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Abstract

The effective treatment of domestic wastewater is pivotal for the health and sanitation status of
water resources and wastewater reclamation campaigns. Thus, this study was aimed at
evaluating the performance of Aerobic granular Sludge (AGS) in the treatment of synthetic
wastewater during a bacteria bioaugmentation (Mycolicibacterium spp strain) experiment
using laboratory-scale Sequencing Batch Reactors (SBRs). The routine parameters evaluated
using UV—-visible spectrophotometry methods were Total Nitrogen (TN), ammonia nitrogen
(NHj; - N), nitrate nitrogen (NO3-~N), phosphate phosphorus (PO43-- P) and Chemical Oxygen
Demand (COD), on samples from the influents and effluents of the SBRs. Nitrite nitrogen
(NO; - N) was evaluated by mass balance and pH was measured using a benchtop pH meter.
The individual standard calibration curves for the parameters had regression coefficients >
0.995 and the LOD (for qualitative analysis) and LOQ (for quantitative analysis) values were
compatible with the concentrations ofthe samples analyzed while the validation process (using
reference materials) yielded relative accuracy > 94 %. The SBR effluent samples had
concentrations of TN > 20 mg/L since effective nitrification but incomplete denitrification was
achieved as indicated by NH; —~ N usually < 1 mg/L (except for two days with lower aeration
periods) and NO3 ‘N generally around 20 mg/L (or below 10 mg/L just during acclimatation
and at the two days with less aeration), while NO,- concentration was in “counter cycle” with
NOj;~. The COD dropped from around 1000 to < 40 mg/L O,, showing effective treatment of
organic compounds, although, dephosphatation was not achieved and phosphorus was similar
in the influent and effluent samples, ranging between 78 — 128 mg/L. The pH conditions were
good for domestic wastewater bio-treatment, ranging between 7.3 — 7.8 in the SBR. Indeed,
overall, the SBR conditions favored the activities of Ammonia Oxidizing Bacteria (AOB) and
Nitrites Oxidizing Bacteria (NOB) and other microorganisms in the AGS, regardless of the
bioaugmentation experiment, and thus the wastewater was treated in terms of ammonia,
nitrites, and organics removal. Yet, either in the bioaugmented or in the control reactors, the
conditions did not favor the Denitrifying Polyphosphate Accumulatingbacteria (DPB) activity,
the group of Phosphorus Accumulating Organisms (PAOs) usually involved in the removal of
P and N in SBRs. Lack of anaerobic or anoxic conditions was suggested as a possible cause of
this incomplete treatment. In whatconcerns Paracetamol removal, the results showed a slightly
faster removal of this drug and a very evident faster removal of its transformation product
hydroquinone in the bioreactors bioaugmented with the bacterial strain Mycolicibacterium

aubagnense HPB1.1 in comparison to the non-bioaugmented bioreactors.



Keywords: Municipal Wastewater Treatment; Trueness of measurements; Sequencing Batch

Reactor; Bioaugmentation; Paracetamol removal; Hydroquinone removal



Resumo
O tratamento eficaz de aguas residuais domésticas ¢ fundamental para o estado de saude e

saneamento dos recursos hidricos e campanhas de recuperacao de aguas residuais. Assim, este
estudo teve como objetivo avaliar o desempenho de lama granular aerobica (LGA) no
tratamento de efluentes sintéticos durante umaexperiénciade bioaumentagdo de bactérias(uma
estirpe de Mycolicibacterium sp.) usando Reatores em Batelada Sequencial (RBS) em escala
laboratorial. Os parametros de rotina avaliados usando métodos de espectrofotometria UV-
visivel foram nitrogénio Total (TN), nitrogénio amoniacal (NH; - N), nitrogénio de nitrato
(NO5 - N), fosforo de fosfato (PO43- - P) e Caréncia Quimica de Oxigénio (CQO), em amostras
dos afluentes e efluentes dos RBS. O nitrogénio de nitrito (NO, - N) foi avaliado por balango
de massa e o pH foi medido usando um medidor de pH de bancada. As curvas de calibragdo
padrdo para os parametros analisados tiveram coeficientes de regressdo > 0,995 ¢ valores de
LOD e LOQ compativeis com as concentragdes das amostras que se pretendem analisar,
enquanto o processo de validagdo (usando materiais de referéncia) re velou precisao relativa >
94%. As amostras de efluente do RBS apresentaram concentragdes de TN >20 mg/L uma vez
que foi alcangadanitrificagdo efetiva, mas a desnitrificacdo foi incompleta, conforme indicado
por NH; — N geralmente < 1 mg/L (exceto por dois dias com periodos de arejamento mais
baixos) e NOs- - N geralmente em torno de 20 mg/L (ou abaixo de 10 mg/L apenas durante a
aclimatac¢ao e nos dois dias com menos arejamento), enquanto a concentragao de NO;, - N
estava em “contraciclo” com NO3 - N. A CQO caiu de cerca de 1000 para < 40 mg/L O,,
mostrando tratamento eficaz de compostos organicos, porém,a desfosfatacao nao foialcangada
e 0 PO43 - P foi semelhante nas amostras de afluente e efluente, variando entre 78 — 128 mg/L.
As condi¢des de pH foram boas para o biotratamento de efluentes domésticos, variando entre
7,3 — 7,8 nos RBS. De facto, em geral, as condi¢cdes dos RBS favoreceram as atividades de
Bactérias Oxidantes de Amonia e Bactérias Oxidantes de Nitritos assim como de outros
microrganismos da LGA, independentemente da experiéncia de bioaumentagao, e assim as
aguas residuais foram tratadas em termos remogao de amonia, nitritos e organicos. No entanto,
tanto nos reatores bioaumentados quanto nosreatores controlo, as condi¢des ndo favoreceram
a atividade das Bactérias Desnitrificantes Acumuladoras de Polifosfato (DPAB), grupo de
Organismos Acumuladores de Fosforo (PAQO) usualmente envolvidos na remogdo de P e N em
RBS. A falta de condigdes anaerdbias ou anoxicas foi sugerida como uma possivel causa desse
tratamento incompleto. No que respeita a remog¢ao do Paracetamol, os resultados mostraram
uma remoc¢ao ligeiramente mais rapida deste farmaco e uma remog¢ao muito mais rapida do seu

produto de transformagdo hidroquinona nos biorreatores bioaumentados com a estirpe

Vi



bacteriana Mycolicibacterium aubagnense HPB1.1 em compara¢gdo com os bioreatores sem

bioaumentacgao.

Palavras-chave: Tratamento de efluentes municipais; Veracidade das medicdes; Reatores em

batelada sequencial; Bioaumentacdo; Remog¢ao de paracetamol; Remoc¢ao de hidroquinona
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1.0. Introduction
The concept domestic wastewater treatment has in recent decades experienced a surge globally

due to its pivotal role in agriculture, environment, and public health concerns (Burdon et al.,
2019; Rodriguez-Mozazet al., 2020; O’Brien et al., 2019). In fact, several institutions such as
UNICEF, WHO and the European union amongst others have advocated and emphasized the
relevance of domestic wastewater treatment in proportionality to theiruse in agriculture as well
as environmental and public health concerns (Pellegrini et al., 2020; Gutberlet et al., 2020;

Boom Carcamo et al., 2022).

Consequently,in developed countries for instance the domestic wastewater treatmentand reuse
campaign as a mechanism for conserving the limited freshwater resource and safeguarding the
aquatic environment have gained prominence and has thus, propelled research scientists,
industries, and governmental organizations to initiate several treatment and safe disposal
mechanisms, research funding packages and regulatory guidelines in a bid to curtail any
adverse effects that may ensue from wastewater management and disposal. Conversely, many
developing countries in Africa, Asia, and Latin America use untreated domestic wastewater for
its agricultural, and environmental practices with less attention paid to its public health adverse
implications as well as lacking the technical-know-how and economic enablement in
implementing state-of -the-art wastewater treatment plants and reclamation measures in

parallel with the practices in developed countries (Akhkha et al., 2019; Kalpy et al., 2020).

However, series of publications have postulated certain rational encouraging the use of
untreated domestic wastewater and its resource for agricultural activities to be chiefly due to
the rich variety of nutrients resident in wastewater in the form of nitrogen, phosphorus,
potassium, and sulfur (Krogh et al., 2018; Symonds et al., 2019; Bracher et al., 2020;
Thiruchelve et al., 2020). These nutrients represent a readily available alternative for farmers
to use as fertilizers as well as reducing the cost of crop production. Nevertheless, additional
studies have linked the use of untreated wastewater for agricultural practices and the
environment to certain health related issues such as cholera, typhoid fever, hepatitis A, and
food poisoning in these regions (Huang et al., 2019; Contreras et al., 2020; Lee et al., 2021;
Hiruy et al., 2022).

1.1. Components of Domestic Wastewater
Over the years, researchers have asserted the strength and composition of wastewater tends to

change significantly enough on an hourly, daily, and seasonal basis across the globe (Abdel-



Aal et al., 2018; Golzar et al., 2020; Sutherland et al., 2021; Hamoda et al., 2021) and these
compositions are directly proportional to the natural environment, the diets and lifestyle of the
inhabitants figure 1, as well as the per capita water usage (Drozdova et al., 2018; Pluciennik-

Koropczuk et al., 2021; Shao et al., 2021).

Toilet wastewater

Blackwater

Kitchen

- wastewater
Domestic

wastewater
Bathroom

wastewater
Greywater

Laundry
wastewater

Figure 1: Typical source of domestic wastewater. Domestic wastewater contains 99.9 % water and
0.1 % of organic, inorganic solids and some microorganisms (Feigin ef al., 1991). Blackwater
constitute contaminated water with toxic chemicals and excrement while greywater comprise used
water devoid of toxic chemicals and excrement (Dorji et al., 2022).

Wastewater can be characterized according to several parameters as illustrated in figure 2 and
the important categorization include suspended solids, organic load (Sgroi et al., 2018; Zhou
etal.,, 2019),inorganicnutrients (Kekedy-Nagyetal., 2022; Verma etal., 2022), and pathogens
(Atif et al., 2018) in water. Based on physical observations of domestic wastewater, it can be
said they are often characterized with dissolved solids (about 70 %) which can be precipitated
chemically and via biological processes while suspended solids (about 30 %) have been
reported to result in the formation of sludge deposits as well as anaerobic conditions when

introduced to the environment (Cetin et al., 2018; Gurung et al., 2019).



Households
| Hydraulic | |Flow based ——
characteristics from:
Industry
Organic
(BOD and COD)*
Chemical
characteristics Nitrogen
Inorganic Phosphorus
Dissolved minerals
Wastewater || B
Characteristics | y temperature
(10 — 21 °C seasonal variation)
By colour
| Physical j (Vary with source)
characteristics By odour
(Fresh and musty odour)
By solids
‘ (Floatable, settleable, suspended, and
dissolved)
~Aerobic
——r
| Biological ||
characteristics | [ Facultative
Pathogenic
4 Non-pathogenic |
*BOD: Biochemical Oxygen Demand *COD: Chemical Oxygen Demand

Figure 2: Chart depicting wastewater characteristics.

Wastewater is composed of organic and inorganic chemicals in a ratio of about 70: 30 %
respectively (Masoner et al., 2019; Mehdaoui et al.,, 2022). Certain research studies have
reported the organic component of wastewater to comprise primarily of about 25 %
carbohydrates, 65 % proteins, and 10 % fats which reflect the dietary composition of the
inhabitants (Gonzalez-Balderas et al., 2020; Cardoso et al., 2020; Noguchi et al., 2021).
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Similarly, reports have also posited the inorganic composition of wastewater to be made of
heavy metals, nitrogen, phosphorus, pH, sulfur, chlorides, alkalinity, and toxic compounds
amongst others (Anh et al., 2021; Hag et al., 2021; Verma et al., 2022; Forouzanmehr et al.,
2022). Certain gases: hydrogen sulphide, methane, ammonia, oxygen, carbon dioxide, and
nitrogen have been postulated to commonly dissolve in wastewater (Persson et al., 2021,
Despotet al., 2021) and other research have asserted the decomposition of organic matter in
situ in wastewater to often result in production of hydrogen sulfide, methane, and ammonia

gases (Nunes et al., 2021; Rolewicz et al., 2021).

The diverse communities of microorganisms present in wastewater include bacteria, viruses,
fungi, and protozoa. The common bacteria community includes aerobic bacteria
(Acinetobacter, Pseudomonas, and Aeromonas) and Anaerobic bacteria (Clostridium,
Methanosarcina, and Desulfovibrio) (Shi et al., 2022; Machnicka et al., 2022). The common
viruses found in wastewater include viral pathogens (Korajkic et al., 2022), enteric viruses such
as norovirus and adenovirus (Hoque et al, 2023) while the common fungi community found
in wastewater includes Aspergillus, Candida, and Penicillium (Ezeonuegbu et al., 2022; Padri
et al, 2022). The common protozoa community found in wastewater includes ciliates
(Paramecium), amoebae (Acanthamoeba) and flagellates (Euglena) (Johansen et al., 2022).
Overall, the presence of these communities in wastewater tends to support the scientific
publications asserting the vast pathogenic organisms resident in a given wastewater deposit to
have predominantly emanated from humans either infected or carriers of certain diseases (Yan
et al,, 2018 Thompson et al., 2020; Oeschger et al., 2021). For example, the quantity of
concentrated fecal coliforms in raw wastewater composition runs in several hundred thousand
to tens of million per 100 mL of sample (Sbahi ef al.,, 2020; Sadek et al., 2021; Miller et al,
2022; Giraldo et al., 2022). Table 1 shows examples of typical characterization of untreated

domestic wastewater.
Table 1: The typical composition of untreated domestic wastewater

Analysis Domestic Wastewater Typical

Parameters Unit Estimated Concentration

Concentrated = Moderate Diluted

Solids, Total (TS) mg/L 1200 720 350
Suspended Solids (SS) 350 220 100
Fixed mg/L 75 55 20



Volatile 275 165 &0

Settleable Solids ml/L 20 10 5
BOD (5 — day, 20 ° C) mg/L 400 220 100
TOC* mg/L 290 160 80
COD mg/L 1000 500 250
Nitrogen, Total (TN) 85 40 20
Organic mg/L 35 15 8
Free ammonia 50 25 12
Phosphorus, Total (P) 15 8 4
Organic mg/L 5 3 1
Inorganic 10 5 3
Chloride mg/L 100 50 30
Sulphate mg/L 50 30 20
Alkalinity (as CaCO3) mg/L 200 100 37
Conductivity mg/L 66 55 38.5
Grease, Fats and oil mg/L 150 100 50
Total Coliform No/100 ml 108 —10° 107—10% 10— 107
vocC* mg/L > 400 100 — 400 <100

* TOC: Total Organic Carbon ; - VOC: Volatile Organic Compounds. (Sudiarto et al., 2019 ; Aragon et al, 2020 ;
Odedishemi et al., 2021)

Nutrients (typically nitrogen and phosphorus) removal constitute an integral part of wastewater
treatments and their concentration levels in the effluent are an indicator of the health of the
process (Restivo et al., 2021). Insights from research suggest Nitrogen — N in wastewater to
exist in organic forms (urea, amino acids, nucleic acids, and amino sugars), ammonia form —
NH4", nitrate form — NOj-, and Nitrite forms — NO, (Daneshvar et al, 2018; Chauhan et al,
2020; Mukimin et al., 2022).

