSS) was obtained from the difference between P3 and P1.

_ 6

Tss (%) _ (P2 P;) x 10 7
_ 6

vss (%) _ (P2 P;) x 10 8)
_ 6

s (%) _ (P3 P;) x 10 ©)
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3.5.2 Total Attached (TAS), Fixed (FAS), and Volatile Solids (VAS)

Total, volatile, and fixed attached solids (TAS, VAS, and FAS) on the K1 carriers
used in the MBBR were quantified using adaptations of Standard Methods 2540 B and
2540 E (APHA; AWWA et al., 2017). Porcelain crucibles were previously washed with
distilled water, ignited at 550 °C for 1 h in a muffle furnace, cooled to room temperature
in a desiccator, and weighed to obtain the initial mass (P1). For each analysis, a known
amount of K1 carriers was withdrawn from the reactor. The biofilm attached to the carrier
surfaces was completely scraped using interdental brushes and distilled water to ensure
maximum removal of solids. The detached biofilm was collected directly into the pre-
weighed crucible. The crucible containing the extracted biofilm was then dried in an oven
at 103—105 °C for 24 h or until constant mass, cooled in a desiccator, and weighed to
obtain mass P2. Subsequently, the crucible was ignited in a muffle furnace at 550 °C for
I h, cooled in a desiccator, and weighed again to obtain mass P3. The mass of total
attached solids was calculated from the difference between P2 and P1, while the mass of
volatile attached solids was determined from the mass loss between P2 and P3. Fixed
attached solids were calculated as the difference between TAS and VAS. The masses of
TAS, VAS, and FAS were normalized by the number of carriers used in each analysis
and expressed as mg carrier'. These values were subsequently converted to
concentrations per unit reactor volume (mg L") or per unit biofilm growth area (mg m2)
by multiplying by the total number of carriers in the reactor and dividing by the reactor
working volume or the total protected specific surface area, respectively. It is important
to note that the carriers selected for analysis were marked to prevent their reuse in

subsequent attached solids determinations.

3.5.3 Biofilm Visualization and Thickness Measurement

To assess biofilm formation throughout the experimental period, carriers were
periodically sampled from all reactors and analyzed using a ZEISS Stemi 508
stereomicroscope. High-resolution images were acquired under stereoscopic zoom to
qualitatively evaluate biofilm morphology, coverage, and distribution. During image
acquisition, a calibrated 2000 um scale bar was applied to each image, enabling

subsequent thickness measurements. Quantitative analysis of biofilm thickness was
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conducted using Digimizer® software, based on the pre-set image scale. For each
operational phase, two carriers were randomly selected from the reactors, and multiple
thickness points were measured on each carrier image. The final thickness value was
obtained by averaging the results from the two carriers. This non-destructive method

allowed for consistent comparison of biofilm development across different phases.

3.5.4 Determination of Oil Concentration

Oil concentrations in the influent and effluent were determined using an InfraCal
2 ATR-SP Oil-in-Water Analyzer (Spectro Scientific, USA). Samples were collected
directly from the reactor influent and effluent without filtration. Concentrated H>SO4 was
added to each sample to facilitate the extraction of soluble and emulsified oil fractions.
For analysis, 50 mL of the sample was transferred into a clean glass bottle and mixed with
10 mL of n-hexane. The mixture was vigorously agitated for 2 minutes to ensure complete
extraction of oil into the solvent phase. After phase separation, an aliquot of 60 uL of the
hexane extract was placed onto the ATR crystal of the analyzer.

To quantify the oil attached to the carriers and biofilm at the end of each
operational phase, a known number of carriers was selected and subjected to the same
extraction procedure applied to influent and effluent samples. The extracted oil
concentration and the corresponding extraction volume were used to calculate the total
mass of oil recovered from these carriers. The oil mass was then normalized to the TAS
measured for the same set of carriers used in the extraction. Results were expressed as
mg oil mgTAS™. All analyses were conducted in triplicate, and mean values were

reported.

3.6 Assessment of Maximum Nitrifying Activity in Batch Trials

To determine the maximum ammonium removal rate, batch assays were
conducted at the end of each operational phase. These tests are essential to assess the
intrinsic nitrification potential and to identify substrate limitations under different
operational conditions (LIMA et al., 2016). In contrast to the continuous reactors, the

batch-operated reactor did not experience ammonium-limiting conditions, as high
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substrate concentrations were present at the start of each operating cycle. As a result, the
system was able to reach its maximum nitrification potential (BASSIN et al., 2015).

Before each assay, the reactors were drained and refilled with fresh feed
corresponding to the specific operating condition: 400 mL for MBBR1 and MBBR2 and
150 mL for MBBR3 and MBBR4, ensuring that only attached biomass remained within
the reactors. Each batch test lasted for a period equivalent to the HRT of the
corresponding phase. Samples (10 mL) were collected at regular intervals (5—7 time
points), immediately filtered through 0.45 pum cellulose nitrate membranes to prevent
microbial activity. Throughout the assays, pH, temperature, and DO were continuously
monitored. The specific maximum ammonium removal rate was determined from the
linear regression of ammonium concentration over time, using the corresponding volatile
attached solids (VAS) concentration in the calculation, and was expressed as mgNH4"-N
gVAS!d!,

The real specific ammonium removal rate was calculated from continuous-
operation data collected on the same day as the batch test by subtracting influent and
effluent ammonium concentrations and dividing the resulting value by the combined

concentration of volatile attached and volatile suspended solids and the HRT.

3.7 Calculations

3.7.1 Removal Efficiency

According to Equation (10), the removal efficiency (1) of a given component was
determined based on its influent (C1) and effluent (Cg) concentrations, indicating the

proportion of the component removed during the treatment process.

C—Cg
n= ( z ).100% (10)

3.7.2 Nitrogen Mass Balance

The nitrogen balance of the system was calculated using Equation (11),

considering the concentrations of the analyzed nitrogen species (NHf — N,NO; —
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N and NO3 — N) in the influent (I) and effluent (E), as well as the nitrogen assimilated

in to cellular biomass (N,,) and the nitrogen lost (N ):

(NHf =N+ NO; — N+ NO3 —N);, —(NHf =N+ NO; — N + NO3 — N)g
— (Ngss + Nipss) = 0
(11)
3.7.3 Biofilm Surface-Specific Detachment Rate

Biofilm surface-specific detachment rate (K,;), Equation (12), expressed as

[g TSS], was calculated at the end of each experimental phase according to (BASSIN et
m2.d

al., 2016):

K, = Qg - X; (12)

V.
Apiogitm - V- (Vi)

Where Qg [L d™1] is the effluent flow rate of each reactor, X; [gTSS L™1] is the
concentration of total suspended solids in the effluent of the corresponding reactor,

Apiorim is the specific surface area of each carrier (500 m* m™ for K1 support), V [m’]

is the volume of reactor; and (%) is the media filling fraction of the reactor (50%).

3.7.4 Surface Loading Rate (SLR)

In attached-growth bioreactors, the surface loading rate (SLR) is a key design
parameter because it accounts for the total surface area available for biofilm development
(A), determined by the carrier’s specific protected surface area (a), the reactor volume
(V), and the carrier filling ratio (f). Accordingly, SLR was calculated as shown in
Equation (13) and expressed as gNH+*—N m2 d' (MATHEUS, 2020).

Q.C; G Q.G

SLR = = =
V.a.f HRT.a.f A

(13)
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Part I: Development of Stable Nitrifying Biofilm under Variable COD and HRT
Conditions

This section introduces the first part of the study, focused on the development,
adaptation, and operational stability of nitrifying biofilms across four distinct acclimation
strategies. The methodology involved operating four MBBRs under different initial
configurations, including the use of synthetic wastewater, gradual transition to real
refinery wastewater, and direct exposure to real refinery wastewater. Throughout the
experimental period, the reactors were exposed to increasing operational stress, primarily
driven by progressive reductions in external COD and stepwise decreases in HRT. The
analysis focuses on reactor performance and biofilm dynamics through the assessment of
organic matter removal, continuous nitrification performance, batch activity tests, solids
distribution (attached and suspended), biofilm thickness, and microscopic

characterization, together with the monitoring of key operational parameters.

4.1.1 Organic Matter Removal

Figure 21 presents the temporal evolution of influent and effluent COD for the
four MBBR systems. Reactors initially supplied with external carbon (MBBRI1-3)
showed high COD removal during the start-up phases, while MBBR4, operated without
carbon addition, consistently exhibited low removal.

Following reactor inoculation with activated sludge, a stabilization period of
approximately 20 to 30 days was required to establish a consistent concentration of
attached biomass and to achieve effective biofilm formation in MBBR1, MBBR2, and
MBBR3. In contrast, MBBR4 exhibited a longer start-up period, attributed to the absence
of external organic carbon supplementation. This start-up phase corresponded to the
colonization of the plastic carriers by microbial communities under the initially applied
organic loading rates of 5.5 gCOD m™ d"! for MBBR1 and MBBR2, and 4.8 gCOD m™
d! for MBBR3.
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In MBBR1, COD removal exceeded 90% during the initial phase (P1), when
synthetic wastewater contained a high biodegradable fraction. As the external carbon was
reduced and later removed (P2-P4), influent COD decreased, and removal efficiency
declined to approximately 30%, while effluent concentrations stabilized near 100 mg L~
!, Similar behavior was observed in MBBR2, with high removal (80-90%) during the
synthetic wastewater phases (P1-P2), followed by a gradual decrease to 20% as real
refinery wastewater was introduced (P3—P8). MBBR3 showed moderate to high removal
(60—80%) during ethanol addition, with a sharp decline once carbon supplementation was
reduced and ultimately eliminated (P4-P7). MBBR4, which received only real
wastewater and no external carbon throughout operation, maintained low removal
efficiencies (< 20%).

Overall, MBBR1 was capable of sustaining operation once external carbon was
removed, whereas the remaining reactors ultimately converged to comparable effluent
COD concentrations (~100 mg L™"). These values correspond to the non-biodegradable
fraction of organic matter present in the real wastewater originating from the secondary
treatment stage of the petroleum refinery. Similar to these results, Wang et al. (2023)
demonstrated that a MBBR system exhibited robust operational stability despite
fluctuations in the influent organic load. The study reported that even as the C/N ratio
was progressively reduced from 6 to 3, the system consistently sustained high COD

removal efficiency.
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Figure 21 - COD concentrations in the influent and effluent of the reactors and removal

efficiency throughout the operational phases. The vertical lines indicate transitions between

experimental phases: a) MBBR1, b) MBBR2, ¢) MBBR3, and d) MBBRA4.

4.1.2 Nitrification Performance and Oxidized Nitrogen Species Distribution

Figure 22 presents the time series of ammonium nitrogen concentrations in both

the influent and effluent throughout the different operational phases of the reactors, along

with the oxidized nitrogen species present during these phases. Figure 23 shows the

average concentrations of these oxidized nitrogen species for each operational phase. The

error bars in Figure 23 indicate the variability of each species observed within the

respective phases. The elevated concentrations of nitrite and nitrate observed in certain

phases in the influent of the reactors fed with real wastewater from the secondary

treatment stage of the petroleum refinery were attributed to the inherent characteristics of
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this type of wastewater. Overall, the four MBBR systems showed stable nitrification,
maintaining high ammonium removal under carbon limitation and reduced HRT. Despite
temporary declines under increased hydraulic stress, all systems ultimately achieved
stable and effective nitrification, confirming the resilience of the biofilm.