Similarly, Phosphorus — P, in wastewater have been postulated to exist in organic forms such
as organophosphates, in polyphosphate forms formed of linked PO, (phosphate) units, and in
phosphate or orthophosphate form — PO43- (Gutierrez et al., 2020; Lavrinovics et al., 2022).
However, further reports emphasized that certain untreated wastewaters may contain

innumerable varieties of constituents forming a separate category of parameters from those



enumerated in (table 1) such as pesticides, pharmaceuticals, and personal care products

amongst others (Kumar et al., 2019; Matheus et al., 2020).

1.2. Reasons to treat Domestic Wastewater
The concentrations of COD, Total Nitrogen, Nitrate - Nitrogen, Nitrite - Nitrogen, ammonia -

nitrogen, and Phosphate - Phosphorus are parameters often analyzed during water analysis and
wastewater treatment and in some instance additional parameters such as BOD, the

quantification of suspended solids is also ascertained.

The detection and removal of these aforementioned parameters is necessary to restore and
maintain the chemical, physical and biological integrity of water residue rendering the water
toxic-substance free and fit for use in agricultural purposes, environmental discharge and
onward treatment for use as drinkable water in homes. In the case of environmental discharges,
the removal of nutrients in wastewater is necessary because they can overwhelm the natural
processes of recovery and cause severe problems in affected ecosystems (Rani et al., 2021,

Tadda et al.,, 2021).

Ammonia has been reported to contribute to about 60 % of nitrogen sources for organisms
(Pereira et al., 2021), while the remaining 40 % constitute contributions from organic nitrogen
sources (amino acids, proteins, and urea). However, ammonia at concentrations greater than
0.2 mg/L have been postulated to be toxic to aquatic fishes and thus tends to exert BOD on
receiving water bodies (Subhashree et al, 2020). Moreso, the removal of ammonia from
wastewater during the biological wastewater treatments is necessary because high
concentration of ammonia depletes oxygen demand, thereby resulting in insufficient nutrients
for bacteria which could also impair their ability to grow (Akizuki et al, 2019;
Abeysiriwardanaet al, 2019). The BODS (the five — day BOD test indicated in table 1) exists
in the Carbonaceous form (CBOD) and the Nitrogenous form (NBOD), such that some
microorganisms in wastewater use oxygen to break-down the carbonaceous organic materials
in carbon-dioxide and nitrifying organisms oxidize ammonia to nitrites and then to nitrates.
Thus, increased nitrification exerts oxygen demand by consuming oxygen from wastewater

(Young and Vanrolleghem, 2021).

Research works have shown nitrite — NO,- to cause wastewater toxicity in receiving waters and
subsequently nitrate — NOj3" contamination of groundwater (Scholes ez al., 2019; Bashandy et
al., 2020; John et al., 2020). Nitrites are toxic to aquatic organisms at high concentrations

capable of causing damage to fish skins, gills and increase the chances for bacterial infections



and success of parasitic organisms (Nikel ef al., 2021). In recent decades, scientific reports
have suggested the possible link between the concentration of nitrite and nitrate in drinkable
water to blue baby syndrome in infants below twelve months of age (Aswin et al., 2020, Saikia
et al., 2021). Nitrites are in general less toxic in comparison with ammonia in aquatic
wastewater environments, however, even in low level concentrations it could cause certain
stress-related issues (Zorgonietal., 2020). The increase in the toxicity levels induced by nitrites
(NO,) inreceiving water bodies results in groundwater contamination by nitrate (NO3°) because
once nitrate-containing substances enter the soil, they undergo a process called leaching and
since nitrate are highly soluble in water and does not bind strongly to soil particles, it can
infiltrate the deep water in the soil and eventually reach the groundwater. Thus, nitrate
represents one of the major surface and groundwater contaminants resulting from natural
processes such as leakage from fertilized soil, animal waste run-off from dairies and feedlots,
wastewater, septic systems, urban drainage, and landfills. Moreover, nitrates (and phosphorus-
phosphates, PO43) act as fertilizers and have been reported to promote greater than normal
algae growth in several receiving water bodies giving rise to a phenomenon known as
eutrophication - where receiving water bodies are progressively enriched with nutrients
(nitrogen and phosphorus) causing the exponential growth of aquatic plants (both
phytoplankton and macrophytes). Eutrophication has been argued to confer heightened
environmental concerns as it deteriorates water quality, depletes dissolved oxygen in the
receiving water bodies and in extreme situations designated as dead zones which are incapable

of supporting life (Andersen ef al., 2019; Farahani et al. 2019).

Orthophosphates and polyphosphates constitute the common forms of phosphorus in aqueous
solutions such as wastewater (Hoxha et al., 2022). They cause decrease recreational and
conservation value of an impoundment as well as loss of livestock and in extreme cases confer
lethal effects ofagal toxins on drinking water (Bawiec, 2018). Total phosphorus concentrations
in wastewater (table 1) have been postulatedto vary (6 -10 mg/L) in proportion to the individual
concentration of the organic (1 — 5 mg/L) and inorganic composition from its source (figure 3).
Researchers have further argued the daily individual phosphorus contribution from the
inhabitants in certain societies could range between 0.65 — 4.80 g/inhabitant per day and on
average 2.18 g (Omwene et al., 2018; Sudiarto et al., 2019b). Thus, the control of phosphorus
discharged from municipal and industrial WWTP’s has been deemed essential in preventing
eutrophication of surface waters. Phosphorus represents one of the main constituents of

synthetic detergents, corrosion inhibitors (used in drinking water pipe preservation), and human



waste (Murrell et al., 2020; Phuong et al., 2022). However, current trends suggest the

phosphorus limit in these influents have plummeted as low as between 2.0 — 0.01 mg/L

probably due to the practice of treating wastewater atthe source (as illustrated in figure 3) using

best management practices and pretreatment programs. Orthophosphates and polyphosphates

constitute the common forms of phosphorus in aqueous solutions such as wastewater (Hoxha

etal, 2022).
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Figure 3: Schematics depicting the major sources of phosphorus.

Orthophosphate, the dissolved forms of phosphorus in water, are readily available for

consumption and biological metabolism without further breakdown by plants and algae which

has informed the notion that phosphorus is a limiting nutrient for organisms in wastewater

(Roots et al, 2020). Polyphosphates in water (undergo hydrolysis and reverse back to

orthophosphate) are composed of two or more phosphorus atoms like oxygen and hydrogen



atoms and are bound to complex molecules in wastewater (Li et al., 2018). Conventionally,
scientists employ certain effective management practices and pretreatment programsto remove
phosphorus from wastewater and theseinclude biological and chemical methodsof phosphorus
removal. Biological phosphorus removal may involve the use of certain bacteria to store higher
levels of phosphorus than normal (Acinetobacter), while the excess phosphorus is stored as
polyphosphates in other kinds of microbes such as polyphosphate bacteria (Fernando et al,
2019; Bertanza et al., 2020). Chemical treatments to remove phosphorus have been reported to
be the most used method to meet effluent concentrations at least below 1.0 mg / L (Kazadi ef

al., 2019).

High COD concentrations (as shown in table 1) in wastewater samples suggest the presence of
high levels of oxidizable materials (substances that can undergo chemical reaction with
oxygen) which result in reduced dissolved oxygen levels and thus affect the water quality,
environmental integrity, and aquatic lifeforms. The evaluation of COD during wastewater
treatments can be useful to ascertain the concentrations of oxidizable pollutants in wastewater
and it could also assist in analyzing the effectiveness o f wastewater treatment processes as well
as provide insights into the effect of wastewater disposed on the environment (tributaries and
streams) and finally could serve as an index for determining the overall water quality

(Phanwilai et al., 2020; Abu-Reesh et al., 2020).

The discharge of wastewater with high organic load to receiving waters could cause oxygen
depletion (resulting in BOD), disruption to the balance of aquatic ecosystems, nutrient
imbalances (contributing to eutrophication), and amplified toxicity amongst others. For
instance, when bacteria and other microorganisms consume organic matter via aerobic
respiration, oxygen is depleted, and this could cause hypoxia oranoxia which can harm aquatic
organisms who primarily rely on oxygen for their survival (Merbouh et al., 2022; Khumalo et

al., 2022).

1.3. Stages of wastewater treatments
Several advances have been recorded in WWTP processes with the emergence of certain

methodological approaches involving four major treatment strategies: primary (solid removal),
secondary (bacterial decomposition), and tertiary (extra polishing processes). The wastewater
treatment plant is designed to treat wastewater such that the effluent does not pose any harm to
the receiving water bodies (Salmi et al.,, 2021). The wastewater channeled to the WWTP is

routinely subjected to a series of physical, chemical, and biological processes in a bid to



eradicate nutrients and pollutants resident in the wastewater (Martinez et al., 2018; Ahmed et

al., 2021).

1.3.1. The Primary Treatment Stage

The preliminary treatment phase (the screening phase as shown in figure 4) is regarded as the
first step in wastewater treatment strategy to prepare the water for purification by sieving and
eradicating objects capable of damaging the WWTP (Ziajahromi et al., 2021). At this stage,
large and medium-sized solids wastes are segregated using thick screens and sieves and

subsequently, grease and sand particles are removed.

The Primary Treatment Phase (PTP) as illustrated in figure 4 begins with the storage of
wastewater in tanks or basins in a bid to allow settleable solids (sludge) to settle to the bottom
and with the aid of gravity, oil, and lighter substances (floatable) segregate and rise to the top
layer (Orhon et al., 2020; Zhao et al., 2020). The primary treatment phase is aimed at
eliminating certain aspects of the grits in the wastewater as well as achieving the flow
homogenization and eradication of organic matter in the wastewater (Muriuki ef al., 2020; Sun
et al.; 2021). These solid layers are removed, and the liquid is channeled to the secondary
treatment phase. The wastewater sludge can be treated via sludge digestion separately (solid
handling process in figure 4 below). The process of sedimentation of solids and elimination of
phosphorus during PTP (Chen et al, 2021; Sheik et al., 2021) can be improved via the
introduction of certain chemicals such as coagulants (iron or aluminum salt) and flocculants

(aluminum sulfate or alum, ferric chloride, and ferric sulfate) (Rossi et al., 2018).

1.3.2. The Secondary Treatment strategy.

The Secondary Treatment Phase (STP) is essential for the removal of organic matter and
nutrients (such as nitrogen and phosphorus) from wastewater (Aves et al., 2022; Van Gijn et
al., 2021). The secondary treatment phase is mainly dominated by biological processes where
the utilization of bacteria (mostly aerobic bacteria)and microorganisms are routinely employed
to degrade and eliminate the organic matter (such as sugar, fats amongst others) and different
nutrients present in wastewaters (Lakshminarasimman et al., 2018; Honda et al., 2020; Mishra

et al., 2020; Bustos — Torrones et al., 2022).
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Figure 4: Flow chart depicting a typical WWTP arrangement. The preliminary process involves
removal of large particles and grits from the influent to avoid damage to the pumps, valves, and
other equipment facilities. The primary clarifier separates solid organic matter from the wastewater
while the secondary clarifier eliminates any residual organic sediment by allowing the sediments to
settle-out of treated water flow. The disinfection (chlorination) process involves the addition of
chlorine to kill any remaining bacteria in the contact chamber. At the effluent disposal phase, clean

water is reintroduced to the environment (Diagram adapted from: Farahbakhsh ez al., 2020; Jasim
etal., 2020).

Certain STPs fitted with fixed films systems grow their bacteria on filters to treat wastewater
while suspended growth systems use activated sludge where the decomposing bacteria tends
to mix directly into the wastewater and the water is adequately mixed with air to facilitate
decomposition and provide oxygen for critical bacterial growth. Some examples of bacteria

commonly found in biological wastewater treatment are shown in table 2 below.
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Table 2: Examples of bacteria in biological wastewater and their application in WWTPs.

Species

Achromobacter

Acinetobacter
Alcaligenes
Desulfovibrio

Flavobacterium

*GAO
Gordonia

Micrococcus

Microtrix
Nitrobacter
Nitrosomonas
*PAO
Pseudomonas
Sphaerotilus

Zoogloea

Genre

Bacteria

Bacteria
Bacteria
Bacteria

Bacteria

Bacteria
Bacteria

Bacteria

Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria

Bacteria

Process involved

Biofilters and activated sludge

Biological phosphorus removal
Biofilters, activated sludge and sludge
Sludge digesters
Activated sludge, biofilters, sludge

digester
Biological phosphorus removal
Activated Sludge
Activated sludge and biofilters

Nitrification
Nitrification
Nitrification
Biological phosphorus removal
Denitrification
Activated Sludge
Activated Sludge and biofilters

Reference
Meena ef al., 2021 ; Sun et
al., 2022.
Russel et al., 2020.
Boonnorat et al., 2021.
Huang et al.,, 2020.
Wang et al., 2020.

Dan et al.,, 2021.

Garg et al., 2021.
Morones — Esquivel et al.,
2022.

Nierychlo et al., 2021.
Dang et al., 2022.
Sedlacek et al., 2020.
Andreadakis et al., 2021.
Sur et al., 2019.
Luetal, 2023.

Zhou et al., 2022.

*GAO: Glycogen-Accumulating Organisms, *PAO: Polyphosphate-Accumulating Organisms.