MBBRI1, serving as the control and receiving only SW, demonstrated the optimal
potential of MBBR technology for ammonium removal under well-defined, non-toxic
influent conditions. During P1, biofilm formation and nitrifying enrichment led to
moderate ammonium removal that progressively increased, reaching 90% and a
concentration of treated effluent of 5 mgNH4s*~N L' after 38 days (Figure 22a). In P2,
under lower organic carbon availability, the system sustained approximately 76 £ 1 %
removal and produced treated effluent with 13 + 1 mgNH4*~N L', Partial nitrification
was evident in these initial stages, with nitrite accumulation of 7 = 8 mgNO>—N L in P1
and 4 £ 6 mgNO> —N L! in P2 (Figure 22b). Ammonium removal improved in P3, and
during P4-P5, the reactor reached near-complete nitrification, achieving an average
removal efficiency of 96 + 2%. Effluent ammonium remained below 4 + 5 mgNH+*—N L~
!, and nitrate dominated the oxidized nitrogen profile, reaching 41 £ 6 mgNOs—N L™ in
P5. When hydraulic stress was introduced in P6 by shortening the HRT from 4 to 2 h,
ammonium removal initially declined to approximately 50%, accompanied by an increase
in effluent ammonium to 15 mg NH4"—N L' and accumulation of nitrite to an average of
16 £ 7 mg NO2—N L. Despite this disruption, MBBRI1 recovered by the end of the
phase, reaching 92 + 5% removal and 2 = 2 mgNH4*~N L! in the effluent, while nitrite
accumulation was also reduced to 2 = 1 mg NO:"-N L', demonstrating strong adaptation

to the reduced HRT and increased nitrogen load.
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MBBR2 maintained stable and resilient nitrification among all phases. As biofilm
maturation progressed during P1, ammonium removal gradually increased and reached
72 + 3%. A treated effluent ammonium concentration of 16 + 3 mgNH4+*—N L was
obtained at the end of P2 (Figure 22c), with nitrate content increasing to 29 + 2 mgNQOs —
N L' under this condition (Figure 22d). After the reduction of organic carbon and
complete substitution of synthetic wastewater by real wastewater, the reactor consistently
maintained near-complete ammonium oxidation during P3-P6, with effluent
concentrations below 1 mgNH4+*—N L. Almost all ammonium was converted to nitrate,
whose concentration increased to 58 + 12 mgNOs—N L' during P6, showing a well-
adapted nitrifying community. Even after the reduction in HRT to 4 h in P7, MBBR2
maintained removal close to 100%, with nitrate remaining dominant (48 = 1 mgNOs —N
L"). A slight performance decline was detected only at 2 h HRT in P8 (95 = 3%), and

nitrite accumulation increased to 6 + 2 mgNO> —N L', indicating mild inhibition of nitrite

oxidation.
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MBBR3 operated solely with real wastewater but initially supplemented with
ethanol. This reactor maintained the most stable and resilient nitrification among all
systems. During P1-P2, ammonium removal increased to 98 + 2%, the concentration of
ammonium in the treated effluent was below 2 mg L', and nitrite accumulated to 3 + 2
mgNO. N L', as shown in Figures 22¢ and 22f, respectively. As ethanol addition was
reduced and later eliminated from the feeding, nitrification performance remained high
and very close to 100%, maintaining NHs~N below 2 mg L' in the effluent and
producing nitrate concentrations of approximately 55 + 13 mgNOs—N L' during P4.
Effluent nitrite remained below 1 mgNO>—N L, confirming effective acclimation to
carbon-limited conditions up to P5 at 4 h HRT. When HRT was shortened to 2 h in P6,
ammonium removal remained high (92 + 6%), yet nitrite accumulation increased to a
maximum amount of 22 mgNO> —N L}, suggesting partial nitrification; however, by the
end of the phase, nitrite was reduced to less than 1 mg NO:-N L. In P7, influent
ammonium decreased to around 17 = 3 mg NHs~N L to evaluate nitrification
performance under low ammonium availability. Despite this reduction, the system
maintained a high ammonium removal efficiency of 97 + 2%, producing an effluent with
NH4+—N concentrations below 1 mg L™ and complete oxidation to nitrate, reaching
approximately 19 + 1 mg NOs—N L.

MBBR4, operated exclusively with real wastewater without carbon
supplementation, showed the most challenging acclimation period (Figure 22¢). During
P1, ammonium removal fluctuated between 40 and 90%, with average effluent
ammonium concentrations near 11 = 8 mgNH4*—N L', accompanied by nitrite content of
9 =9 mgNO>—N L, indicating prolonged adaptation to inhibitory compounds present in
the real refinery wastewater. In P2, performance improved to 94 + 6%, nitrate increased
to 58 £ 9 mgNOs—N L', and residual nitrite decreased to less than 1 mg L!. After HRT
was reduced to 2 h in P3, the reactor experienced a temporary performance decline, with
removal efficiency dropping to 54%, effluent ammonium rising to 19 mg NH+*—N L,
and nitrite increasing to 8.9 mg NO>—N L"'.. However, it progressively recovered and
ultimately reached complete ammonium removal, producing an effluent with less than 1
mgNHs*~N L' and nitrate near 40 + 14 mgNOs;—N L. Although nitrification
performance in MBBR4 was less stable than in the other reactors, the system was still

capable of achieving complete ammonium oxidation under potentially inhibitory
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conditions and without a carbon-supplemented startup phase, indicating a high level of
biofilm resilience and operational adaptability.

The comparison of these four reactors concludes that while MBBR biofilms
possess inherent adaptability and strong self-recovery capabilities regardless of the
startup method, the specific acclimation strategy significantly dictates the system's initial
stability and resilience. MBBR2 and MBBR3 demonstrated the most consistent
nitrification and resistance to shock, whereas the direct application of real wastewater in
MBBR4 caused initial instability before eventually achieving complete removal.

Based on the comparative analysis of the four reactors, it can be concluded that
MBBR4, which was subjected to direct real wastewater application without labile organic
carbon supplementation, exhibited a prolonged and unstable acclimation phase lasting
nearly 80 days. This indicates that the presence of inhibitory compounds and complex
organic matter in real wastewater roughly increases the time required for the biofilm to
overcome environmental stress and develop a stable nitrification capacity. However, the
experimental results demonstrate that this lag in adaptation can be effectively mitigated
through strategic operational adjustments. Although treating the same complex influent
as MBBR4, MBBR3 demonstrated that the supplementation of an easily biodegradable
carbon (ethanol) in the initial stages enabled the reactor to rapidly attain high removal
efficiencies (>80%) within a reduced operational period. Furthermore, the rapid
colonization of heterotrophic organisms established a robust biofilm foundation for the
nitrifiers to attach, making MBBR3 significantly more resilient to subsequent operational
changes. Furthermore, the strategy of gradual acclimation employed in MBBR2 proved
highly effective in ensuring operational stability during the transition to real wastewater.
By allowing the biofilm to mature on synthetic wastewater first (mimicking the timeline
of the control reactor (MBBR1)), the system established a resilient nitrification capacity
before introducing real wastewater. Consequently, when the synthetic matrix was fully
replaced with real wastewater in P6, the reactor experienced no performance
deterioration, effectively eliminating the adaptation lag observed in MBBRA4.

In general, the accelerated biofilm formation in reactors fed with organic material
(MBBR1, MBBR2, and MBBR3) is primarily driven by the proliferation of fast-growing
heterotrophic bacteria. Unlike autotrophic nitrifying bacteria, which grow slowly and lack

the ability to produce significant extracellular polymeric substances for adhesion,
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heterotrophs grow rapidly in the presence of organic carbon and enhance the production
of EPS. These EPS components, especially polysaccharides, act as a fixation matrix that
effectively glues biomass to the carrier materials (BASSIN et al., 2012). This matrix
facilitates the initial attachment of bacteria to the plastic surface and supports the rapid
development of microcolonies, significantly reducing the startup time compared to
systems that rely solely on the slow colonization by autotrophic microorganisms, such as
MBBR4, whose influent consisted primarily of non-biodegradable COD originating from
the secondary treatment stage at the oil refinery.

Similarly, Fang et al. (1993) found that the addition of glucose to refinery
wastewater acts as a crucial biostimulant, accelerating the enrichment of nitrifying
bacteria and facilitating the rapid oxidation of ammonia to nitrite. Their study
demonstrated that supplementing the influent with glucose enabled the removal of over
90% of ammonia-nitrogen within 7 to 14 days, whereas unsupplemented systems
struggled to establish nitrification. However, they noted that while glucose efficiently
established the ammonia-oxidizing population, the subsequent conversion of nitrite to
nitrate remained limited until yeast powder was added to stimulate Nitrobacter growth.

Bassin ef al. (2012) observed that the development of stable nitrifying biofilms in
MBBR systems was highly affected by the presence of organic carbon during startup. In
their study, an autotrophic reactor with no COD addition needed approximately 60—70
days to form a thin biofilm and reach complete ammonium oxidation, whereas reactors
that underwent an initial phase intended for heterotrophic growth achieved mature
biofilms much more quickly, within 20-30 days. Using a similar methodology, Piculell
et al. (2016) added acetate to the MBBR influent during startup to promote initial biofilm
growth on the carriers. Acetate was supplied at 500 mg L™ for the first 30 days and
gradually reduced, then fully removed once stable nitrification was established.

Based on the operational results, it can also be concluded that reducing the HRT
to 2 h serves as a critical stressor that exposes the kinetic limitations of the biofilm,
particularly impacting the stability of NOB. While the biofilm communities in all reactors
demonstrated a strong capacity for recovery and adaptation, the immediate response to
hydraulic shock differed significantly based on the acclimation strategy; Initially,
MBBR1 and MBBR4 suffered a significant drop in ammonium removal efficiency (to
~50%), whereas MBBR2 and MBBR3 exhibited superior resilience by maintaining high
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removal rates. Despite these varying impacts on initial ammonium oxidation, all four
reactors experienced a specific bottleneck in the second step of nitrification at the
beginning of the phase, evidenced by nitrite accumulation. Ultimately, as the systems
adapted and ammonium removal efficiencies recovered, this bottleneck was resolved, and
the process successfully transitioned to complete nitrification. This suggests that while
robust startup strategies can effectively protect AOB from hydraulic stress, NOB
populations remain the most vulnerable component in the system, being more prone to
inhibition when the hydraulic load is aggressively increased. This behavior can be
attributed to kinetic differences among nitrifying microorganisms. As reported by Fang
et al. (2009), the rate of ammonium oxidation exceeded the rate of nitrate production.
Moreover, due to their higher specific growth rates, AOB tend to dominate the outer
biofilm layers where oxygen is more available, whereas NOB are more likely to
proliferate in the inner layers, where oxygen concentrations are lower (KINDICHI et al.,
20006).

These findings are in agreement with previous studies showing that lower HRTs
lead to reduced ammonium removal, nitrite accumulation, and a shift toward partial
nitrification. . lannacone et al. (2019) reported that reducing HRT from 48 to 24 h
significantly affected nitrification by disrupting the balance between ammonium and
nitrite oxidation. The HRT reduction caused a severe but transient inhibition of
nitrification, evidenced by a rapid accumulation of ammonium (N—NHa4") in the effluent.
Although ammonium oxidation later recovered, the system shifted toward partial
nitrification, with increased nitrite (NO2z") and decreased nitrate (NOs~) concentrations.
Bassin et al. (2016) observed that reducing the HRT from 12 to 6 h caused an immediate
decline in ammonium removal efficiency, with the reactor containing thinner biofilm
requiring a significantly longer recovery period (60 days) compared to the system with
thicker biofilm, which recovered in 20 days. This vulnerability to hydraulic changes was
attributed to the critical role of suspended biomass; at higher retention times, the
suspended solids resulting from biofilm detachment were estimated to contribute up to
85% of the total ammonium oxidation. Consequently, the reduction in HRT triggered the
washout of this highly active suspended fraction, leading to a performance deterioration
that the attached biofilm, despite increasing its specific nitrifying activity, could not fully

compensate for at the lower HRTs.
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Another study by Aktan et al. (2025) identified HRT as a key factor controlling
nitrification completeness in an MBBR system. At an HRT of 12 h, complete nitrification
was achieved with low effluent ammonium and no nitrite accumulation. However, when
the HRT was reduced below the critical threshold (6 h in this study), excessive hydraulic
stress and limited contact time between the biofilm and wastewater were imposed. This
reduction destabilized the biofilm, leading to significant biomass detachment and a
pronounced decrease in nitrification efficiency, accompanied by nitrite accumulation.