1.3.2.1. Bacteria metabolisms during STPs.

Bacteria are mainly in the size range between 0.5 to 5 um and are often in cocci, vibrio, and

spirilla forms (Moh et al., 2021). Bacteria accounts for about 90 % of the microorganisms in

wastewater and aerobic bacteria are predominant in biological wastewater treatment strategies

such as activated sludge and altering filters (Leong et al., 2019; Osinska et al., 2019; Stiborova

et al., 2020). The aerobic bacteria break down wastewater contaminants to produce energy for

their growth and reproduction (Pachiega ef al., 2019; Ma et al., 2020; Hu et al., 2020). The

aerobic bioconversionof organicmatters tends to be rapid and biochemically efficientresulting

in highly oxidized compound productions such as carbon dioxide and water (Smolinski ez al,

2019; Shahid et al., 2021). Anaerobic bacteria produce alternative energy source (biogas) to

fuel the wastewater treatment process (shown in figure 4) by deriving their oxygen from food
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source and breakdown of sludge in the wastewater to produce methane gas which is used as
energy (Jiraprasertwong et al., 2019; Paddock et al., 2020). In certain instances, anaerobic
bacteria can be used to lower the concentration of phosphorus in the effluent (Iannacone et al,
2019; De Graaffetal, 2020; Bankston et al. 2020). Facultative bacteria have been reported to
hold certain capabilities enabling them to alternate between aerobic and anaerobic forms of
bacteria in responds to their environment and although they prefer oxygen (Hembach et al,

2019; Chen et al., 2022).

In food and agricultural biological wastewater treatment, proteins are conventionally degraded
anaerobically into amino acids and carbohydrates (like aerobic degradation), alcohols, organic
acids, methane, hydrogen sulphide, phenol, and indole (Chen et al., 2019; Izydorczyk et al,
2021; Kusmayadi ef al,, 2022; Yekta et al., 2019). Research investigations have asserted
bacteria to consume biodegradable organic materials, proteins, carbohydrates, and fats via
adsorption and absorption (Khraisheh et al., 2020; Zheng et al., 2021). During adsorption, the
bacteria typically stick to the food particle and secretes enzymes (either proteolytic or
hydrolytic enzymes) in a bid to dissolve the food particle into smaller units which are
permeable throughthe cell wall of the bacteria (Pajerskiezal., 2019; Lopez-Ramonetal., 2019;
Dehghaniefal.,, 2021). While during absorption, the smaller dissolved food particles get into
the cell membrane (Tamayo et al., 2020; Heidary et al., 2020). The bacteria cell composition
is made up of about 80 % waterand 20 % dry matter (and approximately 90 % ofthe dry matter
in bacteria is organic) and the inorganic compound constituents of bacteria cells are about 50
% phosphorus, 15 % sulphur, 11 % sodium, 9 % calcium, 8 % magnesium, 6 % potassium, and
1 % iron (Sedlacek et al., 2019;Carmo etal., 2019;Seghiriet al., 2019; Umezawa et al., 2020).
The combination of these inorganic elements is essential for microbial growth under the right
pH conditions in an environment. Mostbacteria activities are greatly imparted in pH conditions
above 9.5 or below 4.0 and perform optimally in pH ranging between 6.5 and 7.5 (Garcia —
Depraect et al., 2019; Yuan et al., 2020; Choudhury et al., 2021).

1.3.3. Bacterial growth during STP

The mixed liquor (comprising the mixture of microorganisms and wastewater) in the aeration
tank of STP (figure 4) provides bacteria the conditions necessary to undertake mainly five

phases of growth as illustrated in figure 5.

During the lag phase, there is no quantifiable increase in bacteria population and the situated
bacteria undergo certain adaptation process to the environment and later trigger the

manufacturing of enzymes to digest nutrients (Stumpf ez al., 2020). Thus, the lag phase has
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been postulated to be pivotal in initiating the bacteria growth phase since bacteria require the
appropriate enzyme to ensure the breakdown of nutrients proportionate to their conditions
(Hamill et al., 2020). However, there is lack of full understanding to the questions of the
duration of the lag phase since they vary according to the bacteria species and as well as the
composition of the media, temperature, and the size of the inoculation bacteria sample

(Chaturvedi ef al., 2021; Del Angel et al., 2021).
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Figure 5: Bacteria growth curve illustration. (A) Lag phase, (B) Accelerating
growth phase, (C) Log phase — exponential phase, (D) Declining growth phase, (E)

Stationary phase, (F) Death phase.
Curve adapted from https://theory.labster.com/bacterial-growth-curve/.

The accelerating growth phase represents the phase at which bacteria commence their growth.
Thereafter, almost immediately, the growth phase (denoted as letter C in figure 5) becomes
conspicuous with bacteria growth and effective reproduction characterized by cell doubling
continuing at a constant rate, so plotting the natural logarithm of cell number against time
produces a linear function. This phase has been reported to represent the ideal stage at which
samples extraction for inoculating fresh cultures should be obtained, and the bacteria
replicating time can be ascertained by the standard practice of measuring the bacteria cell
population at different intervals (Eladel et al., 2019; Nawkardar et al., 2019; Cardoso et al,
2021; Singh et al., 2021).
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In an enclosed system, an increase in bacteria growth tends to prompt the decrease in available
organic and inorganic nutrients resulting in situations where the bacteria begin to compete for
nutrients thereby triggering the declining growth pattern of the bacteria (denoted as E in figure
5) due to the limited available nutrients for energy production and cell maintenance (Nguyen
etal, 2019; Bensaida et al., 2021; Liu et al., 2023). Overtime, if the declining growth phase
persist, the bacteria growth levels tend to remain constant resulting in a stationary phase in

which growth rate and death rate are equal (as indicated in figure 5).

In the stationary phase, there are high metabolic activities during floc formation and this result
in the production of high quantity of toxic substances in the enclosed system of the stationary
phase (Junior et al., 2021; Dong et al., 2022). Moreso, during this phase, bacteria form a thick
slime layer on the surface of their cell wall which they use to stick and attach to waste products
and as well as use it to clump together with other microorganisms thereby resulting in floc
formation (figure 6 and 7) in the wastewater (Sharma et al,, 2021; Qian et al., 2023). Research
reports have suggested the stationary phase bacteria could produce antibiotics (Zafar et al,
2021) and spores (Ndao et al, 2021) capable of affecting the estimation of viable bacteria in
the STP aeration tank depicted in figure 5 (Li ef al., 2020).

Finally, the climax of the stationary phase tends to initiate the death phase or the endogenous
phase - denoted as G in figure 5 (Gao et al., 2022). During the death phase, the number of
bacteria begin to decrease due to the combining factors of the lack of nutrients and space

(overpopulation) and the death rate increases exponentially almost mirroring the lag phase.

In the WWTPs, the distribution of nutrients in the bioreactors vary depending on the design,
operation, and conditions of the bioreactors. The bioreactors experience high nutrient contents
mostly at the inflow or feeding inlet region, the mixing zone of the bioreactor and at the
substrate addition points of the bioreactor. The regions of the bioreactor mostly experiencing
low nutrients contentare the effluentor outletregion ofthe bioreactor and as well as the settling
zone of the bioreactors because the bacteria and microorganism biomass have consumed the
nutrients during growth phase as show in figure 5 (Hayder et al, 2022; Thomas et al., 2022,
Diaz et al., 2022).

1.4. Tertiary Treatment Strategy.

In recent decades, scientist tends to terminate WWTPs at the secondary treatment phase.
However, the tertiary treatment strategies (chemical treatment) are initiated to further enhance

the final quality of the effluent water being discharged into certain sensitive ecosystem and in
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some cases, water used for human activities. To achieve this, certain techniques such as
filtration with sand beds and disinfections using chlorine (sodium hypochlorite) or UV light to
reduce the indices of possible microscopic living organisms generated from STP (Alfonso et

al., 2021; Campana et al., 2021).

1.5. Wastewater Activated Sludge morphology and microorganism

communities.
The conglomerations of bacteria, protozoa, metazoan, algae, fungi, and other microorganisms,

tends to constitute activated wastewater sludge and several primary and reviewresearch studies
often described wastewater sludge as a mixture of microorganisms that make contact while
feeding on organic materials in wastewater while digesting the biodegradable materials
(Sonczyk etal, 2021; Fan et al., 2022). The removal of the biodegradable materials from the
wastewater causes the microorganisms to grow in conglomerations, and because of their
acquired weight (in mass), they settle-out as sludge (Hermosillo et al., 2021; Lambert et al.,
2021). The activated sludge process tends to provide favourable conditions for certain
microorganism resident within to grow in the system and the group of microorganisms within
the system (biomass of activated sludge) is adjudged to be best suited to the environment

(Corsino et al., 2019; Arumugam et al., 2021; Dottorini ef al., 2021).

Overthe decades, the emergenceto prominence the concept of exploringthe potentials of waste
activated sludge and harnessing their valuable resources for wastewater treatment date back to
the discovering of Flocculent Activated Sludge in about 1914 while a group of scientists were
using batch reactors (Ardern et al., 1914; Bhathena et al., 2006). Since then, several advances
have been recorded from the development of activated wastewater sludge process (figure 4)
with scientists now able to harness the potentials of the waste activated sludge by selection of
desirable organisms. Some notable improvements over time include: 1970s — the anaerobic
granular sludge, 1980s — secondary process selectors, 1990s — aerobic granular sludge, and
between 2011 to 2020 — aerobic granular sludge and integrated fixed-film activation sludge in

full scale application (Purba et al., 2020; Trego et al., 2021; Regmi et al., 2021).

Processes with aerobic granular sludge have some advantages compared to processes with
floccular aerobic sludge, such as enhanced settling properties, higher biomass concentration,
improved biomass retention, increased tolerance to toxic compounds, enhanced nutrient
removal and reduced sludge production amongst others (Kosar et al., 2022). Table 3
summarizes important characteristicsofboth these typesofaerobic sludge and figure 6 displays

a morphological representation of a floc and a granule.
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Table 3: The physical characteristics of floc and granular activated sludge.

Parameter Floc Granule
Morphology Loose and irregular Regular, compact, and smooth
Particle Size Small (<400 pm) Large (about 0.5 — 3 mm)
Sludge Volume Index (SVIzg mins) | ~120mL/ g 20-50mL /g
Settling Velocity Slow (~ 1 m/ h) Fast (> 5 min / h)

Settling Behaviour Hindered Discrete
SVI 5 mins / SVI 30 mins ~2.0 (slow thickening) | 1.0 — 1.1 (rapid thickening)

(Pechaud et al., 2021; Wei et al., 2021).
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Figure 6: Representation showing (A) conventional Floc and (B) Granular Sludge. PAO:
Polyphosphate-Accumulating Organisms and GAO: Glycogen-Accumulating Organisms. In the
blue layer (oxic zone) are where molecular or free oxygen is present and where nitrification occurs.
In the green layer (anoxic zone) is where molecular or free oxygen are absent, but “chemically
bound” oxygen (including nitrites and nitrates) is typically present, and the process of denitrification
also occur in this region. In the brown nucleus (anaerobic zone) where both free and bound oxygen

forms are absent and it’s the region where anaerobic bacteria perform anaerobic digestion (Liang et
al., 2022; Shameen et al., 2023).

1.5.1. Flocculent Activated Sludge.
The physical-chemical structure of Activated Sludge Flocs (ASFs) or Flocculent Activated

Sludge (FAS) — the flocculated conglomerates comprising microorganisms, Extracellular
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Polymeric Substances (EPS) and adsorbed organic and inorganic material (as shown in figure
7) - influences the sludge settleability (Shrestha ef al., 2019; Liwarska et al., 2020; Asensi et
al., 2022).

Microbial 7 Floc
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(Source: Sanin and Vesilind, 2000)

Figure 7: Schematics depicting the typical activated sludge flocs structure

The microbial EPS have been possited to dominate the key component for the aggregation of
microorganism in flocs — an active stochastic (chemotaxis, swimming mobilty and quorum
sensing) and hydrolytic process (biofilm degredation) as microbial cells are dispersed in the
direction ofthe fluid motion in WWTPs (Salehiziri et al., 2020;Jiaet al., 2021). The microbial
surface and the EPS of the flocs actualise bio-flocculation via polymer bridging and
intrinsically these biopolymers tend to comprise functional groups such as hydroxyl, carboxyl
and phosphate which contributes the physical-chemical negatively charged phenomenon
ensuing from the interactions between microorganisms (predominantly bacteria), inorganic
particles (such as silicates, calcium phosphate and iron oxides), exocellular polymers and
multivalent cations (Ajao et al, 2021; D Costa et al., 2022). Moreso, hydrogen bonding,
hydrophobic interactions (lipids and proteins from microbial cell wall) and polymer gel
formation also form an important component of the mechanism leading to bio-flocculation

(Bauaouine et al., 2019; Bisht et al., 2019).

Modern practices have seen a surge in the use of sludge age model (shown in figure 8) to
monitor and analysis good floc formation as well as the food (incoming BOD) and
microorganism ratio during wastewater treatments (Castellanos ef al.,, 2021; Preisner et al.,

2021). Furthermore, the sludge age model has become crucial in suggesting the biological
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constituents of the ASFs and in turn determine the sucesses of bioflocculation in the aeration

tank (Tirkey et al., 2022).
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Source: https://teamaquafix.com/activated-sludge-fim-calculator/

Figure 8: The illustration depicting sludge age process.

1.5.2. Aerobic Granular Sludge

The formation of Aerobic Granular Sludge (AGS) tends to evolve from series of complex
processes (floc-to-microbial granule) and formations (Dockx etal., 2021). Hence, the sucessful
bioflocculation of flocs in WWTPs tanks and sequencing batch reactors has been reported to
be pivotal to the formation of a microbial granule and as well as challenging (Da Costa et al.,
2022). The floc-to-microbial granules process under normal conditions undergo the triggering
force process (Kong et al., 2022), selection pressure process (Barros et al., 2021), and growth

process (as illustrated in figure- 9) to achieve the formation of a matured microbial granule.