A comparative analysis of the reactors reveals that while synthetic wastewater is
sufficient for establishing baseline nitrification activity, exposure to the complex matrix
of real wastewater is critical for developing operational robustness. MBBR1, operating
exclusively with synthetic wastewater, achieved effective ammonium removal under
stable conditions but proved highly sensitive to hydraulic stress, experiencing a sharp
performance decline to 50% removal when the HRT was reduced. In contrast, the
introduction of real wastewater in MBBR2 significantly enhanced its stability; after the
complete substitution of synthetic with real wastewater, the reactor became notably more
resilient against operational changes, maintaining near-complete ammonium removal
even under the aggressive hydraulic conditions that destabilized the control system.
Similarly, MBBR3, which operated with real wastewater from the beginning, developed
a highly stable and robust biofilm that consistently maintained high ammonium removal
efficiencies (>97%). This demonstrates that while real wastewater presents initial toxicity
challenges, the resulting biofilm community possesses superior adaptability and
resistance to shock loading compared to biomass grown solely on synthetic medium.
Similarly, Ashkanani et al. (2019) observed that reactors treating real wastewater
demonstrated higher ammonia removal rates and significantly shorter adaptation times
compared to those treating synthetic wastewater, attributing this superior performance to
the presence of essential micronutrients, organic matter, and the natural buffering
capacity found in real matrices. Additionally, the study by Zhang et al. (2024) showed
that the MBBR treating real wastewater (R-MBBR) significantly outperformed the
system treating simulated wastewater (S-MBBR) in both nitrification efficiency and
startup kinetics. The authors reported that biofilm formation in the R-MBBR was
achieved in only 45 days, which was 30 days faster than the 75 days required for the S-

MBBR. The authors attributed this observation to differences in microbial community
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structure. The real wastewater likely promoted a higher relative abundance of dominant
functional bacterial genera, which enhanced biofilm formation, increased biofilm
thickness, and accelerated microbial enrichment, resulting in a shorter startup period and
better performance compared to the S-MBBR.

The nitrification performance observed in each reactor is strongly supported by
the trends in average applied ammonium surface loading rates (SLR) and surface removal
rates (SRR). In general, all reactors exhibited an increase in ammonium removal
efficiency in parallel with the progressive rise in applied NH4*-N SLR, indicating the
successful development and adaptation of nitrifying biofilms over time (Figure 24).

In MBBR1, the ammonium SLR and SRR remained closely aligned in all phases,
even after external organic carbon was eliminated in P4, as observed in Figure 24a.
During P5, at HRT of 4 h, the ammonium SLR and SRR were 0.8 + 0.15 gNH4*-N m™ d°
"and 0.7 £ 0.15 gNH4*-N m™ d!, respectively. In P6, when HRT was further reduced to
2 h, the system was subjected to SLR of 1.5 = 0.2 gNH4*-N m™ d"!' and sustained stable
performance, removing 1.3 = 0.2 gNH4+*-N m d'!. This response indicates a mature and
resilient autotrophic biofilm capable of withstanding increased nitrogen surface loading

MBBR?2 exhibited behavior similar to MBBRI in the initial stages. When the
system was subjected only to real wastewater and the HRT was reduced to 4 h in P7, the
ammonium SRR approached the SLR, both converging around 0.9 = 0.1 gNH4*-N m? d-
! (Figure 24b). By P8, the reactor tolerated ammonium SLR near 1.3 = 0.3 gNH4*-N m?
d!, demonstrating the effectiveness of the acclimation strategy and the biofilm’s
adaptation to oil refinery wastewater composition.

MBBR3 (Figure 24c), initially supplied with ethanol as an external carbon source,
achieved high ammonium removal from the beginning of operation. The ammonium SRR
closely tracked the SLR, confirming that ethanol promoted rapid establishment of a
functional nitrifying biofilm, even when ethanol was removed from the influent in P4 (0.6
+0.1 gNH+*-N m d'!), and the HRT was reduced to 4 h in P5 (0.9 £ 0.1 gNH+*-N m d-
1. In P6, the ammonium SRR reached 1.4 = 0.3 gNH4+*-N m™ d!, while the ammonium
SLR was 1.5 = 0.4 gNH4*-N m™ d"!. In the final phase (P7), the SLR decreased to 0.9 +
0.2 gNHs-N m? d' due to a lower concentration of ammonium nitrogen in the
wastewater, and the reactor removed 0.8 = 0.1 gNH4*-N m™ d”!, further demonstrating its

operational robustness.
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Unlike the other reactors, MBBR4 was fed real wastewater from the start and
operated without external carbon supplementation. Initially, the ammonium SLR was low
(0.3+0.2 gNH4*-N m d!), reflecting a longer acclimation period (Figure 24d). However,
the performance gradually improved in P2 (0.7+ 0.3 gNHs*-N m™ d'). In P3, when
operating at 2 h HRT, the reactor reached an ammonium SRR of 1.3 + 0.2 gNH4+*-N m™
d!, while the ammonium SLR was 1.6 £ 0.3 gNH4"-N m™ d"!. These results confirm that

even under more severe and variable real wastewater conditions, the MBBR system could

stabilize and sustain high nitrification performance.
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Figure 24 - Average ammonium surface loading rate (SLR) and ammonium surface removal rate (SRR)

for all reactors throughout the operational phases: a) MBBR1, b) MBBR2, ¢) MBBR3, and d) MBBRA4.

The results of ammonium SRR observed in this study are consistent with those
reported in the literature. Ashkanani et al. (2019) showed significant variation of SRR

depending on the type of carrier used. The highest ammonium SRR was obtained with
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the Kaldnes K3 media, reaching 1.103 + 0.06 gN m d"!. In comparison, the K5 carrier
allowed to achieve a slightly lower SRR of 0.920 + 0.06 gN m d"!. Despite its higher
specific surface area, the M biochip carrier exhibited the lowest performance, with a SRR
of only 0.295 + 0.05 gN m2d!. As reported by Bassin et al. (2012), the ammonium SRR
is strongly influenced by both the operational mode and reactor configuration. In a
continuous autotrophic reactor, the ammonium SRR closely followed the SLR as it was
progressively increased from 0.2 to 1.0 gN m2d"!, while maintaining ammonium removal
efficiencies near 100%. In addition, Lima ef al. (2016) reported that a MBBR system
maintained robust nitrification stability during the early stages of operation, achieving
over 90% ammonium removal at anaverage ammonium SRR of 0.5 gN m2d.

Figure 25 provides a comparative assessment of reactor performance by relating
the ammonium SLR and SRR (x- and y-axes). The solid black line represents the identity
line (x = y), indicating equal loading and removal rates, while the red regression line
depicts the actual reactor response. The slope of each regression corresponds to the
average global ammonium removal efficiency over the entire operational period, while
the coefficient of determination (R?) indicates the stability of this response under variable

loading.
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Figure 25 - Correlation between ammonium SLR and SRR for all reactors: a) MBBR1, b) MBBR2, c)
MBBR3, and d) MBBRA4.

These results reinforce the nitrification trends observed experimentally. MBBR3
presented the highest slope, corresponding to a global removal efficiency of 93%. This
reactor exhibited the most stable response (R? = 0.99), confirming that ethanol-assisted
acclimation accelerated biofilm development and sustained high removal under increased
ammonium loading rates. MBBR?2 followed closely with 90% efficiency and R? of 0.98,
demonstrating that a gradual transition to real wastewater with almost no biodegradable
COD supported the formation of a resilient nitrifying community. MBBR1 showed 83%
overall removal efficiency and R? of 0.97, validating the expected baseline behavior and
robustness of autotrophic nitrifiers in non-toxic synthetic wastewater. Although MBBR4

exhibited the lowest slope (77% total efficiency and R? of 0.95) and greater variability,

its ability to approach the 100% ammonium removal line without any external carbon
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supplementation highlights the adaptability of this biofilm-based system to sustain
nitrification in a secondary treated stream with potential recalcitrant compounds not
removed in the biological secondary treatment stage and under fluctuating influent

characteristics.

4.1.3 Batch Assessment of Nitrification Activity

Figures 26-29 present the temporal profiles of nitrogen species concentrations
obtained from the batch trials conducted at the end of each operational phase for each
reactor. During the operational phases of the reactors, the batch activity assays provided
clear evidence of the occurrence of nitrification. As shown in the Figures, simultaneous
nitrate production occurred alongside the continuous decrease in ammonium
concentration. Furthermore, during the tests conducted in each phase, ammonium was
gradually converted into oxidized inorganic nitrogen forms, first nitrite and subsequently
nitrate. However, in some phases, this conversion occurred more rapidly, such that nitrite
peaks were considerably less pronounced. These results indicate that, in the reactors
treating real refinery wastewater, its presence did not exert a toxic or inhibitory effect on
nitrification performance, a process that is highly sensitive to inhibitory compounds and
often characterized by nitrite accumulation under unfavorable conditions (CAO et al.,
2015).

Maximum ammoniacal nitrogen removal was achieved at different times for the
tests conducted during distinct operational phases of the MBBRs. In MBBR 1, maximum
removal occurred after approximately 360 min during P2—P3, 180 min in P4 and P5, and
120 min in P6. In MBBR2, maximum removal was reached after about 360 min during
P2-P3, 180 min during P4—P6, and 120 min during P8. For MBBR3, maximum removal
was observed after 360 min in P1, 180 min in P2 and P4, 120 min in P3, P5, and P7, and
60 min in P6. In MBBR4, maximum removal was achieved after approximately 300 min
in P1, 120 min in P2, and 90 min in P3.

Overall, the use of refinery wastewater previously subjected to secondary
treatment did not affect the time required to reach maximum NH4'-N removal.

Furthermore, maximum ammonium removal consistently occurred at times equal to or
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shorter than the applied hydraulic retention time, indicating that increasing the HRT does
not necessarily enhance nitrification efficiency.

Linear regression analyses of the experimental data confirmed that ammonium
removal followed zero-order kinetics, with coefficients of determination (R?) exceeding
0.9 for all datasets. Data from biofilm quantification and the corresponding batch trials
were used to calculate the maximum biomass-specific ammonium removal rates, which
are summarized in Table 13. The attached biomass was also reported in volumetric units
(g L' to allow for consistent comparison with the suspended solids. Across all four
MBBRs, the maximum specific ammonium removal rate generally increased when
influent COD was eliminated, and HRT was moderately reduced to 4 h, while further
decreases in HRT to 2 h or increases in VAS often led to stabilization or slight declines

in specific removal rate.
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corresponding to phases P2—P6.
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corresponding to phases P2—PS.
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Figure 28 - Temporal profiles of nitrogen species in MBBR3 obtained during activity batch tests

corresponding to phases P1-P7.

79



(Pl) ---B-- NHs-N --A--NO;-N --@-- NOs-N (Pz) ----B-- NHs-N - -A-- NO;-N --@-- NO;s-N
70 70 -
Specific rate: 6.2 mgNH,*-N gVAS™! h! Specific rate: 10.0 mgNH®-N gVAS- hl @
60 60 ‘
%50 B —%‘h 50 .
"
240 . SRR
530 8.y -0 S3ome’
: - E fw
£ 20 u 220{
Z z N
"!. A L 3
10 A R . . 10 ‘/‘ .__v_.‘\.
AT T T . A B
0 T T T T —= 0 & — A &
0 50 100 150 200 250 300 350 0 100 200 300

Time (minutes)

40

--B-- NHe-N

Time (minutes)

30
25
20 9~

Nitrogen (mgN L)

-~ A--NO-N - -@®-- NOs-N
35 Specific rate: 10.0 mgNH,"-N gVAS™! h'! °
o
.’.,
15 Ly
N
. A
sl a-
! IR - B
0 50 100 150

Time (minutes)

400

Figure 29 - Temporal profiles of nitrogen species in MBBR4 obtained during activity batch tests

corresponding to phases P1-P3.

MBBRI1 showed a gradual increase in the maximum ammonium removal rate

from P1 to P4, attaining the highest value under organic carbon-free conditions in P4

(97 mgNH4-N gVAS™! d'!). When the HRT was subsequently reduced to 4 h in P5,

the maximum ammonium removal rate increased sharply to 422 mgNH4*-N gVAS'!

d!. However, a further reduction of HRT to 2 h (P6) led to a decline in the maximum

rate to 228 mgNH4*-N gVAS™! d!, likely associated with the concurrent rise in VAS

concentration from 0.6 g L' in P5 to 1.5 g L! in P6. At an HRT of 2 h, a steady

increase in average bacterial adhesion to the plastic carriers was observed. The lower

HRT led to higher loading rates, which promoted greater biomass attachment to the

carriers. As a consequence of the higher VAS concentrations, the maximum biomass-

specific ammonium removal rates (expressed as mg NHa*—N gVAS™ d ') exhibited a

decreasing trend.
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MBBR2 exhibited a steady increase in the maximum ammonium removal rate
from P2 to P5, reaching a peak of approximately 345 mgNH4*-N gVAS™! d! in P5.
Following this peak, the maximum rate exhibited a slight plateau across P6, likely due to
the rise in VAS concentration from 0.6 g L™! in P5 to 0.9 g L' in P6, when the reactor
operated with 100% RW and in the absence of COD. As the HRT was further reduced
from 6 h to 2 h across P6—P8, the maximum removal rate remained relatively stable,
ranging between 240 and 280 mgNH.*-N gVAS™ d'!. This stability indicates that the
reactor maintained consistent nitrification capacity and sustained a resilient nitrifying
biofilm despite the operational changes.

In MBBR3, the maximum ammonium removal rate was initially low in P1 (82
mgNH,*-N gVAS™ d!) but increased progressively as influent COD was reduced to zero,
reaching 214 mgNH.*-N gVAS™! d! by P4. Comparable to the trend observed in MBBR2,
the subsequent reduction in HRT to 4 h in P5 and then to 2 h in P6 did not induce major
fluctuations and the maximum rate remains relatively stable, ranging between 180 and
215 mgNH4*-N gVAS™! d!'. A decline was observed in P7, when the maximum rate
decreased to 149 mgNH."-N gVAS™! d!, likely reflecting the reduction in ammonium
load during this phase.

MBBR4 exhibited relatively stable maximum removal rates throughout the
evaluated phases. Starting at approximately 149 mgNH4*-N gVAS™! d! in P1, the rate
increased and reached a peak of about 240 mgNH.*-N gVAS™ d! in P2 when the HRT
was reduced to 4 h. This was followed by a moderate decline in P3, when the maximum
rate decreased to 192 mgNH+-N gVAS™ d!, likely associated with the rise in VAS
concentration from 1.4 g L'! in P2 to 2.6 g L"! in P3, resulting from enhanced biomass
production under the shorter HRT.

Overall, based on the results, there is a distinct inverse relationship between the
availability of biodegradable organic carbon and the biomass-specific ammonium
removal rate of the biofilm. These findings collectively indicate that reducing or
eliminating organic carbon minimizes the competition from heterotrophic bacteria,
thereby allowing the biofilm to become highly enriched with nitrifiers and maximizing
the specific nitrification capacity of the system.

An overall review of the literature consistently demonstrates that increasing

organic loading or elevated COD:N ratios negatively affect the specific nitrifying activity

81



of attached biomass. Several studies report an inverse relationship between organic
loading rate and nitrification rate, primarily driven by competition between fast-growing
heterotrophic bacteria and slower-growing autotrophic nitrifiers. Under high COD
conditions, heterotrophs proliferate rapidly and outcompete nitrifiers for oxygen and
physical space within the biofilm, often forcing nitrifying populations into deeper layers
where mass transfer resistance is greater (RITTMANN; MANEM, 1992). For example,
Bassin et al. (2016) observed a clear decline in specific ammonium removal rates with
increasing organic loading, and Lima et al. (2016) reported a reduction in maximum
specific nitrification rates from 31 to 19 mgNH.*-N gVS™ d!' as organic loading
increased. Similar inverse relationships between COD:N ratio and nitrification
performance were reported by Torkaman ef al. (2015) and Carrera et al. (2004), both
attributing the decline in nitrification to heterotrophic dominance within the biofilm under
elevated organic carbon conditions. In addition, Ling and Chen (2005) investigated
nitrification in industrial wastewater using three biofilters and demonstrated that
increasing the influent COD:N ratio to the aerobic reactor led to an asymptotic decline in
the nitrification rate.

Other studies have also highlighted the critical role of feed COD:N ratios in
controlling nitrification rates. Batch activity tests conducted by lannacone et al. (2019)
demonstrated that lower carbon loads significantly enhanced specific nitrifying activity,
while Wang et al. (2023) reported improved ammonia-oxidizing and nitrite-oxidizing
rates as the C/N ratio decreased from 6 to 3, indicating enhanced enzymatic activity and
nitrification performance under lower carbon conditions.

Despite the observed reduction in nitrification rates at higher organic loads, some
studies suggest that complete ammonium removal may still be achievable under
appropriate operational conditions. Carrera et al. (2004) demonstrated that although
higher COD:N ratios caused an exponential decrease in nitrification rates, full
nitrification could still be maintained in high-strength industrial wastewater systems.

Moreover, the results indicated that decreasing the HRT leads to higher specific
nitrification rates, but at the same time slightly reduces the overall ammonium removal
efficiency. This behavior is mainly attributed to the increased ammonium loading
imposed at shorter HRTs, which stimulates nitrification activity but limits complete

ammonium removal (BASSIN, DEZOTTI, 2018). This observation corroborates the work
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of Welander et al. (1997), confirming that despite the enhanced kinetic activity at high
hydraulic loads, longer retention times are requisite for achieving high-quality effluent.
Based on the study by Torkaman et al. (2015), there is a distinct trade-off between
ammonium removal efficiency and the nitrification rate when adjusting the HRT.
Reducing the HRT results in a decline in ammonium removal efficiency, as the shorter
contact time limits the duration available for nitrifying bacteria to oxidize the substrate.
However, because the nitrification rate is proportional to the ammonium loading rate,
reducing the HRT, which increases the inlet flow and thus the loading, actually promotes
a higher nitrification rate. Consequently, while shorter retention times enhance the
reaction rate per unit of biofilm area, they result in a lower percentage of total ammonium
removed from the wastewater (NAYERI ez al., 2025).

Table 13 also presents the average real apparent specific removal rates measured
during operational periods in which each reactor was running under the same conditions
as their corresponding batch tests. The minor contribution of suspended solids to the total
solids indicates that the apparent specific removal rate is primarily driven by the activity
of the attached biomass, making the comparison between apparent and maximum specific
removal rates appropriate. This does not imply low activity of the suspended biomass; on
the contrary, its specific removal rate may be even higher than that of the biofilm, as
planktonic cells are not subject to diffusion limitations of substrates (BASSIN et al., 2016;
LIMA et al.,2016; MATHEUS et al., 2020). During the initial operational phases of each
reactor, the maximum biomass-specific ammonium removal rates were close to the
apparent (real) removal rates. However, this discrepancy increased in the later phases,
with the largest gaps observed in P5 for MBBR1 (1.6-fold), P7 for MBBR2 (2.3-fold), P7
for MBBR3 (3.0-fold), and P3 for MBBR4 (1.9-fold). This trend is consistent with
expectations, as these phases exhibited enhanced nitrification performance, as
summarized in Table 13. This indicates that the actual ammonium removal rates were
well below the maximum achievable rates, meaning the reactors were not operating at
their full capacity. In these phases, nitrification performance was high and stable, and the
gap between the real and maximum rates suggests substrate limitation rather than process
deterioration. This is not unfavorable; instead, it reflects that the reactors still had

available treatment capacity to handle higher loads if required.
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Table 13 - Ammonium removal and specific ammonium removal rate obtained in all
experimental phases of MBBR1, MBBR2, MBBR3, and MBBR4.

Specific ammonium removal rate

Reactor  Phase Ammonium (mgNH+-N gVs™'d™) VAS v8s
removal (%) (gL (mgLh
Max® Real”  fyax/Real
P1 73+ 16 - - - - -
P2 76+ 1 65 68 1 2.4 96.7
MBBRI P3 86+ 14 86 75 1.1 2.5 43.3
P4 99 +1 97 58 1.7 2.5 43.3
P5 94 £ 1 422 268 1.6 0.6 0
P6 84 £ 14 228 181 1.3 1.5 10
P1 73 +£19 - - - - -
P2 72+3 86 87 1 1.8 113.3
P3 88+ 15 137 129 1.1 1.4 100
P4 9 +1 175 92 1.9 1.4 100
MBBR2
P5 100+ 1 346 177 1.9 0.6 0
P6 9 +1 254 149 1.7 0.9 43.3
P7 99 +1 242 103 2.3 1.4 56
P8 95+3 278 213 1.3 1.2 22
P1 79 £12 82 55 1.5 1.7 115
P2 98 £2 106 62 1.7 2.3 130
P3 99 +1 206 86 2.4 1.5 13.3
MBBR3 P4 99 +1 214 106 2.0 1.5 6.7
P5 97 +1 182 95 1.9 2.1 0
P6 92+9 211 102 2.1 2.8 26
P7 96 £2 149 49 3.0 3.4 30
P1 61 £25 149 143 1 1.0 23.3
MBBR4 P2 94 +6 240 132 1.8 1.4 0
P3 81+ 16 192 101 1.9 2.6 16

2In Max VS corresponds to VAS, since only attached biomass was present during the batch trials.

°In Real VS represents the sum of VAS and VSS, as this rate refers to continuous operation in which both

attached and suspended biomass fractions were present.
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Table 14 — pH and temperature evaluated at the beginning and end of the batch activity

tests.
Reactor Phase pHinitim pHfina Tinitial (°C) Ttina (°C)
P2 8.0 6.2 18.8 17.3
P3 8.1 52 13.5 20.2
MBBRI1 P4 8.6 8.5 16.3 19.8
P5 8.4 8.4 15.4 20.3
P6 8.5 8.3 20.4 20
P2 7.9 6.3 18.9 17.5
P3 7.6 8.1 16.5 20.3
P4 8.4 8.6 16.8 20.2
MBBR2 P5 8.4 8.7 17 20.8
P6 8.3 8.5 223 20.1
P7 8.0 8.5 214 20.3
P8 8.5 8.7 20.5 20.2
P1 7.6 6.2 20.5 18.0
P2 8.1 8.3 16.3 18.1
P3 8.3 8.2 17.1 18.6
MBBR3 P4 8.2 8.4 21.8 17.5
P5 8.2 8.5 22.1 18.9
P6 8.1 8.6 21 18.4
P7 8.6 8.9 20.4 20
P1 8.2 8.4 222 16
MBBR4 P2 8.1 8.3 23.6 18.3
P3 8.4 8.7 20.6 21.1

The pH and temperature values measured at the beginning and end of the batch
kinetic tests are summarized in Table 14. Throughout the tests, these values remained
within or close to the optimal range for nitrification, indicating suitable conditions for

reactor performance.
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4.1.4 Attached and Suspended Solids Assessment

Figure 30 shows the temporal evolution of attached solids distribution and biofilm
detachment behavior in the four MBBR systems throughout the different operational
phases. Panels (a, c, e, g) present the concentrations of attached volatile solids (VAS) and
fixed attached solids (FAS), together with the VAS/TAS ratio, reflecting changes in
biofilm composition over time. Panels (b, d, f, h) illustrate the corresponding average
biofilm-specific surface detachment rates.

Biofilm development involves microbial growth and accumulation, leading to
gradual thickening during operation. Excessive thickness can limit nutrient and oxygen
transfer, reducing microbial activity and treatment efficiency, a condition known as
biofilm aging. Detachment plays a key role in restoring activity and occurs when internal
structural stress exceeds the strength of the biofilm matrix, either due to mechanical forces
(e.g., hydrodynamic changes) or internal weakening such as enzymatic degradation of
EPS (BUTLER; BOLTZ,2014; HUANG et al., 2019). Under steady conditions, a balance
between growth and detachment controls biofilm structure and functionality
(NICOLELLA et al., 2000). The specific biofilm detachment rates (kq) were calculated
for the reactors using Equation (12), described in Chapter 2.

Based on the results, in MBBRI1, the VAS values initially increased, reaching a
significant peak during P2 (19.1 g m™), which likely indicates thick biofilm formation
(Figure 30a). However, this high VAS did not necessarily imply enrichment of nitrifiers.
The sharp decline in VAS after P2 likely reflects biofilm detachment or heterotrophic
sloughing as operational conditions changed, possibly due to the reduction of COD. This
interpretation is supported by the observed rise in biofilm detachment rate from an
average of 1.8+£0.9 gTSSm2d ! inP1 to 4.2 gTSSm2d"! in P2 during which the system's
carbon source was decreased (Figure 30b). From P4 to P5, the HRT in MBBR1 was
progressively reduced from 6 to 4 h, significantly increasing the flow rate and operational
stress within the system. As a result, VAS declined from an average of 8.5 gm™ in P3 to
2.4 g m?in P5. Further reduction in HRT to 2h increased biomass sloughing events, and
the detachment rate increased to an average of 1.7 = 1.3 gTSS m™ d™! in P6. However,
after the initial sloughing episode, the VAS concentration increased , and the biofilm

reached a VAS concentration of 6 g m at the end of P6.
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Figure 30 - Temporal variation of volatile attached solids (VAS) and fixed attached solids (FAS)), and the
VAS/TAS ratio and average biofilm surface-specific detachment rate (kq) determined for experimental
phases applied to each reactor: a-b) MBBR1, c-d) MBBR2, e-f) MBBR3, and g-h) MBBR4. TAS
represents the sum of VAS and FAS.