In wastewater treatment sequencingbatch reactor, the triggering force process comprise mainly
of hydrodynamic shear force and feast-famine feeding regimes (Abouhend et al., 2023). The
hydrodynamic shear force influence the formation and certain characteristics of the AGS via
its up-flow superficial air velocity (Miyake et al., 2022). The hydrodynamic shear force also

acts as a compaction force on the surface of the microbial aggregation as shown in figure 9 as
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they assist in shaping the granular structure by detaching the loosely attachedmircobes (figure-

6A and figure -9) from the outer surface of the aggregation (Uma et al., 2023).

Mechanisms:
(a) Proton translocation
(b) Surface charge neutralization

(c) Cell surface hydrophobicity

Mechanisms:
(a) Quorum sensing

(b) Environmental
signals (e.g.,
nitrogen starvation)

Mechanisms:

(a) Effect of hydrodynamic forces
(e.g., air and water flow)

(b) EPS synthesis

(c) Formation of ionic-bridges

(d) Van der waals force
(d) Selection pressure

(e) Growth of immobilized
biomass

— EPS Aerobic zone

Anoxic/

dead cells

0
J
N
¢

&=

Step 2: Micro-
Step 1: Cell- aggregate Step 3: EPS Step 4:
Microbial cells cell adhesion formation synthesis Maturation Mature granule
0-30 days 30-60 days 60-200 or more days

Figure 9: Schematics showing aerobic granule formation mechanism and
process (Serma et al., 2017).

The superficial air velocity (> 1.2 cm/s ) enhances the production of exopolysaccharides, cell
surface hydrophobicity, the gravity of AGS, and the cell-cell interactions resulting in the
initiation of granular formation (De Pra et al., 2021). Conversely, although up -flow superficial
air velocity < 0.8 cm/s could result in the formation of AGS, the granule microbial structure
would be loose and unstable (De Sousa Rollemberg et al., 2019). However, several reports
have asserted that the formation of AGS depends on more than one parameter (Zaghloul et al,

2020; Strubbe et al., 2022).

Several morphological studies have shown aerobic granules to consist of different zones or
layers — aerobic zone (Quoc et al., 2021), anoxic zone (Du et al., 2019), and anaerobic zone as

illustrated in figure 10 (Pelivano et al., 2021) and these zones have been postulated to perform
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series of biological conversions (nitrification and denitrification) within the granule during the

operations of wastewater treatment reactors (Bassin et al., 2019; Roche et al,, 2021).

N,

Anaerobic feeding . Aeration period

period

Soluble
BOD

Particulate
BOD

Figur e 10: Graphical illustrations of acrobic granular sludge with (A) Inherent

zones and nitrogen removal pathways, (B) Anaerobic feeding period, and (C)
Aeration period (Lens and Reddy, 2018). The Polyphosphate-Accumulating
Organisms (PAOs) able to perform denitrification can be called Denitrifying
phosphorus-accumulating bacteria (DPAB).

Research works have reported alternating between aerobic and anaerobic operational periods
in sequencing batch reactors contribute to the segregation of microorganisms (nitrifiers,
denitrifiers, PAOs, and GAOs) within the granules due to dissolved oxygen gradient across
depth (Pathiraya et al., 2019; Papini et al., 2022). The microscopical studies of wastewaters’

aerobic granular sludge have shown nitrifying microorganisms to predominantly located in the
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aerobic zone outer layer of the aerobic granular sludge as shown in figures 6 and 10. Similarly,
the denitrifying microorganisms, PAOs, and GAOs have been posited to occupy the inner
regions of the anoxic/anaerobic microenvironments of the aerobic granular sludge as depicted
in figure 6 (Awad et al., 2022; Gao et al., 2022). GAOs cannot take up polyphosphate, thus
when competing with PAOs for anaerobic Volatile Fatty Acid (VFA) can cause the failure of
Enhanced Biological Phosphorus Removal (EBPR) processes; nevertheless, GAOs are usually
also found in the granules and can have denitrifying capability (Bin et al., 2015).

The wastewater nutrients nitrogen and phosphorus have been reported to be mainly eradicated
via a combination of aerobic (with plenty of oxygen), anoxic (without molecular oxygen) and
anaerobic (devoid of molecular oxygen and chemically bound oxygen including nitrites and
nitrates) processes in aerobic granular sludgeas shown in figure 10 (Falahati ezal., 2020; Lopes
et al., 2021). The process of Alternating Nitrification and Denitrification (AND) as well as
Simultaneous Nitrification and Denitrification (SND) has been reported to dominate the redox
conditions in a single granule as shown in figure 10b and 10c¢ (Bucci etal., 2021; Lagum 2022).
The aerobic and anoxic/anaerobic zones in the granules are maintained by microbial respiration
(high and low dissolved oxygen) in the outer region alongside diffusion limitation (Layer et
al., 2019). Furthermore, parameters such as high dissolved oxygen in the bulk liquid, size of
granules (micro or macro-scale granules), electron donor capability and microbial activities
ensure SND occurrence (Chen et al., 2023; Insel et al., 2023). The release of phosphorus in the
anoxic zone as shown in figure 10c and the decrease of COD tends to confer certain challenges
on denitrification during AND-strategies (Mbamba et al., 2019; Aziz et al., 2022). Thus, the
success in the completion of the floc-to-microbial granule (Flocculent to aerobic granular
sludge) formation ensures the occurrence of the biological conversion activities needed in the

WWTPs sequencing batch reactors for domestic wastewater treatment.

1.6. The emerging Concept of Bioaugmentation Strategies of Batch

Reactors.
Whilst evolving the biological wastewater treatment strategies especially during STPs, the need

for an environmentally friendly, cost effective, and the reduction of toxic by -products from
WWTPs remain sacrosanct. The deployment of bioaugmentation strategies has shown
promising potential as it allows for the scientific manipulation of granular sludge
microenvironments to increase populations of several bacteria with similar capacity (Figdore
et al., 2018) as well as the addition of isolated microorganisms (Duque et al., 2011) to

wastewater treatment bioreactors in a bid to biodegrade recalcitrant molecules in wastewater
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samples. Moreover, several research works have studied the inoculation of bacteria species into
wastewater treatment bioreactors to enhance the biodegradation of pharmaceuticals (Bessa et
al., 2021; Ely et al.,, 2022). These studies have been heightening the possible prospects of
bioaugmentations of AGS with several choices of microorganisms to complement the in-situ

microorganism communities of the sludge (Duque ef al. 2021).

1.7. Paracetamol removal in WWTPs
Wastewater treatment plants (WWTPs) for urban sewage are important sources of persistent

pollutants to the environment and concern on harmful environmental impact is growing due to
chronic trace concentration exposure caused by WWTPs inability to completely degrade such
type of pollutants. Consequently, studies with activated sludge have revealed percentages of
Paracetamol removal from 80% to 99.9%, revealing hydroquinone and 4 -aminophenol as its
intermediate metabolites, and allowed to isolate several Paracetamol degrading Pseudomonas
strains by supplying synthetic WWTP with Paracetamol as the sole carbon source (De Gusseme
et al., 2011; Zhang et al., 2013). Yet, its detection in receptor ecosystems suggests that the
disposal in sewage overwhelms its removal in WWTPs (Peake ef al., 2015; Parolini et al,

2020).

1.8. Objective

Recently, the team of the laboratory of Environmental Technologies of the Centre of Marine
Sciences of the Algarve has isolated a bacterial strain from Mycolicibacterium genus able to
proliferate in solid mineral medium having Hydroquinone as the sole carbon source and able
to remove both Paracetamol and Hydroquinone from liquid mineral medium having these
compounds has sole carbon sources. The aim of the study was to test standard methods for the
analysis of Chemical Oxygen Demand (COD), total nitrogen, ammonia-nitrogen, nitrate-
nitrogen, nitrite-nitrogen, and phosphate-phosphorus, and afterward to implement the methods
to evaluate the wastewater treatment performance of laboratory-scale sequencing batch reactor
with aerobic granular sludge during a bioaugmentation experiment (with a Mycolicibacterium

spp strain).
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2. Materials and Methods

2.1. Evaluation of methods for wastewater analysis
The parameters of interest (chemical oxygendemand, total nitrogen, ammonia nitrogen, nitrate

nitrogen, and phosphate phosphorus) were analytically quantified via colorimetric methods of
spectroscopy using kit reagents from HACH company GmbH, European headquarters,
Dusseldorf, Germany, and the strategy adopted to test their application in this work was (first)
to build standard calibration curves within the reported linearity concentration ranges; (second)
calculate the respective Limits of Detection (LOD) and of Quantification (LOQ) and (third)
use the calibration curves to measure standard reference materials and estimate parameters of
precision (Standard Deviation and the Random Error of Mean), accuracy (Relative Bias) and

trueness (which accounts with precision and accuracy).

2.1.2. Ammonia nitrogen method and calibration Standards
Two methods based on the indophenol (or Bertthelot) reaction (Searle 1984) were tested: the

salicylate ammonia nitrogenpowder-pillow method 8155 (HACH); tenth edition with specified
concentration range (0.01 to 0.50 mg/L NH3;—N) and the indophenol blue ammoniumnitrogen
LCK - 304 methods (HACH); first edition with specified concentrationrange 0.015 to 2.0 mg
/ L NH4 — N.

To prepare the calibration standards a fresh stock solution was prepared in accordance with
ISO 7150/1-1984 ammonia standard preparation procedure section E. The stock solution of
1000 mg / L was prepared by dissolving 1.9095 +0.0001 g of dried analysis grade ammonium
chloride — NH4Cl, M = 53.49 g/ mol (Index number: 01014008, Merck KGaA Darmstadt,
Germany) in about 400 mL of distilled water using a 500 mL volumetric flask and finally
diluting with distilled water to the volumetric mark. The ammonium chloride stock solution
(1000 mg/L) wasused to obtain a series of final concentrations of: 2.0, 1.0,0.5,0.4,0.3,0.2,0.1,
and 0.01 mg / L. The last six were used for the method 8155 and the first 7 were used for the
LCK — 304 methods.

The salicylate method entails the ammoniareacting with chlorine to produce monochloramine
which later reacts with salicylate to form 5-aminosalicylate. The 5-aminosalicylate becomes
oxidized in the presence of sodium nitroprusside catalyst to yield a blue colored indophenol-
like compound which was measured by absorbance at wavelength 655 nm using a
spectrophotometer. Usually, the reaction yields a final green colored solution due to the yellow

color caused by excess reagents.

24



The indophenol blue method involves the ammonium ions reacting at pH 12.6 with
hypochlorite ions and salicylate ions in the presence of a catalyst to yield indophenol blue,

which was measured at wavelength 694 nm.

2.1.3. Total nitrogen method and calibration standards
For total nitrogen, the persulfate digestion method 10072 (HACH), tenth edition with

concentration range (2 — 150 mg / L), was adopted as highlighted by the manufacturer in line
with ISO 29441:2010.

The stock solution of 1000 mg / L ammonium chloride prepared as described above in the
ammonia nitrogen section was used to prepare the following final concentration calibration

standards: 2, 15, 30, 60,90, 120, and 150 mg / L, within the limit of specified linearity range.

The alkaline persulfate digestion converts all forms of nitrogen to nitrate, and the nitrate reacts
with chromotropic acid under a highly acidic conditions to yield a yellowish complex, which

was measured by absorbance at wavelength 410 nm using a spectrophotometer.

2.1.4. Nitrate nitrogen method and calibration standards
The cadmium reduction powder-pillows method 8039 (HACH); nineth edition with specified

concentration range of 0.3 — 30.0 mg / L NO; - N, was adopted as illustrated by the
manufacturer and in line with the reference guidelines for nitrate determination from the
American Public Health Association (APHA), American Water Works Association (AWWA),
and Water Environment Federation (WEF) (Standard Method (SM) 4500 — NOs - B).

To prepare the calibration standards, a stock of nitrate solutions was prepared as described in
the reference guidelines referred above. An amount of 0.7218 g of dry potassium nitrate
(KNOs3) was dissolved in distilled water and 2 mL of chloroform (CHCI3) was added for
preservation before dilution to the mark in a 1000 mL volumetric flask, so that the solution had
100 mg / L NOj - N. Then, a series of calibration standards was prepared with final
concentrations 0of 0.02, 0.2, 0.5, 1.0, 1.5, 2 and 2.5 mg / L.

The cadmium metal reduces nitrate to nitrite, and the nitrite ions react with sulfamic acid in an
acidic medium to produce an intermediate diazonium salt which later binds with gentisic acid
to yield an amber colored solution. The absorbance was measured at wavelength 500 nm with

a spectrophotometer.

2.1.5. Phosphate-phosphorus method and calibration standards
The ascorbic acid method 8048 in powder pillows (HACH); tenth edition with specified

concentration range (0.02 to 2.50 mg / L PO43-) was adopted as indicated by the manufacturer
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in line with the guidelines for phosphorous determination fromthe APHA, the AWWA and the
WEF (SM 4500 — P -E).

The stock solution of 1000 mg/L ammonium chloride prepared as described above in the
ammonia nitrogen section was used to prepare the following final concentration calibration

standards: 2, 15, 30, 60,90, 120, and 150 mg/L, within the limit of specified linearity range.

The alkaline persulfate digestion converts all forms of nitrogen to nitrate, and the nitrate reacts
with chromotropic acid under highly acidic conditions to yield a yellowish complex, which

was measured by absorbance at wavelength 410 nm using a spectropho tometer.

2.1.6. Chemical Oxygen Demand Standard
The chemical oxygen demand (COD) method LCI — 400 (HACH), first edition with specified

concentration range (0 to 1000 mg/ L) for water, wastewater and process analysis was adopted

as indicated by the manufacturer and in accordance with ISO — 15705:2002 (E).

The stock solution was prepared by dissolving dried 0.4251 g = 0.0001 g of potassium
hydrogen phthalate (KHP) [CsH4(COOH)(COOK)] in about 350 mL of distilled water and
diluting to the 500 mL volumetric mark, making a COD stock solution of 1000 mg / L O,.
Then, several calibration standards with the following concentrations were prepared: 20, 200,

400, 600, 800 and 1000 mg/L.

In this method, the oxidizable substances are oxidized by digestion with sulfuric acid and
potassium dichromate in the presence of silver sulphate (a catalyst to oxidize the more
refractory compounds) and mercury sulfate (to masks the interferenceof chloride). The amount
of dichromate used in the oxidation of the sample is determined by measuring the green

coloration of Cr3*. The absorbances were obtained at wavelength 605 nm.

2.2. Calibration Curves construction
The calibration curves were developed using the aforementioned standard concentrations

prepared by diluting stock solutions prepared in the same day as described above. For each
analytical method six to seven replicates of absorbance reads were obtained for each standard

concentration and data sets were treated as follows.

The first version of calibration linear function was plotted using all standard concentrations
and the coefficient of correlation R? was used to evaluate linearity: if R? was below 0.98, the
standard concentrations with reads far from the linear function (probably with dilution errors)

evaluated by visual observation of plots, were removed until the set criteria (R? > 0.98) was
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met. Then, a second calibration curve was plotted from which the concentrations and relative
errors were calculated using equations 1 and 2, respectively. Finally, the three best reads, with
the lowest relative errors, from each concentration were selected for plotting the Final Standard

Calibration Curve (FSCC).

Absorbance — Intercept (1)

Found Concentration =
Slope

Where: absorbance = values obtained from the spectrophotometer, intercept = intercept of the
regression line, and slope = slope of regression line.

_ found concentration — expected concentration
Relative error = - x 100 (2)
expected concentration

Where: found concentration = value from equation 1 and expected concentration = final
concentration of the sample.

Afterward, the Limit of Detection (LOD) and the Limit of Quantification (LOQ) were
calculated based on the standard error of the intercept and the slope of the regression line using

the lowest three standard concentrations from each FSCC.

Standard error of intercept 3A
LOD =33 X — (3A)
Slope of the regression line
L0Q =10 x Standard error of intercept (3B)

Slope of regression line

The correctness of the determined LOD was evaluated by comparing the calculated LOD value
(obtained using equation 3A) with the lowest standard concentration (¢ i) of the FSCC and
10 x LOD, with the criteria stated as thus: when LOD < ¢ pin, and 10 X LOD > ¢ i , the

calculated LOD (equation 3A) was deemed correct.

2.3. Precision, accuracy, and trueness
To evaluate precision, accuracy, and trueness each method was applied with respective FSCC

to analyze mixed standard reference materials with known concentrations (table 4). The
reference solutions were commercially obtained from Hach company, Germany, and they are

traceable to Standard Reference Materials (SRM) of NIST (except for ammonia).
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Parameters Standard

Chemical Oxygen
Demand

Phosphate-phosphorus

Ammonia Nitrogen and
Ammonium Nitrogen

Nitrate Nitrogen

Total Nitrogen

Table 4: Standard reference materials concentrations

LCA -721 Low Range
Reference Solution
(mg/L)

50mg /L

I mg/L

I mg/L

6 mg/L

20mg /L

LCA -720 High Range
Reference Solution
(mg/L)

500 mg /L
10 mg/L
25 mg/L
25 mg/L
50 mg/L

Six to seven absorbance reads were obtained for each individual analytical method and the

found concentrations were calculated using formula —1 from the FSCC for all absorbancereads

in MS-excel software and then used to ascertain precision, accuracy, and trueness. The standard

deviation of the observed values (obtained using equation 4A) and the random error of the

mean (obtained using equation 4B) were used to evaluate the precision, while the relative bias

in percentage in comparison with the known concentration (obtained using equation 5) was

used to evaluate the accuracy. Finally, the precision and accuracy were used to evaluate the

trueness (obtained using equation 6).

XX — X)?
Standard Deviation (SD) = %

SD of observed sample

Vn

Random error of the mean =

X — X
Relative bias (%) _ ( (Labvalue mean) (Ref. Value)>X 100

X(Ref. value)
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Trueness = (Ref. value — lab. value mean) + (Random error of mean). (Konieczka and

Namiesnik 2018) (6)

2.4. Bioreactor setup and operational conditions
Four sequencing batch reactors (SBRs) were setup with working capacities of about 1.3 L in

volume each. The dimension of each individual reactor was 6.2 cm internal diameter and 44
cm in height while the discharge point was at mid heigh for an exchange rate of 50 % in each
cycle. The SBRs started with automatic operations using sequential time switches in cycles of
6 hours with four different phases: anaerobic feed from bottom, aeration, settling and effluent
removal; however, due to failures in the automatic discharges (after discharge the outlet pumps
became unprime) the operation was adapted to manual discharges first with cycles of 12 hours

and then with cycles of 24 hours (see details on table 5).

The oxygen was supplied using two Vultron 4000 air pumps (each with two air supplies) for
the four reactors. Each reactor had an independent air supply connected to a hard PVC tube
with two exits (< 1mm) to supply air at the bottom of reactors, resulting in a superficial air

velocity of 0.8 cm / s.

The operation started with a volume of 150 mL mature granular sludge per reactor. Thus,
aiming to have high selectivity for the fast-settling mature granules, a high minimal imposed
settling velocity of 13.2 m/h (calculated using the following equation (Liu et al., 2005)) was

used.

L
Minimal imposed settling velocity = t_
S

Where L is the distance to the discharge port (m) and ts is the settling time (hour).

Table 5a: Time of each phase during the SBR cycles, throughout the operation, and minimal

imposed settling velocity in the different operation stages.

Stage I Stage 11 Stage 111
(Day 1-4) Day5-17) (Day 8 - 57)
Phase Units 4 cycles / day | 2 cycles / day 1 cycle / day
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day night
Anaerobic feed Min 120 150 150 150
Aerobic incubation 237 387 747 1287
Settling 1 1 1 1
Effluent removal 2 2 2 2
Minimal imposed m h-! 13.2 13.2 13.2 13.2
settling velocity

To make the final composition of synthetic sewage, the reactors were fed from four separated

solutions (Table 5b) thatbecame mixed aftera system of peristaltic pumps (Figure 11), so there

was always a mix of nutrients in the four feed solutions to avoid the proliferation of

contaminant microorganisms in the supply bottles.

Table 5b: Synthetic sewage preparation and composition.

Compounds Stock at | Dil. Factor to prepare | Dil. factor by mixing Total dil. Influent
4°C solutions in the feed the four solutions - Factor (g/L)
(g/L) bottles according to pump
flows

Carbon sources solution
Sodium acetate 90 319 4.7 150 0.6
D-glucose 555 0.37
Glycerol 24 0.16
MgSQO..7H20 135 0.9

Macronutrients solution 1
NH.CI 80 140.9 2.8 400 0.2
CaCl».2H,0 12 0.03

Macronutrients solution 2
KoHPO4 256 174.0 2.3 400 0.64
KH2PO4 60 0.15
KCI 16 0.04

Trace elements solution

FeCls.6H.0 9 220.5 4.5 1000 0.009
Hs;BOs 0.9 0.0009
CuS04.5H:0 0.18 0.00018
Kl 1 0.001
MnCl2.4H:0 0.72 0.00072
Na:Mo0O,.2H;0 0.36 0.00036
ZnS04.7H,0 0.72 0.00072
CoCl,.6H:0 0.9 0.0009
EDTA 60 0.06
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Figure 11: Schematics showing the bioreactor setup (Original diagram).

2.5. Characterization of Granular Sludge used in the experiment.
The granular sludge was kindly provided by the company Aguas do Algarve and was obtained

from the WWTP of municipal wastewater located between Faro and Olhao, Portugal.

2.5.1. Sludge Volume Index and Mixed Liquor Suspended Solids
The Sludge Volume (SV) of the obtained sample was measured by pouring 1 L of mixed liquor

into a graduated cylinder and leave the sludge to settle for 5 and 10 minutes and the volumes
recorded respectively for each time interval (SVs and SV (). Then, the Sludge Volume Index
(volume occupied by 1 gram ofactivated sludge after settling fora certain time) was calculated
for 5 and 10 minutes (SVIs and SVI() using formula- 7, where settled sludge is the SV and
suspended solids is the Mixed Liquor Suspended Solids (MLSS) calculated as described below

and using equation- 8.

(7)
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(mL Settled Sludge per L of Mixed Liquor)
Suspended Solids (%)

SVI (mL/g) =

The MLSS was measured according to Kasper et al., 2018 with modifications. Since it was for
granularsludge, a filter with retention size 0f20 —30 um (Whatman Grade 8 Ruled Qualitative
Filter Paper Circle — 75 mm diameter) was used instead of a filter with 1 um retention. The
filter was washed three successive times with 50 mL portions of Mili-Q water and dried in an
oven for 24 hours at 70 ° C, and using an analytical balance the weight of the filter (W1) was
recorded in mg. Then, 100 mL (V) of mixed liquor was filtered and the filter with wet
suspended solids (after filtration) was placed inthe oven at 70 © C for 3 days, and the filter with
dry material weight in mg (W2) was measured using the analytical scale, and the MLSS was

calculated using equation 8:

MLSS (g/L) = (W2(mg)-W1(mg)) x1000 )

Volume of Sample(L)

2.5.2. Morphological characteristics
A sample of granular sludge mixed liquor was poured to a petri-dish and placed over

millimetric paper for observation using a magnifier. The criteria defined by Beun et a/., 2002
were evaluated on a simplified scale by visual observation: diameter size (mm), shape factor -
capriciousness of particle surface (smooth, half hairy, hairy), aspect ratio — roundness of
particle (round, elongated, irregular).

2.5.3. Bioaugmentation and Paracetamol removal

The bacterial strain Mycolicibacterium aubagnense HPB1.1 used in the bioaugmentation
experiment was isolated from sediment collected close to the wall of a cave at the Poderosa
mine in Spain (in the Iberian Pyrite Belt), during a previous work on the selection of

Paracetamol degrading bacteria.

The two test bioreactors (R1 and R2) were inoculated at four operational days (day 4, 6, 8 and
14) with M.aubagnense HPB1.1 strain, while the two control bioreactors (R3 and R4) were
not. Each inoculation was as follows: (1) a culture of the selected strain was grown in 400 mL

LB medium supplemented with glycerol (5 mL /L) till reaching 1.0 to 1.5 OD600nm, and (2)
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the cells were collected by centrifugation (at 2500 g for 15 minutes at room temperature) in 8
falcon tubes of 50 mL, the medium discarded, the cells of each tube resuspended in 20 mL of
synthetic sewage (the influent medium) and the suspensions distributed equally to reactors R1

and R2.

After the fourth inoculation (at day 14) paracetamol was added to the four reactors just before
starting the anaerobic feed to make a concentration of 50 mg/L (on the filled volume). Then,
samples were collected for Paracetamol analysis immediately when aeration started and along
the aeration period (times 0, 2.5, 5, 7.5, 10 and 22 h) of that cycle (cycle 1) and along the
aeration period (0, 3, 12 and 22 h) of the subsequent cycle (cycle 2).

The concentration of paracetamol and its intermediate degrading metabolite Hydroquinone
were monitored by HPLC analysis using an isocratic method with a XBridge™ C18 5um, 4.6
x 250 mm column (Waters, USA) and methanol/miliQ-H,O - 10/90 (%) at pH ~3 (adjusted
with orthophosphoric acid) as mobile phase at 1.3 ml/min for 10 minutes, on a Ultra High
Performance Liquid Chromatography Nexera system (SHIMADZU) with a semi-preparative
configuration allowing both analytical runs and preparative runs, with the following modules
(SHIMADZU): system Controller SLC-40, one Solvent Delivery Module LC-20AP which
enables high flow rates (up to 150 mL/min) for highly efficient large-scale preparative
fractionation or Another Solvent Delivery Module LC-20AP combined with an FCV-200AL
low-pressure gradient unit to perform gradient analysis using up to four mobile phases (used

in this work),

- Degassing Unit DGU-405,

- Autosampler SIL-10AP,

- Column Oven CTO-40 C,

- Photodiode Array UV-Vis Detector SPD-M40),

- Preparative Flow Cell for SPD-M40 or Conventional Flow-Cell for SPD-M40 (used in this

work),
- Fraction Collector FRC-10A.

Paracetamol at>99.0% purity (ref. A7085-100G, Sigma-Aldrich) and Hydroquinone also at>
99.0% purity (ref. H9003-100G, Sigma-Aldrich) were used to prepare calibration standards in
the range of 5 to 50 mg/L, and a certified reference material of Hydroquinone, TraceCERT®,
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from Supelco (ref. 74347, Sigma-Aldrich) was used to confirm the retention time of this

compound.

3. Results

3.1. Calibration curves and trueness of analytical methods for wastewater
analysis

3.1.1. Ammonium Nitrogen method

Indophenol blue method

The standard calibration curve developed using the ammonium chloride standard solutions at
differentconcentrations andrespective residuals plot obtained with the indophenol blue method
(method LCK304, HACH) are presented in figure 12. Table 6a represents the final data set of
this calibration curve while table 6b represents the data set for the parameters of trueness as a

validation process:
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Figure 12: LCK 304 Ammonium Nitrogen calibration curve plot and residual plot.
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Table 6a: The data set for the Ammonium Nitrogen indophenol blue method (LCK 304,
HACH) standard calibration curve:

Expected Absorbance Found Relative Error
Concentration (694 nm) Concentration (%)
(mg/L) (mg/L)
0.1 0.078 0.065 35.144
0.1 0.085 0.072 27.628
0.1 0.084 0.071 28.702
0.2 0.194 0.189 5.294
0.2 0.204 0.200 0.075
0.2 0.204 0.200 0.075
0.3 0.268 0.269 10.376
0.3 0.294 0.297 1.070
0.3 0.297 0.300 0.004
0.4 0.330 0.335 16.139
0.4 0.406 0.417 4.263
0.4 0.409 0.420 5.068
0.5 0.393 0.403 19.382
0.5 0.512 0.531 6.174
0.5 0.512 0.531 6.174
1 1.057 1.116 11.607
1 1.057 1.116 11.607
1 1.057 1.116 11.607
2 1.832 1.948 2.588
2 1.835 1.951 2.427
2 1.835 1.951 2.427
Regression Coefficient — r? 0.992
Slope 0.931
Standard error of slope 0.020
Intercept 0.018
Standard error of intercept 0.020
LOD (first three lowest concentration (n =9)) 0.07 (mg/L)
10*LOD 0.66 (mg/L)
LOQ 0.20 (mg/L)
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Table 6b: The data sets for the Ammonium-Nitrogen indophenol blue method (LCK 304,

HACH) parameters of trueness based on analysis of 1 mg/L ammonia nitrogen Reference