87



Similar to MBBRI, in the early phases of MBBR2 (P1-P2), the use of synthetic
wastewater with a high glucose concentration promoted the development of a relatively
thick biofilm (Figure 30c), as indicated by elevated VAS levels (average of 7.9 g m™ in
Pl and 13.4 gm™in P2). When the COD was reduced in P2, the detachment rate increased
slightly from an average of 1.3+ 0.8 gTSS m>d"' in P1 to 1.9 gTSS m?2 d! in P2 (Figure
30d). From P3 to P6, the gradual incorporation of secondary refinery wastewater
introduced more complex and potentially inhibitory compounds, leading to an initial
shock that resulted in a decrease in volatile attached solids from an average of 7.1 g m™
in P3 to 3.7 g m? in P6. A similar result was observed by Zhang et al. (2025), who
reported that biomass initially declined due to the toxic shock of real wastewater, but later
recovered and increased as the biofilm adapted and matured. Subsequently, between P6
and P7, reducing the HRT from 6 to 4 h increased hydraulic stress, causing the detachment
rate to rise from 0.5 gTSS m2 d ™' in P6 to an average of 2.6 £ 2.1 ¢TSS m= d! in P7.
However, a further reduction in HRT to 2 h in P8 did not intensify sloughing, and VAS
remained stable at approximately 4.9 g m2 by the end of P8. This stability likely reflects
the development of a more specialized and resilient nitrifying biofilm adapted to the
increasingly challenging real wastewater conditions.

In the early phases of MBBR3 (P1-P2), there was a moderate accumulation of
VAS, with an average of 8.0 gm™ VAS in P1 and 9.2 g m™ in P2 (Figure 30e). However,
as influent COD was gradually reduced and then eliminated, the detachment rate
increased slightly from 1.1 gTSS m2d " in PI to 1.5 gTSS m2 d! in P2, and the VAS
declined to 5.8 g m™ in P4 (Figure 30f). During the later operational phases (P4—P6), the
progressive reduction in HRT from 6 to 2 h increased the hydraulic and shear stresses
imposed on the system. As a result, the detachment rate rose from 0.6 gTSS m2d! in P4
to 1.2 gTSS m™=d " in P6. Despite these increased shear forces, the biofilm resisted further
sloughing, and the volatile attached solids concentration exhibited a modest rise, reaching
11.3 g m™? by the end of P6. In the final phase (P7), the reactor maintained its performance

and biofilm stability despite low ammonium availability.
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In MBBR4, the variation of VAS displayed a relatively stable pattern (Figure
30g), with concentrations being lowest in P1 (average of 6.5 gVAS m2), and gradually
increasing toward P3 as HRT decreased to 2 h (average of 10.5 gVAS m2). This gradual
rise indicates a progressive biofilm development, consistent with the establishment of a
slow-growing nitrifying population that promotes system stability. Similarly, the biofilm
detachment rate exhibited low variation throughout the periods (Figure 30h), with only a
slight increase observed in P3 (average of 1.6 = 1 gTSS m™2 d'), coinciding with the
reduction of HRT to 2 h.

The results indicate that organic carbon availability was the main factor regulating
biofilm accumulation. The presence of readily biodegradable substrates (glucose and
ethanol) in MBBR1-3 promoted rapid formation of thick, high-mass biofilms largely
dominated by fast-growing heterotrophic bacteria. Consistently, previous studies have
reported a positive linear relationship between organic loading rate and biomass
production, demonstrating that higher organic loads stimulate biofilm growth while also
increasing sloughing and solids production (AYGUN et al., 2008). Subsequently, the
reduction or removal of organic loading acted as a major stress factor for heterotrophic
organisms that rely on readily biodegradable carbon, leading to a consistent decrease in
attached biomass. The decay of this heterotrophic fraction produced inert residues as well
as slowly biodegradable carbonaceous and nitrogenous compounds, which required
hydrolysis before being converted into readily biodegradable substrates that could
subsequently be utilized by autotrophic biomass (VON SPERLING, 2007).

Consistent with the observations in this study, previous research suggests that
improved formation of nitrifying biofilms can be achieved by controlling EPS production
and limiting excessive heterotrophic growth (TSUNEDA et al., 2001). In line with this,
Bassin et al. (2015) reported that high influent COD increased attached biomass content
(up to 2.0 gVAS L), whereas the subsequent removal of organic carbon led to
heterotrophic decay or detachment, reducing adhered biomass to approximately 1.0
gVAS L', similar to reactors operated without organic carbon. Similarly, Tijhuis et al.
(1994) observed that introducing acetate to a nitrifying reactor caused a low-density
heterotrophic layer to overgrow the existing biofilm. However, upon switching to a
nitrification medium without organic carbon, this outer heterotrophic layer was sheared

off within two days, while the inner nitrifying core remained rigid and stable, allowing
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nitrification activity to be rapidly restored. Together, these findings indicate that organic
carbon promotes initial biofilm development but that its reduction favors the loss of outer
heterotrophic layers and the formation of a thinner, more stable nitrifying biofilm.

Figure 30 also presents the VAS/TAS ratio, which indicates the organic or
inorganic nature of the attached biomass. Overall, this ratio generally remains high
throughout the study in all reactors (often above 70%), indicating that most of the attached
solids consisted of volatile biomass, primarily composed of active microorganisms, which
is a typical characteristic of pure MBBR systems operating without sludge recirculation
(BASSIN, DEZOTTI, 2018). However, during specific operational phases, this ratio
decreased to approximately 50-60%, indicating a substantial change in biofilm
characteristics, with a high proportion of inactive cells (inert material). Despite this
reduction, high nitrification efficiencies were maintained, indicating the resilience of the
active biofilm fraction and the robustness of the nitrification process under varying
operational conditions. These ratios are consistent with values reported in the literature
(CAO et al., 2016; JAHREN et al., 2002).

Figure 31 illustrates the influent and effluent profiles of total, volatile, and fixed
suspended solids across the different operational phases of the reactors. In the influent of
the reactors treating refinery wastewater, VSS concentrations showed considerable
variability, ranging from 8 to 98 mg L™'. Nevertheless, these results indicate that a
substantial fraction of the incoming suspended solids was of organic origin. This figure
also shows the corresponding VSS/TSS ratio in the reactors effluent. Similar to the
attached solids analysis, this ratio indicates that a substantial fraction of the biomass
leaving the reactor was predominantly organic, remaining high (often above 60%)
throughout the operational phases. This occurs because much of the suspended biomass
resulted from biofilm detachment; therefore, the properties of the suspended and attached
fractions are closely related. Consequently, phases with elevated suspended solids

concentrations coincided with reductions in attached biomass.
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Figure 31 - Concentration of total, volatile, and fixed suspended solids in the influent (I) and effluent (E)
throughout the operational phases: a) MBBR1, b) MBBR2, c) MBBR3, and d) MBBR4.
(TSS =VSS + ESS).

Figure 32 displays the distribution of solids in the MBBR systems over time,
broken down into attached solids, suspended solids, and the percentage of attached solids
relative to total solids (TAS/TS). This parameter is important to assess the balance
between biofilm-based (attached) and suspended growth within each reactor and helps
interpret how favorable the environment is for nitrifying bacteria. The balance between
attached and suspended growth affects process performance, with attached biomass
showing higher biodegradation potential for pollutants compared to suspended biomass.
This general advantage of attached biomass over suspended biomass is likely attributable
to the longer residence time of microorganisms on the carriers, which may promote
greater biodiversity by protecting slow-growing bacteria from washout (MAZIOTI et al.,
2015). Throughout the experiment, solids in all reactors were predominantly retained as

attached biofilm, with TAS/TS ratios exceeding 90%, indicating excellent biomass
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retention on the carriers. However, at several time points, particularly during transitional
periods between operational phases, there were noticeable but temporary decreases in this
ratio, suggesting episodes where suspended biomass slightly increased or the biofilm
detachment occurred. Despite these fluctuations, the MBBR systems recovered quickly,
and the TAS/TS ratio returned to high levels. Similar trends were reported by Forrest et
al. (2016), who evaluated solids production in tertiary nitrifying MBBR systems and
demonstrated that these reactors function predominantly as attached-growth processes.
Their study showed that the total attached biofilm mass within the reactor was roughly

two orders of magnitude higher than the suspended solids fraction.
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TAS and TSS.
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4.1.5 Visual Observation of Attached Biomass and Biofilm Thickness

The images obtained from the K1 carriers (Figure 33b—33e) show pronounced
variations in biofilm thickness across the different operational phases, reflecting the
influence of changing operational conditions on biofilm development. Biofilm thickness
plays a critical role in shaping microbial diversity and metabolic activity, primarily by
creating mass transfer resistance that limits the diffusion and penetration of substrates
into the deeper layers of the biofilm matrix (TORRESI et al., 2016). As observed from
the carrier images, significantly less biomass develops on the outer surfaces of the carriers
compared to the inner surfaces. This is likely due to abrasion resulting from carrier—
carrier collisions, which restricts biomass growth on the exterior part of the media
(ODEGAARD, 20006).

In MBBRI1-3, the progressive reduction in COD loading rate significantly
influenced the dynamics of attached solids. However, the adaptation pathways differed
among reactors due to variations in influent composition and acclimation strategies. This
structural transition is evidenced by the reduction in biofilm thickness observed in Figure
34a—34c, while nitrification performance remained stable and efficient, indicating the
selective retention of active biomass well adapted to low-carbon conditions. From P1 to
P4, as the influent COD decreased and eventually reached zero in MBBR1-3, biofilm
thickness in MBBR1 decreased from an average of 304 um in P1 to 161 pum in P4.
Similarly, in MBBR2, biofilm thickness declined from 308 pm to 183 pum, while in
MBBR3 it decreased from 130 um to 90 um over the same operational period. In contrast,
biofilm development in MBBR4 (always fed with RW without supplementation of an
external carbon source) was noticeably delayed due to the absence of biodegradable COD
in the influent. With limited heterotrophic growth (mainly attributed to decaying
autotrophic biomass) and the associated competitive interactions, biofilm formation relied
exclusively on autotrophic microorganisms. As a result, a thin but functional nitrifying
biofilm developed gradually, reaching an average thickness of 51 pum by the end of P1.

Figure 33a illustrates the relationship between influent COD concentration and
biofilm thickness in MBBR1-3 during P1 to P4. Based on the results, the relationship
between COD concentration and biofilm development shows a consistent negative trend

in all reactors, supported by relatively high coefficients of determination (R?). The
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obtained R? values indicate a good fit between COD and biofilm response, confirming
that variations in COD explain a significant portion of the observed changes. MBBRI1,
MBBR2, and MBBR3 presented strong correlations, with R? values of 0.84, 0.79, and
0.86, respectively, suggesting that COD reduction was a major factor governing biofilm
behavior under low-carbon conditions. Similar to these observations, Ding et al. (2020)
demonstrated that the influent C/N ratio exerted a direct influence on biofilm physical
characteristics, with higher ratios leading to significantly thicker biofilms.

In MBBR1 and MBBR2, as the HRT was progressively reduced from 6 to 2 h, the
biofilm retained a heterogeneous structure characterized by localized dense clusters
(Figure 33b and 33c). Under these conditions, the average biofilm thickness reached 223
pm by the end of P6 in MBBRI1 and 241 pm in MBBR2 by the end of P8. In contrast,
MBBR3 and MBBR4 (Figure 33c and 33e) developed thinner and more uniformly
distributed biofilms over the same operational changes. At an HRT of 2 h, the average
biofilm thickness reached 152 pm in MBBR3 and 140 pm in MBBR4. Based on the
results, the reduction in HRT seemed to stimulate biofilm growth, leading to an
observable increase in average biofilm thickness across all reactors. Similarly, Dong et
al. (2011) observed a comparable trend, concluding that a reduction in HRT (from 36 to
18 h) led to an increase in the thickness of the biofilm attached to the carriers. In addition,
in a study by Kawan et al. (2022), the authors reported a clear relationship between HRT
and biofilm thickness in MBBR, showing that decreasing the HRT from 24 to 2 h led to

an increase in biofilm thickness from 102.6 to 297.1 pm.
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Figure 33 - (a) Biofilm thickness variation over time under different COD concentrations, and visual
assessment of biofilm development on carriers in the MBBRs over the experimental phases: (b) MBBR1,
(c) MBBR2, (d) MBBR3, and (¢) MBBR4.
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Figure 34 - Average biofilm thickness across operational phases of the reactors: (a) MBBR1, (b) MBBR2,
(c) MBBR3, and (d) MBBRA4.

Table 15 summarizes the biofilm thickness observed in nitrifying MBBR systems,
as reported in previous studies. The results obtained for the MBBRs from this study show
that the measured biofilm thickness values are consistent with the ranges previously

reported in the literature.
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Table 15 - Biofilm thickness in nitrifying MBBR systems.

Source Operational Condition Biofilm thickness Nitrification Performance

(pm)

HRT:2.2 hours
(YOUNG et al., COD: 88.8+19.9 mg L™
2016) NH4+-N: 440 gN m? d! 22217 46.1 £5.7 % removal
NH4+-N: 600 gN m™ d! 264 £15 36.8 2.2 % removal

HRT: 5.25 hours
(ASHKANANI et  COD: 313 £ gCOD m™ d!
al.,2019) NH4+-N: 0.611 £0.05 gN
m?2d’!

69.08-456.11 87.3 % removal

The reactors stabilized at an

(TORRESI et al., HRT: 2 hours 50-100 average ammonium removal

N 1

2016) NH4+-N: 50 mg L rate 0f2.21 £0.23 gNm=2d!

HRT: 7 hours The reactors stabilized at an

(NOGUZ%S;)A etal, NH4+-N: 1.26 kg m d! 3345 average ammonium removal
COD: 0 rate of 1.20 kgNm= d.

4.1.6 Microscopic Visualization of Biofilm

The biofilm developed on the carriers in MBBR systems not only harbors bacterial
communities essential for organic and inorganic matter removal but also supports a
diverse microfauna, including protozoa and micrometazoans. These organisms, sensitive
to changes in process conditions such as substrate concentration, oxygen levels, and the
presence of toxic compounds, are often used as biological indicators of treatment
efficiency. Protozoa are generally larger than bacteria and feed on them, playing a key
role in the microbial food web by enabling larger organisms to indirectly utilize bacterial
biomass that would otherwise be inaccessible. Through bacterial grazing, protozoa
contribute to turbidity reduction, decrease particulate organic matter, and support the
removal of pathogenic species (BASSIN, DEZOTTI, 2018; VON SPERLING, 2007).

Figure 35 presents the microscopic images of the biofilm from the MBBR systems
across different operational phases. Microscopic analysis revealed that MBBR1, MBBR2,
and MBBR3 (Figures 35a, 35b, and 35c¢, respectively) developed well-structured and
mature biofilms, populated by abundant protozoa, rotifers, filamentous bacteria, and

bacterial flocs. These communities indicate a stable trophic structure and favorable
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conditions for nitrification, consistent with the reactors' high ammonium removal rates.
The presence of filamentous bacteria contributes to biofilm integrity, while higher
organisms suggest ecological balance and efficient biomass turnover. In contrast,
MBBR4 (Figure 35d) initially exhibited poor biofilm formation, with dispersed microbial
cells and low structural integrity. However, in later phases, the biofilm gradually became
more compact and organized, reflecting microbial adaptation. This progression
corresponded with the reactor’s enhanced nitrification performance in later stages,

indicating that microbial adaptation contributed to functional recovery.
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Figure 35 - Optical micrographs (400x magnification) obtained during different operational phases of the
reactors: (a) MBBR1, (b) MBBR2, (c) MBBR3, and (d) MBBRA4.
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4.1.7 Operational Parameters: pH and Temperature

Figure 36 presents the pH variation observed during the different operational
phases of the reactors. Nitrification rates are strongly dependent on pH, with optimal
performance generally observed within the range of 6.5 to 8.5. Nitrification rates decrease
significantly under near-neutral conditions, highlighting the importance of maintaining
pH within this range to ensure stable and reliable process performance. Nitrification
consumes alkalinity, leading to a decrease in pH. Therefore, pH control through the
addition of alkaline compounds is often necessary to maintain stable operating conditions
(RUSTEN et al., 2006b).

During P1-P3, MBBR1 and MBBR?2 exhibited pronounced pH fluctuations, with
values ranging between 6.0 and 8.5 and an average of 7.3 + 0.9, including occasional
decreases below pH 7.0. Such variability indicates limited buffering capacity during the
initial operational period and may adversely affect nitrification stability. Following
alkalinity supplementation with sodium bicarbonate, pH conditions improved markedly;
from P3 onward, pH remained stable within the optimal range for nitrification. In contrast,
MBBR3 and MBBR4 exhibited comparatively stable pH profiles throughout most
operational phases. Both influent and effluent pH values were consistently maintained
within the range of 7.0-8.5, with an average of 8.0 £ 0.3 for both reactors, a condition
widely recognized as favorable for sustaining efficient and stable nitrification.

Throughout all operating conditions, the reactors were operated at an ambient
temperature of 24 + 3 °C. These values fall within the temperature range suitable for
nitrification and the growth of autotrophic bacteria (4—45°C), as well as for the growth
and development of aerobic microorganisms (10—40°C) (Metcalf & Eddy, 2014).
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Figure 36 - pH values recorded throughout the reactors operating periods, with phase transitions indicated

by vertical dashed lines. Upper and lower limits defining optimal nitrification performance are shown as

dotted horizontal lines: a) MBBR1, b) MBBR2, ¢) MBBR3, and d) MBBR4.
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4.2 Part II: Effect of Oil Concentration on Nitrification

This section presents the second part of the study, which investigates the impact
of increasing oil concentrations on the established nitrifying biofilms. The methodology
involved progressively exposing the reactor to higher oil loads up to 500 mg L' to assess
the system’s response. The analysis focused on reactor performance and structural
changes in the biofilm through visual observations, solids dynamics, oil distribution,
batch activity tests, and continuous nitrification performance, along with the monitoring

of key operational parameters.

4.2.1 Visual Observation

Figure 37 shows the visual changes observed in MBBR4 and its carriers during
operation under normal oil concentration (10-30 mg L) and under high oil loading
conditions (300-500 mg L!"). During operation without elevated oil levels, the carriers
appeared relatively clean with uniform biofilm development and were freely moving
within the reactor. In contrast, under high oil concentration, the carriers became
noticeably darker and more coated, indicating significant oil accumulation and changes
in biofilm structure and surface characteristics. The excess oil promoted the adhesion of
biocarriers to each other, leading to the formation of clusters and agglomerates. As a
result, the mobility of the carriers was reduced, making mixing more difficult and limiting

their proper circulation inside the reactor.
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Figure 37 - Visual observation of MBBR4 before and after exposure to high oil loading (300-500 mg
L.

Moreover, a clear accumulation of solids is visible at the bottom of the reactor,
forming a compact layer, while suspended particles can also be observed throughout the
liquid phase (Figure 38). The visual observations suggest changes in carrier movement
and overall reactor hydrodynamic behavior during this operational phase. A more detailed

explanation and discussion of these observations are provided in the sections below.
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Figure 38 - Visual appearance of MBBR4 under high oil concentrations (300-500 mg L"), showing

carrier agglomeration and accumulation of solids.

4.2.2 Biofilm Behavior and Solids Dynamics

Figure 39a depicts the evolution of total suspended solids in the influent and
effluent, while Figure 39b presents the biofilm-specific detachment rates across the
reactor’s operational phases. Together, the changes in suspended solids and detachment
rates demonstrate how progressive oil loading influenced biofilm behavior. As the
influent oil concentration increased, influent TSS showed a corresponding gradual rise,
reaching its highest values in P4 and P7, with averages of 233 and 219 mg L7,
respectively. The elevated TSS in P4 likely resulted from solids accumulating alongside
the oil in the feed container due to inadequate mixing. From P5 onward, improved
agitation reduced this accumulation and ensured better dispersion of oil in the influent.

The consistently lower suspended solids concentrations in the effluent relative to
the influent indicate that a fraction of the oil likely adhered to the biofilm, carriers or
reactor surfaces. This interpretation is supported by the progressive accumulation of oil
on the carriers, which increased from 0.11 mg oil mgTAS™ in P5 to 0.58 mg oil mgTAS"
!in P6 and decreased to 0.51 mg oil mgTAS™ in P7, where TAS represents the mass of
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total attached solids on the carriers used for oil extraction. The higher oil concentration
measured on the carrier in P6 compared to P7 can be explained by differences in sorption
efficiency associated with oil concentration (BOLEYDEI et al., 2018; CHOWDHURY
etal.,2009). In P6, the oil load likely remained within a range where individual molecules
or small droplets could readily access available adsorption sites within the biofilm pores
and carrier surface, promoting efficient attachment and accumulation. In contrast, the
higher oil concentration applied in P7 may have favored the aggregation of oil compounds
into larger clusters or micelle-like structures (BRANDAO et al., 2010). These larger
aggregates have reduced ability to diffuse into biofilm pores and access internal sorption
sites, limiting further accumulation on the carrier. In general, sorption sites are finite, and
once they become saturated, no additional sites are available for further adsorption.
Moreover, high oil concentrations can block the pores on the sorbent’s external surface,
preventing oil from diffusing into and accessing the internal pore structure (RAZAVI et
al.,2015; IBRAHIM et al., 2010). As a result, despite the higher influent oil concentration
in P7, the effective retention of oil on carriers decreased compared to P6.

As the operation progressed, effluent TSS also showed an increasing trend,
indicating enhanced solids release and biofilm instability. As observed in Figure 39b, the
biofilm detachment rate increased sharply with oil concentration, reaching its highest
levels in P6 and P7, with averages of 7.1 and 9.2 gTSS m2 d ™, respectively. This increase
suggests that excessive oil loading interfered with biofilm cohesion and attachment

strength and reduced the biofilm’s structural integrity and stability.
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Figure 39 - Biofilm behavior and solids distribution in MBBR4 during phases P3—P7: (a) Variation of
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concentrations in influent, effluent, and biofilm carriers, as well as oil reduction percentage.

Another important parameter illustrated in Figure 39a is the proportion of volatile
suspended solids relative to total suspended solids (VSS/TSS), which provides insights
into the composition of the solids discharged from the MBBR system as previously
discussed. The volatile fraction primarily represents organic matter, either active biomass
or organic compounds that became inert during their residence in the reactor, whereas the
fixed solids correspond to inorganic, largely inert material resistant to microbial activity.
In the effluent, the VSS/TSS ratio showed considerable variability, ranging from 39% to
100% and averaging around 80%. Despite this fluctuation, it is evident that a significant
portion of the solids leaving the reactor was organic in nature. The fixed solids fraction
tended to remain in the effluent, suggesting that the inorganic solids, unable to produce
extracellular polymeric substances, did not adhere to the biofilm but persisted in
suspension. Correspondingly, the biofilm also maintained a high proportion of volatile
attached solids relative to total attached solids (VAS/TAS >80%), as shown in the
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attached solids distribution (Figure 40a). This predominance of volatile solids suggests
that the attached biomass was largely composed of metabolically active microorganisms,
with a relatively low contribution from inert or inorganic material. Slight declines
observed in VAS/TAS at some points may reflect short-term fluctuations in biofilm
composition. Nevertheless, even during these periods, the biofilm retained its nitrification
capacity, indicating that the accumulation of inert material did not compromise overall

microbial functionality.
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Figure 40 - Dynamics of attached and suspended biomass in MBBR4 during P3-P7: (a) Temporal
variation of volatile attached solids (VAS), fixed attached solids (FAS), and the VAS/TAS ratio, (b)
Temporal distribution of total attached solids (TAS), total suspended solids (TSS), and TAS/TS ratio in
the reactor. TS represents the sum of TAS and TSS.