Material:
Absorbance (694 nm) Found Concentration (mg/L)
1.057 1.116
1.059 1.118
1.057 1.116
1.059 1.118
1.057 1.116
1.056 1.115
Mean of the obtained values 1.1166
(S;a;/iz;rd Deviation 0.0013
Precision ﬁfllg?]?)m error of mean 0.0005
Relative Bias (%) 11.66
Accuracy Accuracy (%) 100.12
Trueness -0.1161
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Salicylate method

The standard calibration curve and residuals plot generated using the ammonium chloride
standards with the ammonia nitrogen salicylate method (method 8155, HACH) are presented
in figure 13; while table 7a has the respective data set and table 7b has the parameters of

trueness for the validation of the curve:

A Ammonia Standard Calibration Curve (Salicylate
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Figure 13: Ammonia nitrogen (Salicylate method) calibration curve and residual plot.
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Table 7a: The data sets for the Ammonia- Nitrogen Salicylate method (method 8155, HACH)

standard calibration curve:

Expected Absorbance Found Relative Error
Concentration (655 nm) Concentration (%)
(mg/L) (mg/L)

0.01 0.133 0.015 47.432
0.01 0.133 0.015 47.432
0.01 0.134 0.015 49.398
0.1 0.366 0.097 2.523
0.1 0.366 0.097 2.523
0.1 0.365 0.097 2.720
0.2 0.667 0.205 2.289
0.2 0.667 0.205 2.289
0.2 0.667 0.205 2.289
0.3 0.913 0.292 2.657
0.3 0.913 0.292 2.657
0.3 0.913 0.292 2.657
0.4 1.187 0.390 2.625
0.4 1.187 0.390 2.625
0.4 1.187 0.390 2.625
0.5 1.531 0.512 2.425
0.5 1.531 0.512 2.425
0.5 1.531 0.512 2.425

Regression Coefficient — r? 0.998

Slope 2.812

Standard error of slope 0.033

Intercept 0.092

Standard error of intercept 0.010

LOD (first three lowest concentration (n =9)) 0.01 mg/L

10*LOD 0.07 mg/L

LoQ 0.02 mg/L
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Table 7b: The data sets for the Ammonia-Nitrogen Salicylate method (method 8155, HACH)

parameters of trueness based on analysis 0f 0.25 mg/L ammonia nitrogen Reference Material:

Absorbance (655 nm) Found Concentration (mg/L)
0.836 0.26465
0.838 0.26536
0.838 0.26536
0.839 0.26572
0.837 0.26500
0.837 0.26500
Mean of the obtained values 0.2652
Standard Deviation 0.0004
Precision | (mg/L)
Random error of mean 0.0002
(mg/L)
Relative Bias (%) 6.07
Accuracy
Accuracy (%) 93.9
Trueness -0.0150
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3.1.2. Total Nitrogen method

The calibration curve and residuals plot obtained with the total nitrogen persulfate digestion

method (10072, HACH) using ammonium chloride standard solutions is presented in figure

14. Table 8a has the data set of the curve while table 8b has the parameters of trueness for

validation.
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Figure 14: Total Nitrogen calibration curve plot and residual plot.
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Table 8a: The data set for the Total Nitrogen method (10072, HACH) standard calibration

curve:

Expected Absorbance Found Relative Error
Concentration (410 nm) Concentration (%)
(mg/L) (mg/L)
2 0.095 7.184 259.211
2 0.087 6.132 206.579
2 0.017 -3.079 253.947
15 0.167 16.658 11.053
15 0.159 15.605 4.035
15 0.147 14.026 6.491
60 0.518 62.842 4.737
60 0.504 61.000 1.667
60 0.500 60.474 0.789
120 0.924 116.263 3.114
120 0.920 115.737 3.553
120 0.915 115.079 4.101
150 1.219 155.079 3.386
150 1.206 153.368 2.246
150 1.213 154.289 2.860
Regression Coefficient — r? 0.9963
Slope 0.0080
Standard error of slope 0.0003
Intercept 0.0404
Standard error of intercept 0.0117
LOD (first three lowest concentration (n =9)) 5.05 mg/L
10*LOD 50.45 mg/L
LoQ 15.29 mg/L

41



Table 8b: The data sets for the total nitrogen method (10072, HACH) parameters of trueness
based on the analysis of low range (7 mg / L nitrogen) and high range (50 mg / L nitrogen)

standard reference materials:

LOW RANGE REFERENCE MATERIAL HIGH RANGE REFERENCE
MATERIAL
Absorbance Found Concentration Absorbance Foung Concentration
(410 nm) (mg/L) (410 nm) (mg/L)
0.100 7.842 0.413 49.026
0.099 7.711 0.414 49.158
0.098 7.579 0.414 49.158
0.099 7.711 0.414 49.158
0.098 7.579 0.415 49.289
0.099 7.711 0.416 49 421
0.098 7.579 0.415 49.289
Low Range (mg/L) | High Range (mg/L)
Expected Value 7
50
Mean of the obtained values 7.67 4921
Precision | Standard Deviation 0.07 0.11
Random error of mean 0.04
0.03
Accuracy | Relative Bias (%)
9.61 1.57
Accuracy (%)
90.39 98.4
T -0.64
rueness 0.6 0.83
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3.1.3. Nitrate Nitrogen method

The standard calibration curve and respective residuals plot generated with the nitrate nitrogen
cadmium reduction method (8039, HACH) using concentration standards of potassium nitrate
are presented in figure 15. Table 9a represents the corresponding data sets for the curve while

9b represents the curves’ parameters of trueness for validation.
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Figure 15: Nitrate Nitrogen calibration curve plot and residual plot.
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Table 9a: The data sets for the Nitrate Nitrogen cadmium reduction method (8039, HACH)

standard calibration curve:

Expected Absorbance Found Relative Error
Concentration (500 nm) Concentration (%)
(mg/L) (mg/L)
0.3 0.045 -0.255 184.967
0.3 0.044 -0.320 206.754
0.3 0.044 -0.320 206.754
3 0.097 3.144 4.793
3 0.096 3.078 2.614
3 0.097 3.144 4.793
5 0.124 4.908 1.830
5 0.124 4.908 1.830
5 0.124 4.908 1.830
15 0.289 15.693 4.619
15 0.290 15.758 5.054
15 0.290 15.758 5.054
20 0.379 21.575 7.876
20 0.382 21.771 8.856
20 0.383 21.837 9.183
25 0.397 22.752 8.993
25 0.398 22.817 8.732
25 0.398 22.817 8.732
30 0.511 30.203 0.675
30 0.514 30.399 1.329
30 0.516 30.529 1.765
Regression Coefficient — r? 0.9890
Slope 0.0150
Standard error of slope 0.0005
Intercept 0.0489
Standard error of intercept 0.0087
LOD (first three lowest concentration (n =9)) 1.92 mg/L
10*LOD 19.15 mg/L
LoQ 5.80 mg/L
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Table 9b: The data sets for the nitrate nitrogen cadmium reduction method (8039, HACH)
parameters of trueness based on the analysis of low range (6 mg / L nitrate nitrogen) and high

range (25 mg / L nitrate nitrogen) standard reference materials:

LOW RANGE REFERENCE MATERIAL HIGH RANGE REFERENCE

MATERIAL
Absorbance Found Concentration Absorbance Found Concentration
(500 nm) (mg/L) (500 nm) (mg/L)
0.161 7.327 0.421 24.320
0.161 7.327 0.412 23.732
0.161 7.327 0.421 24.320
0.163 7.458 0.423 24 451
0.161 7.327 0.424 24.516
0.163 7.458 0.423 24.451
0.162 7.392 0.425 24.582
Low Range (mg/L) | High Range (mg/L)
Expected Value 6 25
Mean of the obtained values 7.38 24.34
Standard Deviation 0.06 0.31
Precision
Random error of mean 0.03 0.13
Relative Bias (%) 23.02 2.63
Accuracy
Accuracy (%) 76.98 97.37
Trueness -1.36 0.78
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3.1.4. Phosphate-phosphorus method

The standard calibration curve generated with the phosphate phosphorus ascorbic acid method
(8048, HACH) using potassium dihydrogen phosphate standard solutions is presented in figure
16. Table 10a has the corresponding data sets of the curve while table 10b has the parameters

of trueness obtained with a reference standard material for validating the method.
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Figure 16: Phosphate-Phosphorus calibration curve plot and residual plot.
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Table 10a: The data sets for the Phosphate-phosphorus ascorbic acid method (8048, HACH)

standard calibration curve:

Expected Absorbance Found Relative Error
Concentration (880 nm) Concentration (%)
(mg/L) (mg/L)
0.02 0.047 0.008 58.480
0.02 0.047 0.008 58.480
0.02 0.042 0.005 74.449
0.2 0.347 0.200 0.032
0.2 0.347 0.200 0.032
0.2 0.347 0.200 0.032
0.5 0.832 0.510 1.948
0.5 0.832 0.510 1.948
0.5 0.832 0.510 1.948
1 1.632 1.021 2.076
1 1.629 1.019 1.884
1 1.625 1.016 1.629
1.5 2.358 1.485 1.033
1.5 2.358 1.485 1.033
1.5 2.358 1.485 1.033
Regression Coefficient — r? 0.9994
Slope 1.5655
Standard error of slope 0.0065
Intercept 0.0340
Standard error of intercept 0.0020
LOD (first three lowest concentration (n =9)) 0.004 mg/L
10*LOD 0.04 mg/L
LoQ 0.01 mg/L
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Table 10b: The data sets for the phosphate-phosphorus ascorbic acid method (8048, HACH)
parameters of trueness based on analysis of 1 mg / L phosphate phosphorus standard reference
material.

Absorbance (880 nm) Concentration (mg/L)
1.720 1.077
1.715 1.074
1.711 1.071
1.706 1.068
1.701 1.065
1.697 1.062
Mean of the obtained values 1.067
Standard Deviation 0.006
Precision Random error of mean 0.002
Relative Bias (%) 6.654
Accuracy
Accuracy (%) 93.346
Trueness -0.064
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3.1.5. Chemical Oxygen Demand method
The calibration curve and its residuals plot obtained with the COD dichromate method (LCI —

400, HACH)using concentrationpotassiumhydrogenphthalate standard solutions is presented
in figure 17. Table 1la contains data sets of the standard curve while 11b portrays the

parameters of trueness for validation.
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Figure 17: Chemical oxygen demand calibration curve plot and residual plot.
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Table 11a: The data sets for the chemical oxygen demand dichromate method (LCI — 400,
HACH) standard calibration curve:

Expected Absorbance Found Relative Error
Concentration (605 nm) Concentration (%)
(mg/L) (mg/L)
20 0.001 3.750 81.250
20 0.002 1.250 93.750
20 0.001 3.750 81.250
200 0.080 193.750 3.125
200 0.080 193.750 3.125
200 0.083 201.250 0.625
400 0.164 403.750 0.938
400 0.164 403.750 0.938
400 0.164 403.750 0.938
600 0.244 603.750 0.625
600 0.244 603.750 0.625
600 0.247 611.250 1.875
800 0.325 806.250 0.781
800 0.326 808.750 1.094
800 0.327 811.250 1.406
1000 0.401 996.250 0.375
1000 0.404 1003.750 0.375
1000 0.403 1001.250 0.125
Regression Coefficient — r? 0.9995
Slope 0.000400
Standard error of slope 0.000002
Intercept -0.0025
Standard error of intercept 0.0010
LOD (first three lowest concentration (n =9)) 7.29 mg/L
10*LOD 72.95 mg/L
LoQ 22.11 mg/L
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Table 11b: The data sets for the chemical oxygen demand dichromate method (LCI — 400,

HACH) parameters of trueness based on analysis of 500 mg /L O, reference standard material.

LOW RANGE REFERENCE MATERIAL HIGH RANGE REFERENCE
MATERIAL
Absorbance Found Concentration Absorbance Found Concentration
(605 nm) (mg/L O,) (605 nm) (mg/L O,)
0.050 118.750 0.185 456.250
0.055 131.250 0.195 481.250
0.060 143.750 0.202 498.750
0.059 141.250 0.202 498.750
0.065 156.250 0.188 463.750
0.060 143.750 0.200 493.750
0.055 131.250 0.202 498.750
Low Range High Range
(mg/L Oy) (mg/L O,)
Expected Value 50
500
Mean of the obtained values 138.04 484 46
Precision | Standard Deviation 12.05 17.95
Random error of mean 6.79
4.56
Accuracy | Relative Bias (%) 3.11
176.07
Accuracy (%) 96.9
-76.1
Trueness -83.48 2932
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3.2.0. The performance of the bioreactor on wastewater treatment.
To evaluate the organic load and nutrients removals, the influent and the effluents discharged

from each of the four sequencing batch reactors were sampled once a week along the
experiment and the following parameters were determined using the tested methods with
respective constructed standard calibration curves: chemical oxygen demand, total nitrogen,
ammonia nitrogen, nitrate nitrogen, and phosphate phosphorus. The Nitrites were estimated by
mass balance using the measured concentrations oftotal nitrogen, ammonia nitrogen and nitrate

nitrogen.

3.2.1. Total Nitrogen in Bioreactors
The concentrations of total nitrogen obtained in the SBRs using the persulfate digestion method

(10072, HACH) with the calibration curve equation in figure 14 (y =0.0076x +0.0404) were
displayed in figure 18:

Total Nitrogen Bioreactor Result (mg/L)
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Figure 18: Graph showing total nitrogen results from test reactors and control reactors.
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3.2.2. Ammonia Nitrogen in Bioreactors
The concentration of ammonia nitrogen in the SBRs was obtained using the ammonia nitrogen

salicylate method (8155, HACH) with the calibration curve equation in figure 13 (y =2.8124x
+0.0917) and is displayed in figure 19:

Ammonia Nitrogen Bioreactor Result (NH; - N)

Influent = = =Test reactors — «e«+ee+e- Control reactors

=35

5 7 14 18 22 33 41 55 57
Operation Day

Figure 19: Graph showing ammonia nitrogen results from test reactors and control
reactors.

3.2.3. Nitrite Nitrogen in Bioreactors

The concentrations of nitrite nitrogen obtained in the SBRs were calculated by mass balance
using the measured concentrations of total nitrogen, ammonia nitrogen and nitrates nitrogen,

and are represented in figure 20:
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Concentration (mg / L)
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Figure 20: Graph showing nitrite nitrogen results from test reactors and control reactors.