From P3 to P4 (Figure 40a), the introduction of a low oil concentration (<50 mg
L) promoted biomass accumulation, with VAS increasing from an average of 11.92 g
m? in P3 to 15.1 g m™ in P4. As the oil concentration increased from P4 to P6, VAS
values remained relatively stable, averaging 14.9 g m™ in P5 and 14.25 g m™? in P6.
However, in P7, when the oil concentration reached 399 + 114 mg L', a significant
reduction in VAS occurred, decreasing to an average of 7.45 g m™. This decline indicates
that excessive oil loading negatively affected biofilm development and led to alterations
in its structural integrity. The reduction in VAS concentration during P7 is consistent with

the increased biomass detachment observed in this phase.
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Figure 40b presents the temporal distribution of solids in the MBBR systems,
TAS, TSS, and the percentage of attached solids relative to the total solids (TS), where
TS is defined as the sum of TAS and TSS. During P3-P5, the majority of the solids
throughout the experiment were retained as attached biofilm, indicating excellent biomass
retention on the carriers. However, during P6-P7 this ratio decreased to an average of
92%, suggesting that suspended biomass slightly increased or the biofilm detachment

occurred.

Biofilm thickness (pm)
—- =
(=1 wn [=}
(=] (=] (=]

w
(=]

(=]

350 A
300 A
250 A I
P3 P4 P5 P6

Figure 41 - (a) Visual characterization of biofilm development on Kaldnes K1 carriers in MBBR4 during

P3-P7 and (b) average biofilm thickness across operational phases.

Overall, the biofilm formed on the carrier surface exhibited a visibly developed
thickness, as evidenced by the stereomicroscopic images presented in Figure 41a. These
images clearly demonstrate the gradual transformation in biofilm morphology and color
as the oil concentration increased. During P3 and P4, the biofilm formed on the carriers
appeared thin, uniform, and brownish, with average thicknesses of 139 + 23 um and 163
+ 46 pum, respectively.

As the oil concentration increased from PS5 to P6, the biofilm became thicker and
darker, reaching average thicknesses of 274 + 26 um in P5 and 351 + 37 pum in P6.
However, this increased thickness likely introduced mass transfer limitations. In P7, as
the oil concentration increased further, the biofilm surface became irregular and patchy,
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showing clear signs of detachment and reduced coverage across the carrier surface. Due
to this pronounced nonuniformity, biofilm thickness could not be reliably measured
during this phase.

Overall, the results demonstrate that excessive oil loading adversely affected
biofilm integrity, promoting a transition from a stable and well-attached structure to a
partially unstable state characterized by increased sloughing, biomass washout, and
reduced biofilm thickness. This behavior indicates that elevated oil concentrations
disrupted the dynamic equilibrium between biofilm growth and detachment, thereby
decreasing attachment strength and structural cohesion. Although mature biofilms are
generally resistant to external disturbances, the fundamental stages of biofilm
development, including transient attachment, irreversible adhesion, and the formation of
adhesive structures, are governed by tightly regulated cellular mechanisms that are
sensitive to environmental stress (SZCZEPANSKI; LIPSKI, 2013). Disruption of these
processes under high oil loading conditions likely impaired the development and
maintenance of stable attached microbial communities, ultimately resulting in biofilm
instability.

This observation can be interpreted in light of mechanisms reported in the
literature. Oil adsorption onto biomass occurs through interactions between hydrophobic
hydrocarbon compounds and functional groups present on biological surfaces, together
with the porous and hydrophobic characteristics of the biomass that favor rapid
attachment and accumulation (BOLEYDEI et al., 2018). Biofilms consist of microbial
cells attached to a substratum and embedded within a matrix of EPS of biological origin.
This matrix, primarily composed of proteins and polysaccharides with smaller fractions
of lipids and nucleic acids, may account for up to 50-90% of the total organic carbon of
the biofilm and plays a central role in maintaining mechanical stability (FLEMMING et
al., 2016; RAS et al., 2013). Owing to its heterogeneous composition and layered
structure, EPS contains both hydrophilic and hydrophobic domains, which enable
interactions with a wide range of compounds (POMPILIO et al., 2008).

Given the low solubility and predominantly non-polar, hydrophobic nature of
most oil constituents (PARTOVINIA et al., 2021), the EPS matrix provides numerous
adsorption sites that facilitate oil retention within the biofilm structure. Consequently, the

accumulation of oil within the biofilm structure led to an increase in biofilm thickness, as
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shown in Figure 41, and this excessive growth may have surpassed the effective oxygen
penetration depth in the biofilm matrix. According to the literature, oxygen diffusion
declines progressively as biofilm thickness increases, typically limiting aerobic activity
to the outer layers while favoring the formation of anoxic zones in the inner regions
(HIBIYA et al., 2004). Consequently, this restricted oxygen diffusion and the resulting
anoxic conditions in the deeper layers could weaken the structural integrity of the matrix,
ultimately leading to the destabilization of the biofilm. Consistent with this interpretation,
Mallick and Chakraborty (2021) reported pronounced fluctuations in solids concentration
in an aerobic reactor following abrupt increases in influent crude oil loading from 300 mg
L' to 600 mg L' and subsequently to 900 mg L', During the oil shock event, attached
biomass decreased to 16.05 = 0.02 g L!, while suspended biomass increased to 3.03 =+

0.01 g L', indicating enhanced biofilm sloughing.

Figure 42 presents optical microscopy images of the biofilm in MBBR4 across the
different operational phases under increasing oil loading conditions. Throughout the
study period, microscopic observations indicated the development of a well-structured
and mature biofilm, characterized by the presence of protozoa, rotifers, and bacterial
flocs. As discussed previously, these organisms are sensitive to variations in operational
conditions and are commonly used as biological indicators of treatment performance.
Their sustained abundance indicates that the progressive increase in oil concentration
during reactor operation did not exert a toxic effect on the sludge microfauna (metazoans
and protozoans). Consistently, the reactor maintained stable and efficient nitrification
performance throughout the operational period, confirming the robustness and functional
resilience of the biofilm under harsh conditions. These observations strongly correlate
with established literature on biological adaptation to oily wastewater (ALKHATIB;
THIEM, 1988; HYDROSCIENCE, INC., 1971).
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Figure 42 - Optical micrographs (400x and 1000% magnification) obtained during P3-P7 from MBBRA4.

4.2.3 Nitrification Performance

Ammonium removal and the profiles of nitrogen species throughout all
operational phases are presented in Figure 43, while Figure 44 illustrates the average
concentrations of these oxidized nitrogen species in each phase. Overall, MBBR4
consistently maintained robust nitrification, quickly recovering and sustaining high
ammonium removal even under increasing oil loads. The high nitrite and nitrate
concentrations detected during certain phases in the influent of MBBR4, which was fed
with real wastewater from the secondary treatment stage of the petroleum refinery, were
attributed to the intrinsic characteristics of this wastewater.

During P3, the reactor exhibited pronounced variability, with ammonium removal
efficiencies fluctuating between 50% and 80%. Over time, performance steadily
improved, ultimately reaching 97% after 64 days. At this stage, effluent ammonium
concentrations dropped to below 1 mgNH+'—N L', demonstrating that the biofilm had
fully acclimated and was functioning under stable and favorable operating conditions.
When the oil concentration was increased to 30-50 mg L' in P4, a temporary decline in
nitrification efficiency was observed, dropping to 95 + 2% at the beginning of the phase

and reaching a minimum removal of 83% with effluent ammonium increasing to 5.5
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mgNH,*~N L', Nonetheless, the system quickly recovered, restoring stable nitrification
at approximately 94% removal, demonstrating strong biofilm resilience and adaptive
capacity. During P5, with oil concentration gradually increased to 50—-100 mg L™, the
system maintained excellent stability, sustaining an average ammonium removal of 95 +
1%. After around 15 days of operation, the reactor reached near-complete nitrification,
with effluent ammonium consistently remaining below 1 mgNHs—N L'. This
performance indicates that the biofilm had matured, enabling efficient and sustained
oxidation of ammonium to nitrate. Even in P6, when oil concentrations rose further to
200-300 mg L', MBBR4 maintained high nitrification efficiency close to 100%,
indicating that the biofilm provided effective protection against potential inhibitory
effects of oil.

In the final phase (P7), under high oil concentrations (300-500 mg L), a slight
reduction in performance occurred, with average ammonium removal declining to 95 +
1%. Similar to P4, high oil load temporarily reduced efficiency to 82% with effluent
ammonium increasing to 6.4 mgNH+—N L™'. However, the MBBR system once again
recovered, achieving stable and efficient nitrification by the end of the phase with an
average of 95 + 1% removal rate.

Overall, the results show that MBBR4 maintained high functional stability under
oil stress, supported by a mature and resilient biofilm capable of withstanding and
recovering from short-term inhibitory effects. Across P3—P7 (Figure 43b), the reactor
consistently sustained effective nitrification, with complete ammonium oxidation and
only minor nitrite accumulation (< 2 mgNO:—N L™), despite fluctuations in influent oil

loading.
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Figure 44 - Average Influent (I) and Effluent (E) nitrogen species profiles in MBBR4 across operational
phases.

The nitrification performance of the reactor is further corroborated by the patterns
in ammonium SLR and SRR, as shown in Figure 45a. In P3, ammonium SLR and SRR
averaged 1.7+ 0.3 and 1.3 £ 0.2 gNH+*-N m2d ™, respectively. In P4, despite increasing
the oil concentration to 30—50 mg L', the reactor maintained a stable SLR and SRR of
approximately 1.4 + 0.2 gNHs*~N m2d " and 1.3 £ 0.1 gNHs"—N m™2 d’, respectively.
From P5 through P6, SLR and SRR remained closely matched, even as oil concentrations
rose to 200-300 mg L'. In P7, under the highest oil range (300—500 mg L"), the reactor
continued to perform reliably, removing 1.4 + 0.1 g NH4a*~N m™ d! against an applied
load of 1.5 = 0.2 gNH+*—N m™ d™'. These trends reflect a mature, robust autotrophic
biofilm capable of maintaining efficient nitrification under elevated oil stress.

Figure 45b shows a strong linear relationship between the ammonium SLR and
SRR (R* = 0.97), indicating stable and efficient nitrification during the increase in oil
load. Most data points lie close to the 100% removal line, demonstrating that the reactor
was able to oxidize nearly all the influent ammonium nitrogen. The slope slightly below
unity (0.86) suggests minor limitations at higher loads. Still, overall, the results confirm
that increasing oil load did not impair nitrification performance and that the reactor

maintained a high nitrification capacity under these conditions.
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(b) relationship between ammonium SLR and SRR in MBBR4 during P3—-P7.

Overall, when considered together with the solids observations, the results suggest
that although the biofilm experienced substantial structural disruption, the remaining
attached biomass exhibited clear resilience, allowing nitrification performance to remain
relatively stable. This behavior may reflect the adaptive capacity of oil-tolerant microbial
populations within the biofilm. Furthermore, while nitrifying bacteria generally possess
hydrophobic cell surfaces, many of these hydrophobic regions are not directly exposed to
the bulk liquid. Instead, they are embedded within the biofilm matrix and partially
protected by hydrophilic components such as EPS. As a result, the outer biofilm surface
is typically less hydrophobic than individual microbial cells, thereby limiting direct
interactions between hydrophobic compounds and nitrifying microorganisms unless the
biofilm structure becomes destabilized (POMPILIO et al., 2008).

The present observations indicate that elevated biofilm detachment did not
necessarily translate into immediate deterioration of reactor performance. This behavior
is consistent with findings reported by Elenter et al. (2007), who observed that substantial
biofilm sloughing, removing nearly half of the biofilm thickness, did not significantly
affect ammonia removal rates. Their results highlighted that system performance was
primarily governed by effective diffusion depth and the presence of an active surface
layer rather than by total biomass (ELENTER et al., 2007).

The inhibition pattern observed in this study appears to be predominantly physical

in nature. Instability in biological systems treating oily wastewater has been mainly
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associated with physical interactions, such as rapid adsorption of oil onto biological
solids, alterations in particle density, and subsequent biomass washout, without clear
evidence of direct microbial toxicity (HYDROSCIENCE, INC., 1971). In addition, Ali
and Aziz (2024) demonstrated that a combined DAF—MBBR system was able to maintain
effective nitrification even under elevated oil and grease concentrations (1500 £+ 150 mg
L") in synthetic wastewater. The MBBR exhibited stable nitrification performance,

achieving average ammonia removal efficiencies of up to 86% in the presence of oil.