3.2.4. Nitrate Nitrogen in Bioreactors
The concentrations of nitrate-nitrogen in the SBRs were obtained using the nitrate nitrogen

cadmium reduction method (8039, HACH) with the calibration curve equation in figure 15 (y
=0.0153x +0.0489) and are presented in figure 21:
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Figure 21: Graph showing nitrate nitrogen results from test reactors and control reactors.
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3.2.5. Chemical Oxygen Demand (COD) in Bioreactors
The values of COD in the SBRs were obtained using the dichromate method (LCI — 400,

HACH) with the calibration curve equation in figure 17 (y = 0.0004x + 0.0025) and are

presented in figure 22:
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Figure 22: Graph showing COD results from test reactors and control reactors.
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3.2.5. Phosphate-Phosphorus in Bioreactors

The concentrations of phosphate-phosphorus in the SBRs were obtained using the ascorbic acid
method (8048, HACH) with the calibration curve equation in figure 16 (y =1.5655x +0.034)
and are displayed in figure 23:
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Figure 23: Graph showing phosphate-phosphorus results from test reactors and control reactors.
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3.2.6. pH conditions in the bioreactors
The pH conditions measured in the influent and in the samples discharged from bioreactors are

presented in figure 24:

The Bioreactors pH Result
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Figure 24: Graph showing the bioreactors pH results for test reactors and control reactors.
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3.3. Characterization of granular sludge used in the experiment.
The morphological observations of the collected wastewater granular sludge sample used in

this work with the aid of magnifier in a bid to obtain a characterization of diameter size (mm),
shape factor - capriciousness of particle surface (smooth, half hairy, hairy) and aspect ratio —
roundness of particle (round, elongated, irregular), as exemplified in figure 25, yielded the

relative abundancies and average diameter size displayed in figure 26:

% A =Smooth Roundish
granules without hairs

«* B = Hairy Roundish
granule

< C=Irregular granules

% D = half-hairy granule

* E=Fragments of

floccular sludie

Figure 25: The morphological observation of granular sludge under a Leica Zoom 2000 Magnifier (x 7)
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Aspect ratio Shape
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21% H Round
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27.2, 52%
27% Irregular
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= Hairy = Half-Hairy = Smooth

Average size of the granules in diameter =3.3 + 0.9

Figure 26: Pie chart statistical representation aspects and shape of the observed granules.

3.4.0. The results of paracetamol removal after bioaugmentation.
To evaluate the removal of Paracetamol and its intermediate degradation product

Hydroquinone after the bioaugmentation with M. aubagnense HPB1.1, samples collected from
the test and control bioreactors along two aerated stages after Paracetamol spiking were filtered
with Polyethersulfone (PES) sterile syringe filters (pore size 0.22 um) to 2 mL glass vials and
analyzed by HPLC as described in materials and methods.

The calibration curves obtained to determine the concentrations of Paracetamol and its
metabolite Hydroquinone with their respective peak areas on HPLC chromatograms are

displayed in figures 27 and 28:
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Paracetamol
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R?=0.9993
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Figure 27: Calibration curve obtained for Paracetamol by HPLC analysis with 200uL

injections of each standard concentration using the method described in materials and methods

with absorbance measured at a wavelength of 190 nm (peak retention time = ~6.2 minutes).
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Hydroquinone
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Figlll‘e 28: Calibration curve obtained for Hydroquinone by HPLC analysis with 200 pL

injections of each standard concentration using the method described in materials and methods with

absorbance measured at a wavelength of 190 nm (peak retention time = ~4.3 minutes). LOD =2.51;
LOQ =17.27.

The evolution of Paracetamol in the test and control bioreactors along the two aerated stages
after Paracetamol spiking is displayed in figures 29 and 30 below as values of concentration

calculated using the respective calibration curve:
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Figure 29: Graph showing the evolution of paracetamol during the first cycle aeration period.
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Figure 30: Graph showing the evolution of paracetamol during the second cycle aeration
period.
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The figures 31 and 32 below show the peak value area for the evolution of hydroquinone. The
use of calibration curve showed the paracetamols’ transformation products returned with a

negative value.
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Figure 31: Graph showing the evolution of hydroquinone during the first cycle
aeration period.
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Figure 32: Graph showing the evolution of hydroquinone during the second cycle aeration
period.
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4. Discussion

4.1. Calibration curves and trueness of analytical methods for wastewater
analysis

4.1.1. Total nitrogen standard calibration curve
The total nitrogen standard calibrationcurveresults as shown in table 8a and figure 14 indicated

0.997 as the regression coefficients which suggests the degree of correlation between the
absorbancevalues and the concentration values obtained were closelyrelated such thatthe total
nitrogen predictions (concentrations) yielded significantly low uncertainty of 0.01 from the

standard error of regression.

Moreso, the residuals plot results (figure 14b) which typically illustrates how well the
regression line fits into the data sets, indicates a sparsely distribution ofthe residuals about zero
with the Sum of squares (SS) regression terms 0.32 +£0.01 and the SS residuals terms 0.0042
+0.0003. The SS regression terms 0£0.32 +0.01 illustrated the extent to which the relationship
between the total nitrogen concentration variables on the x-axis were with the corresponding
absorbances on the y-axis. And by implication, since the SS regression terms 0.32 +£0.01 was
greater than the SS residual terms of 0.0042 +0.0003, the regression line was adjudged to fit
perfectly to the data sets depicted in figure 14a.

Similarly, the t-stat value 4.06 = 0.01 result from the ANOVA output was greater than the p-
value 6.67 x 1098 + 3.0 x 10# which was less than 0.05 significance level (at the 95 %
confidence interval). Consequently, the significance of coefficients output further suggests that
the point of interception between x-axis and y—axis is significantly different from zero but with

a lower margin of4.06 £ 0.01.

The calculated LOD 5.0454 mg/L +0.0003 of the calibration curve (figure 14a) indicates the
minimum concentration of total nitrogen that can be detected in water samples with a
repeatability precision. The calculated LOQ which was 15.2891 mg /L 4+ 0.0003 represented
the lowest concentration of total nitrogen that can be quantified in water samples within an

acceptable precision and accuracy.

Finally, the results from the validation process (figure 8b) showed the calibration curve was
98.4 % accurate in the instance of using a high range reference material (50 mg /L of total
nitrogen standard). Hence, the trueness of the curve was 0.83 mg / L, which represents the
amount in deficit (to be added) in the obtained concentrations. In instance of using the low

range reference material (7 mg /L of total nitrogen standard), the calibration curve was 90.4 %
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accurate with its trueness value as -0.64 mg /L, the excess amount ofthe obtained concentration

using the calibration curve.

4.1.2. Ammonium Standard Calibration Curve
Indophenol blue method

The ammonium standard calibration curve build for the indophenol blue method (as shown in
figure 12) yielded a regression coefficient of 0.9916 which suggested the degree of correlation
between the absorbance and standard concentration values were strong. Since the regression
coefficient value (0.9916) is close to one, the predictions (ammonium standard concentrations)
derived from the calibration curve had smaller uncertainties (0.02) from the standard error
regression. Moreso, the analysis of variance (ANOVA) of the calibration curve significance of
the coefficients t-stat value (- 0.83 + 0.02) and p-value (1.66 x 106+ 7 x 10-2) at the 95 %
confidence interval suggests the regression line intercept is not statistically significantly
different from zero because the t-stat value is smaller than zero even when the p-value is less

than 0.05 significance level (at the 95 % confidence level).

The ANOVA output of the SS regression term which was 0.14 £0.02 suggested the presence
of a minimal source of variability in the calibration data sets because of the regression line.
Similarly, the SS residual terms (which was 0.005 £0.068) was smaller than the SS regression
terms thereby suggesting the regression line fits perfectly to the data sets. The residual plot in
figure 12b implied the ammonium standard absorbance residuals were somewhat scattered
randomly around zero due to the standard deviation of the instrument, while the absorbance

responses are less scattered with the higher ammonium standard concentrations.

The LOD of the standard calibration curve 0.07 mg /L +0.02 obtained value (as shown in table
6a) represents the lowest concentration of ammonium that can be detected in the influent and
effluent wastewater samples with a repeatability precision. Similarly, the LOQ of the standard
calibration curve 0.20 mg / L + 0.02 value depicts the lowest standard concentration of
ammonium that can be quantified in the influent and effluent wastewater samples with
acceptable precision and accuracy. Thanh-Nho et al., 2022 reported a lower LOD and LOQ
(0.044 and 0.147mg /L, respectively) for indophenol methods while comparing the outcome
of the analysis of dissolved ammonia nitrogen using both salicylate and indophenol methods
and concluded the salicylate method could be more favorable for the analysis of dissolved

ammonia nitrogen.
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Overall, the attempts to validate the standard calibration curve (figure 12a) in a bid to ascertain
its conformity with the expected concentration of 1 mg / L using the reference material (table
4 and 6b) yielded a Standard deviation of 0.0013 mg/L and a random error of mean of 0.00054
mg/L as measures of precision and a relative bias of 11.66 % - or accuracy of 88.34%. These
(precision and accuracy) were then used in characterizing a trueness of -0.12 mg /L (the excess

value in the concentration obtained using the standard calibration curve).
Salicylate Method

The ammonia calibration curve regression coefficientrecorded as 0.998 (figure 13a) was closer
to one and indicates the absorbance values and those of the concentration values were closely
related, and as such, the predictions (ammonia standard concentrations) derived from the
calibration curve yielded significantly lower uncertainty from of 0.01 from the standard error
of the regression. Moreso, the residuals ammonia standard concentration plot portrayed in
figure 13b suggests the residuals were randomly distributed and the standard deviation of the
spectrophotometer responses (the absorbances) increased proportionately with the respective

ammonia standard concentrations.

The ANOVA data outputs showed t-stat value (16.128 = 0.006) was greater than the p-value
(9.62 x 101" £ 5 x 102) and the p-value is less the 0.05 significance level (at the 95 %
confidence interval). These values represent the significance of the coefficients at the 95 %
confidence interval as they suggest the intercept is significantly different from zero.
Furthermore, the sum of squares (SS) regression terms was recorded as 0.43 £0.006 and was
significantly larger than the SS residual term (which was 0.0008 = 0.0470). This implies the
regression line fits perfectly to the date sets as shown in the calibration curve figure 13a.
However, the SS regression term value (0.429 + 0.006) indicates the extent of the source of

variability in the calibration data probably due to the position of the regression line.

The calculated LOD 0.007 mg / L + 0.006 as shown in table 7a indicates the minimum
concentration of ammonia that can be detected in water samples using this calibration curve
with a repeatability precision. Similarly, the calculated LOQ 0f0.022 mg /L + 0.006 suggests
the lowest concentration of ammonia samples that can be quantified in water samples with
certain acceptable precision and accuracy. The obtained LOD and LOQ was similar to the
report of Huang et al., 2019, who reported an LOD 0f0.014 mg /L and LOQ of 0.045 mg /L
of their calibration curve while attempting to determine the concentration of free ammonia via

conductance using micro-distillation and micro-conductance instrument and they concluded
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that micro-DCMI method was simple, robust and monitoring systems for the detecting low

concentrations of ammonia in the quest to manage chloramination.

The validation results confirmed the conformity of the curve concentration when using the
reference material with 0.25 mg /L as highlighted in table 7b and this suggests that the results
obtained using the standard calibration curve were 94 % accurate and thus aided in permeating
the trueness of -0.02 mg / L (the excess value in the obtained concentration using the standard

calibration curve) along the concentrations of ammonia samples.
Salicylate method versus Indophenol blue method for sample analysis

The calibration curve of the salicylate method (figure 13) in comparison with the curve of the
indophenol blue method (figure 12) was considered more suitable for the determination of
ammonia concentration from the influents and effluents samples from sequencing batch
reactors in this study. Although they both had good coefficient correlations, the salicylate
method had better precision and accuracy indicators and therefore the obtained results were

associated with higher trueness.

4.1.3. The Nitrate Nitrogen Standard Curve

The standard calibration curve of nitrate nitrogen (figure 15) had a regression coefficient of
0.989 which was relatively closer to 1 and thus suggesting the extent of the degree of
correlation between the absorbance values on the y-axis and those of the concentration values
on the x-axis of the nitrate nitrogen standards and this degree of correlation influenced the
nitrate nitrogen predictions (concentrations) thereby resulting in a relatively significantly low
uncertainty 0f 0.01 derived from the standard error of regression line. The points of influence
at 15mg/L,20 mg/L, and 25 mg/ L might have conferred certain levels of leverage along
the x-axis causing the calibration line to tilt upwards or downwards in a bid to fit perfectly to

the data sets hence the resultant regression coefficient 0.989.

Furthermore, the residuals plot (figure 15b) disclosed how well the regression line were suited
to the data sets as well as expressing the random distribution of the residuals about zero while
the standard deviation due to the spectrophotometer response (absorbances) increased with the
nitrate nitrogen concentrations along the x-axis bearing SS regression terms 0f 0.40 +0.01 and
SS residuals terms 0.0040 mg /L + 0.0003. Consequently, since the SS regression terms 0.40
+ 0.01 (which often illustrate the extent of interactions between the nitrate nitrogen

concentration variables with the absorbances) were greater than the SS residuals terms 0.0040
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mg/ L £0.0003, it further proofs the regression line fits suitably to the data sets portrayed in
figure 15a.

In the same manner, the ANOVA data outputshowedthe t-statvalue 0f6.24+0.01 to be greater
than p-value 0f4.06 x 10-16+ 5 x 104 (less than 0.05 significance level)atthe 95 % confidence
interval. These significance of coefficients results further buttress the fact that the intercept of

X ,y-axis were significantly different from zero.

The calibration curve LOD of 1.9154 mg / L + 0.0005 as shown in table 9a indicates the
minimum concentration of nitrate nitrogen that could be detected in water samples with a
repeatability precision. While the LOQ of the calibration curve which was 5.8041 mg/ L +
0.0005 connotes the lowest concentration of nitrate nitrogen that can be quantified in water

within an acceptable precision and accuracy.