4.2.4 Batch Trials

Figure 46 shows the temporal profiles of nitrogen species concentrations obtained
from batch tests conducted at the end of each operational phase of MBBR4 under
increasing oil concentrations. During phases P3 and PS5, ammonium was progressively
oxidized to nitrite and subsequently to nitrate. In contrast, during phases P6 and P7, this
conversion occurred more rapidly, resulting in less pronounced nitrite accumulation.

Maximum ammonium nitrogen removal was reached at different times across the
operational phases. During P3 to P6, complete NH4*-N removal was achieved within
approximately 60 min, while in P7 it occurred after about 120 min. Overall, the
increasing oil load did not affect the time required to reach maximum NH4"-N removal.
Moreover, ammonium removal consistently occurred within or below the applied
hydraulic retention time of 2 h, indicating stable nitrification performance under elevated
oil concentrations.

Data obtained from biofilm quantification and batch trials performed at the end of
each phase were used to calculate the maximum specific ammonium removal rate (Table
16). The reactor reached its highest maximum specific ammonium removal rate of 192
mgNH4"-N gVAS™! d! during P3 when the oil concentration was very low (< 10 mg L™).
During P3-P6, this rate gradually decreased and reached 132 mgNH4*-N gVAS™! d! in
P6, likely associated with the concurrent rise in VAS concentration from 3.0 g L™! in P3
to 3.6 g L'l in P6. The trend observed during P3—P6 aligns with a previous study, which
reported that increasing the oil load from 600 mg L' to 900 mg L™! led to a decrease in
the specific ammonium removal rate from 19.49 +0.02 to 18.32 + 0.02 mgNH4*-N gV§~
Id" (MALLICK; CHAKRABORTY, 2021). However, with increasing oil concentration
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in P7 and subsequent reduction in VAS concentration to 1.9 mg L, the maximum
specific ammonium removal rate rose again to 170 mgNH4*-N gVAS™! d.

Table 16 also summarizes the average real apparent specific ammonium removal
rates measured during the operation under conditions matching each batch test.
Throughout P3-P6, the maximum specific removal rates were higher than the real
apparent values, with the largest difference observed in P3, when the maximum rate was
approximately two times higher. In P7, the real apparent rate nearly matched the
maximum value, indicating that the reactor was operating close to its nitrification

capacity.

Table 16 - Ammonium removal and specific ammonium removal rate obtained during P3-P7 of

MBBR4
Specific ammonium removal rate
Ammonium VAS VSS
Phase (mg NH4*-N g VS'd™)
removal (%) (gL (mg L™
Max?* Real® fMax/Real
P3 81+ 16 192 132 1.5 3.0 19
P5 97+2 144 76 2.0 3.7 46
P6 98 + 1 132 90 1.5 3.6 85
P7 93+6 170 185 0.9 1.9 111

In Max VS corresponds to VAS, since only attached biomass was present during the batch trials.

°In Real VS represents the sum of VAS and VSS, as this rate refers to continuous operation in which both
attached and suspended biomass fractions were present.
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Figure 46 - Temporal profiles of nitrogen species in MBBR4 obtained during batch tests corresponding to
phases P3, PS5, P6, and P7.

4.2.5 Operational Parameters: pH and Temperature

Figure 47 shows the pH profile across the operational phases of MBBR4, and
Table 17 reports the pH and temperature values at the start and end of the batch activity
assays. MBBR4 exhibited stable pH profiles throughout all operational phases with oil
addition. Both influent and effluent pH values were consistently maintained within the
range of 7.0-8.5, with an average of 8.1 £ 0.4, which is widely recognized as favorable
for sustaining efficient and stable nitrification. Similarly, during the batch activity tests,

pH values remained within or close to this optimal range, indicating suitable conditions
for nitrification.
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Table 17 - Parameters evaluated at the beginning and end of the activity batch tests.

Reactor Phase®  pHinitia  pHfinal Tinitiat(°C) Tiinat(°C)
P3 8.4 8.7 20.6 21.1
P5 8.3 8.8 22.1 18.9
MBBR4
P6 8.3 8.5 22.2 18
P7 8.3 8.4 21.9 17

*During P4, activity batch test was not conducted because of the short duration of this phase.

Under all operating conditions, including both continuous operation and batch
tests, MBBR4 was maintained at ambient temperature (24 + 3 °C), which is within the

range reported as adequate for nitrifying activity.
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Figure 47 - pH values recorded throughout the MBBR4 operational period with oil addition. Upper and

lower discharge limits defining optimal nitrification performance are shown as dotted horizontal lines.
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CHAPTER §
CONCLUSIONS

5.1 Conclusions of Part I

The results from Part I demonstrated that stable tertiary nitrification of real oil
refinery wastewater from the secondary treatment stage can be successfully achieved and
maintained in MBBR systems operating under variable operational conditions, allowing
biofilm to progressively adapt to real wastewater and maintain high and stable
nitrification performance.

The acclimation strategy employed significantly dictates the initial stability and
resilience of the MBBR systems. Direct exposure to real wastewater resulted in prolonged
instability and delayed nitrification due to potential inhibitory compounds. In contrast,
reactors supported with external organic carbon or gradual acclimation from synthetic to
real wastewater achieved faster biofilm establishment, higher and more stable removal
efficiencies, and greater resistance to operational changes. Overall, strategies promoting
the addition of easily biodegradable organic carbon during initial stages accelerated
biofilm formation by promoting the growth of heterotrophic bacteria, which produce
extracellular polymeric substances that act as a fixation matrix, thereby facilitating the
subsequent colonization of nitrifiers and reducing startup time compared to systems
relying solely on slow autotrophic colonization. Furthermore, the findings indicate that
there is a distinct inverse relationship between the availability of biodegradable organic
carbon and the specific ammonium removal rate of the biofilm. High organic loads favor
fast-growing heterotrophs that compete with nitrifiers for oxygen and space.
Consequently, the reduction or elimination of external organic carbon was essential for
minimizing heterotrophic competition, allowing the biofilm to become enriched with
autotrophic nitrifiers and maximizing the specific nitrification capacity of the system.

The results also showed that reducing the HRT to 2 h acted as a major hydraulic
stress that exposed kinetic limitations within the biofilm, particularly affecting the
stability of nitrite-oxidizing bacteria. While the immediate disruption to overall
ammonium removal varied with the specific operational setup, all conditions consistently
highlighted the sensitivity of NOB, resulting in a distinct, temporary accumulation of
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nitrite. Ultimately, all reactors demonstrated strong recovery capacity, overcoming this
initial bottleneck as the systems adapted. The dynamics of solids were also found to be
strongly influenced by the availability of biodegradable organic carbon and operational
stress factors. The presence of readily biodegradable substrates promoted the rapid
development of thick biofilms with high volatile attached solids concentrations during
the initial phases. This accumulation was attributed to the proliferation of fast-growing
heterotrophic bacteria. However, as the external carbon source was progressively reduced
and eliminated to favor nitrification, a distinct decline in attached biomass was observed
across these reactors. Conversely, the reactor that operated without carbon
supplementation exhibited a much slower initial biofilm development with relatively
lower biomass mass, confirming that organic carbon is a primary driver of biofilm
accumulation.

Regarding the composition of the solids, the biomass within the reactors remained
predominantly organic and active. The ratio of volatile to total attached solids
(VAS/TAS) generally exceeded 70% throughout the study, indicating that the biofilm
was composed mainly of active microorganisms rather than inorganic inert material. The
study also confirmed that the MBBRs functioned as true attached-growth systems, with
the ratio of attached solids to total solids (TAS/TS) consistently remaining above 90%.

Finally, visual observations and thickness measurements revealed a strong
correlation between influent COD and biofilm structure. In reactors supplemented with
carbon, declining COD concentrations corresponded to reduced biofilm thickness,
showing a clear negative trend. In contrast, the reactor without external carbon
supplementation developed a thin, uniform biofilm from the start, reflecting the absence

of heterotrophic overgrowth.
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5.2 Conclusions of Part II

MBBR demonstrated remarkable resilience and functional stability when
subjected to increasing oil concentrations. Although influent oil concentrations increased
from relatively low levels of 10-30 mg L' to as high as 300—500 mg L', the system
consistently maintained high nitrification efficiency. While increases in oil concentration
caused temporary declines in performance, the system exhibited a rapid recovery
capacity, restoring stable nitrification within a short period. This indicates that the
established nitrifying biofilm possesses a robust adaptive capacity capable of
withstanding the inhibitory pressures typical of oil refinery wastewater fluctuations.

While biological activity remained high, elevated oil concentrations exerted
significant physical impacts on the biofilm and carrier media. High oil loading led to the
accumulation of oil on the biocarriers, causing them to darken, agglomerate, and suffer
from reduced mobility within the reactor. The biofilm thickness initially increased with
oil concentration, reaching up to 351 um, likely due to the adsorption of oil compounds
into the extracellular polymeric substance matrix. However, at the highest oil
concentrations (300-500 mg L"), the biofilm became irregular and patchy, and
detachment rates increased sharply, leading to a significant loss of attached volatile solids.
This suggests that excessive oil disrupts the adhesive forces within the biofilm,
compromising its structural integrity.

Despite the visible accumulation of oil and structural instability, the specific
nitrifying activity of the biomass remained robust. Microscopic analysis confirmed the
persistence of a mature and diverse microbial community, including protozoa and rotifers,
throughout the operation, indicating that the oil did not exert a lethal toxic effect on the
microfauna.

Overall, the study confirmed that well-acclimated nitrifying biofilms exhibit
strong resistance to the inhibitory effects of oil while maintaining high ammonium
removal efficiencies. Despite increased biofilm restructuring and solids detachment under
high oil load conditions, the reactors demonstrated sustained biological functionality and
adaptive capacity. These findings support the feasibility of applying MBBR technology
to refinery wastewater treatment and provide important insights into biofilm resilience
and process stability under real industrial scenarios, where operational problems in oil—

water separation units may lead to rapid increases in oil and other contaminants due to
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accidental releases, process upsets, or fluctuations in production. Such events can
suddenly alter the influent composition and introduce high oil concentrations into
biological treatment systems, challenging their stability and potentially inhibiting

sensitive processes such as nitrification.

5.3 Suggestions for Future Works

As future perspectives and potential developments arising from this work, several
experimental approaches and research directions may be further investigated, as outlined
below:
1) While the current study utilized optical microscopy and stereomicroscopy to observe
biofilm morphology and identify microfauna, these methods cannot identify specific
bacterial species. Future work should employ advanced molecular techniques to better
understand the ecological shifts between AOB, NOB, and heterotrophic populations
during acclimation, oil exposure, and hydraulic stress. Furthermore, it would be valuable
to track how the microbial community structure shifts in response to the specific
acclimation strategies and increasing oil loads, identifying if oil-degrading bacteria are
being enriched within the biofilm matrix.
2) The discussion hypothesized that the physical adsorption of oil onto the biofilm is
mediated by hydrophobic interactions with the EPS matrix. Future research should move
beyond quantitatively analyzing the chemical composition of the EPS (e.g., protein-to-
polysaccharide ratio). Understanding how oil exposure alters EPS production would
provide deeper insight into the mechanism of biofilm thickening and detachment
observed in Part II.
3) The current study exclusively utilized Kaldnes K1 carriers, which have a protected
specific surface area of 500 m? m~3. Future research should evaluate carriers with different
geometries and higher specific surface areas. Testing carriers with smaller pore sizes or
different protective grid structures could reveal designs that better shield the biofilm from
the shear forces caused by oil-induced agglomeration while maintaining sufficient void
space to prevent clogging during high-oil loading phases.
4) A critical avenue for future research would be to conduct a "stress test" by
progressively increasing the oil load until the system reaches failure. Since the current

study only observed physical stress indicators without a collapse in metabolic activity,
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extending the oil concentration beyond 500 mg L™ is necessary to identify the operational
breaking point. This investigation aims to pinpoint the specific threshold where the
physical barrier created by oil adsorption transitions from a manageable diffusion
limitation to a complete inhibition of oxygen and substrate transfer, or where the biofilm
detachment becomes so severe that it exceeds the specific growth rate of nitrifiers, leading
to washout. Defining this failure limit would establish the true safety margins for MBBR

technology in handling high oil loads from oil refinery upsets.
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