Overall, the validation of the nitrate nitrogen calibration curve experimentation as shown in
table 9b presented the curve to have had 97.4 % accuracy (in the instance of using the high
range reference material: 25 mg /L NOj5- -N) and its trueness at 0.78 mg / L which represents
the value in deficit in the obtained concentration values using the nitrate nitrogen standard
calibration curve. This coincides with the routine validation processes employed during an
analytical method development as shown in the report by Jiwarungrueangkul ez al., 2023 who
modified and validated the method for determination of nitrate concentration
spectrophotometrically (at wavelength 543 nm) in seawater sample by the reduction of nitrite
with zinc powder and concluded the modified method yielded high -efficiency reduction with
excellent accuracy of 95 % using CRM. In the instance of using the low range reference
material (7 mg/L NOs- -N), the nitrate nitrogen standard curve was adjudged to be 77 %
accuracy and its trueness was -1.38 mg /L £0.06, suggesting 1.38 mg/L as the excess value in
the obtained concentration using standard calibration curve. However, the 77 % accuracy in
this instance did not downgrade the sensitivity of the curve (as regards to low range
concentration) such that the expected concentration of the reference material 7 mg/L was

exceeded with the obtained concentration as 7.38 mg/L &+ 0.06, hence the bias of -1.38 mg/L.
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4.1.4. Phosphate-Phosphorus Standard Curve and Validation Results.
The phosphate-phosphorus standard curve (figure 16a) yielded a regression coefficient of

0.9994 which suggests the extent to which the degree of correlation between the absorbances
on the y-axis were in relation with the known concentrations on the x -axis and thusexert certain
influence on the phosphate-phosphorus predictions (concentrations) with significantly low
uncertainty of 0.002 derived from the standard error of regression line. This is complementary
to the data reported by Da Costa ez al., 2019 who postulated a coefficient of determination (R?)
for phosphorusas 0.990 and 0.998 while demonstrating the use of colorimetric analysis tool
photometrix® (using spectrophotometric reagents) for the determination of phosphorus ion

concentration in treated and natural waters.

Furthermore, insights into the residuals plot result of the curve (as shown in figure 16b)
showcased there was random distribution of the residuals with concentration about zero and
the standard deviation of the instrument responses were increasing with the phosphate-
phosphorus concentrations along the x-axis thereby causing the regression line to fit perfectly
into the sets of data with an SS regression terms of 0.945 +0.002 and the SS residuals terms
0.0001 mg /L +0.0065. The regression line was adjudged to fit the data sets because the SS
regression terms 0.945 + 0.002 value indicated the quality of the interactions between the
phosphate-phosphorus concentrations on the axis and those of the corresponding absorbances
which portrayed the SS regression terms to be greater than the SS residuals terms 0.0001 mg /
L +£0.0065.

The ANOVA t-stat value of 7.598 + 0.002 was greater than the p-value 4.03 x 10-15+ 6 x 103
(less than 0.05 significance level) at the 92 % confidence interval and thus suggesting the
intercept between x and y axis were significantly different from zero with a margin lower than
7.598 £0.002. These data outputs were comparable with the results reported by Scott et al,
2021 who experimented the removal of phosphorus from eighteen steel slag polluted
freshwater samples coated with aluminum and reported in their summary of multiple linear
regression prediction of the cumulative phosphorus removal results, higher t-stats values in

comparison to the p-values in all the variables considered except the bult density variable.

The curves’ calculated LOD 0.004 mg / L + 0.006 (table 10a) represented the minimum
concentration of phosphate-phosphorus that can be detected in the water samples with
repeatability precision. Similarly, the calculated LOQ 0.012 mg / L + 0.006 represents the
lowest concentration of phosphate-phosphorus that can be quantified in the water samples

within an acceptable precision and accuracy.
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Conclusively, the validation process of the phosphate-phosphorus calibration curve suggested
the curve was 93.4 % accurate (using a reference standard of 1 mg /L POy, - P) with a trueness
value of -0.06 mg / L as a result of the obtained concentration of 1.07 mg / L and this thus
implied the true value of -0.06 mg/L was the value needed to be subtracted from the obtained
concentration (1.07 mg /L) using the calibration curve in an effort to ensure the trueness at the
respective concentrations of the phosphate-phosphorus derived from the wastewater influents
and effluents sample. This is in accordance with the global scientific norm and comparable
with the report by Cheong et al, 2021 who used seawater certified reference material for
nutrients from national research council of Canada CRM to validate the analytical method for
phosphate determination in seawater sample using spectrophotometry and ion-exclusion
chromatography and concluded method was able had acceptable high accuracy and sensitivity

for phosphate-phosphorus.

4.1.5. COD Calibration Curve and validation result.

The COD standard curve (figure 17a) recorded a regression coefficient of 0.9995 (value closer
to one) which illustrates the degree of correlation existing between the absorbance values in
relation to the concentration values on the x-axis which in turn influenced the COD predictions
(concentrations) with significantly low uncertainty of0.001. These results were similar to those
reported by Rohyami et al., 2022 while experimenting method determination of COD for
hospital wastewater using UV-Vis spectrophotometry and they outlined the determined
coefficient as 0.9975 and affirmed the method to have had high precision and 85 — 110 %

accuracy.

Further insights from the residuals plot (figure 17b) indicates there was no trend in the spread
of'the residuals with concentration standards: 400 mg /L, 600 mg /L, and 1000 mg / L as they
were randomly distributed with the SS regression terms of 0.34 + 0.001 and SS residuals terms
0f0.0002 mg /L £2.30 x 10-%, The SS regression terms being greater than the residuals terms
further buttresses the regression line aligned perfectly to the data sets as shown in figure 17a
because these obtained values highlight the correlation between the COD standard
concentration variables on the x-axis versus the absorbances on y-axis. Similarly, Pouretedal
et al, 2021 employed the use of residual plots in examining the goodness-of-fit in regression
and ANOVA results of Box-Benhken experimental design while investigation the removal
efficiency ofnitrocellulose by calculation of the reduction of COD in wastewater samples using

electrocoagulation method.
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The ANOVA data summary highlighted the significance of the coefficients t-stat value as -1.80
+ 0.001 was less than the p-value 8.24 +£2.30 x 10-% (value less than 0.05 significance level)
at the 95 % confidence interval and thus emphasized the regression line intercept was not

statistically significantly different from zero.

The calibration curve LOD value 7.29 mg /L £2.30 x 10-% obtained (table 11a) represents the
minimum concentration of COD thatcan be detected in wastewater samples with a repeatability
precision. Similarly, the LOQ value obtained as 22.11 mg / L + 2.30 x 10-% epitomizes the
lowest concentration of COD that can be quantified in the wastewater samples from the SBRs

within a possible precision and accuracy.

Lastly, the validation process (table 11b) results of the COD standard calibration curve as
shown in figure 17a (in instance of using 500 mg / L — COD high reference material), had a 97
% accuracy with trueness of 22.32 mg / L = 17.95. Instructively, the trueness value in this
instance typifies the precision value necessary to be added to the subsequent obtained values
using the calibration curve to ascertain the trueness of COD concentration for the wastewater
influent and effluent samples. Observably, on using the low reference material (50 mg / L -
COD) as illustrated in table 11b, the COD standard calibration curve was deemed not suitable

for concentrations less than or equal to 50 mg / L.

4.2. SBR bioreactors

4.2.1. Total Nitrogen, Ammonia and Nitrates
The total nitrogen concentration of ~145 mg/ L in the effluents of test reactors at the beginning

of'the experiments (obtained usingthe calibration curve equationin figure 14) was remarkably
high in comparison to the control reactors (which was ~28 mg/ L) as illustrated in figure 18
and this was as a result of the SBRs’ first stage bioaugmentation inoculum at day 4 involving
the direct addiction of M. aubagnense HPB1.1 bacterial cells to test reactors with the LB
medium (instead of first collecting cells by centrifugation, removing the growth medium and
resuspendingthe cells in the reactors influentas described in the methods). However, the results
data from operation day 5 and onward maintained lower levels of total nitrogen concentration,
with 31 £4 mg /L N in testreactors and 32+ 5 mg / L N in control reactors (ranging between
28 —40 mg/ L), while in the influent it was 44 +4 mg /L N (ranging between 36.5 —48.5 mg
/ L), as shown in figure 18. These slightly reduced total nitrogen concentrations in reactors
effluents were primarily induced by a combination of nitrification and denitrification processes
in the in situ granular sludge layers (figure 10a) and its’ environs (figures b and c¢) ending by

some N release to the atmosphere. Similarly, Cao ef al., 2019 reported 4.0 mg N / L of total
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nitrogen in the effluent samples while experimenting an innovative partial denitrification

anammox process in SBR wastewater treatment process.

These results are complemented by the data (obtained using calibration curve equationy =
2.8124x +0.0917) of the ammonia-nitrogen concentrations (figure 19), in that, majority of the
total nitrogen derivates considered in this study were in the form of ammonia in the influents
(NH4 - N ranging between 34 — 46 mg / L) but were consumed mainly by a combination of
Ammonia-Oxidizing Bacteria (AOB) and Nitrite-Oxidizing Bacteria (NOB) in sifu in the
granular sludge depicted in figure 10, thus reaching values mainly below 1 mg /L NHy4 - N in
the SBRs effluents. These results were lower than the report by De Freitas Bueno et al., 2020,
who postulated 2.7 mg /L ammonia concentration in the effluent sample of wastewater while
investigating the treatment of landfill leachate using aerobic granular sludge process and
concluded the aerobic granular sludge process to be suitable for domestic wastewater treatment

under tropical climate conditions.

Furthermore, the concentration deviations observed in operational day 33 and 55 in figure 19
was caused by operational problems that lead to a short aeration period of just around 90
minutes before discharge. Thus, the shorter aeration time led to incomplete oxidation of
ammonia in the nitrification processes and peaks of NH4 — N concentration in the effluents on

those days.

Overall, the SBRs successfully removed ammonia from the influent. Indeed, this happened
even after the addition of Paracetamol to the four reactors at day 14 (after the fourth
bioaugmentation inoculum) to make a concentration of 50 mg / L on the filled volume.
Although Park and Seungdae 2020 reported inhibitory effects of 100 mg / L of this drug on
activated sludge under nitrifying aerobic conditions, resulting in lower ammonia oxidation and
the reduction (>80 %) in the population of Nitrosomonas oligotrppha in the activated sludge

bioreactor.

The nitrate-nitrogen concentrations (derived using calibration curve equation figure 15) were
ranging between 1 — 24 mg / L, while nitrite-nitrogen concentrations (estimated by mass
balance using concentrations of total N, ammonia N and nitrates N) in the SBR effluents ranged
between 4 and 28 mg /L for the test reactors and control reactors, as evident in figures 20 and
21. Similarly, Maia et al., 2022 reported nitrate concentration of 5.5 mg / L in the effluent
sample of SBR with AGS while investigating the efficacy of wastewater treatment. The trends
along the experimentreveal thatnitrite oxidation by NOB (facilitated by nitrite oxidoreductase)
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was successful in converting nitrite to nitrate mainly after day 14 probably due to an initial
adaptation of the microbial populations in the granules to the medium used as influent and to
the reactors’ operating conditions. Furthermore, the presence of trace amounts of nitrite
concentrations (about 2 mg /L) in the influent (as shown in figure 20) might be as a result of
some active AOB in the tubes transporting the influent to reactors (where the influent was
sampled) whom mighthave begun the conversion of ammonia-nitrogen to nitrite-nitrogen even
before the influent reached the bioreactors with the granular sludge. Also, the observable data-
trend deviations in the test and control reactors at the operational days 33 and 55 were uniform
across the figures 19, 20, and 21 and the reasons were the same as earlier stated in the

paragraphs above.

In the SBRs, the nitrate-nitrogen concentration residues were higher than ammonia-nitrogen
because, on the completion of the nitrification process in the SBRs (by AOB and NOB) the
denitrification process (usually favoured by prolonged anaerobic conditions) was ineffective
due to the inactiveness of denitrifying bacteria whose primary duties were to utilize the
available nitrate-nitrogen in the wastewater and as well as functioning as an electron acceptor
in the absence of oxygen, converting it to nitrogen gas. Zhou et al., 2020 reported 96.92 % and
82.49 % of ammonia-nitrogen and nitrite removal efficiency respectively while investigating
the relative abundance of NOB and AOB during nitrification and intermittent acration using

SBR — AGS.

One possible justification for such incomplete denitrification could have been that the
anaerobic feeding period was not long enough and/or the small sized bioreactors used did not
allow to create enough anaerobic conditions in the sludge, because oxygen could be diffused
from the atmosphere through the small water column till the bottom of reactors without being

consumed.

4.2.2. COD

The COD concentrations in the influent and effluents samples were ascertained using the COD
standard calibration curve equation portrayed in figure 17a. The results data showed COD
concentration in the range of 20 — 40 mg/ L O, in the test and control reactors except for the
~1200 mg /L O, in the effluents of test reactors at day 5 due to the bioaugmentation inoculum
of M. aubagnense HPB1.1 bacteria in LB medium (as previously explained ) and the 200 mg /
L COD concentration recorded on the operational day 55 (due to lower aeration period caused
by operational problems). The concentration of COD in the influent was ranging from 800 to

900 mg /L Oy, except for two times: 1181 mg/L O, at day 5 in which the analyzed influent was
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manually prepared by mixing the four feeding solutions instead of being collected from the
reactors’ inlet pipe coming from the pumping system,and 1580 mg /L O, at day 14 probably
due to a mistake in the preparation ofthe carbon sources feeding solution. Thus, apart from day
5, the COD removal was always above 90% except on day 55 in which it was ~77 %. This
study effluent COD results were lower than those reported by Jiang et al, 2021 who stated
their COD concentration of the effluent sample as 650 = 50 mg / L during their investigation

of the efficiency and effects of advance nitrogen removal using SBR.

During the anaerobic conditions in the SBRs, the anaerobic microbial activities promoted the
fermentation and denitrification breaking down of some organic compounds and thus
contributing to reduce the COD concentration. Moreso, the routine aeration and mixing
conditions in the SBRs favor the reduction of COD in the effluent by providing oxygen for
AOB, NOB and other microorganisms, thus enhancing the metabolic activities and aerobic
degradation of organic compounds eventually to complete mineralization into CO; resulting in
reduced COD concentration. Furthermore, the transformation of some organic compounds into
volatile organic compounds in the reactors could have also contributed to reducing COD
because during aeration and mixing, the volatile organic compounds could have given off into
the atmosphere. Mourao et al, 2021 emphasized the influence of aeration and mixing
conditions on the removal of COD from swine wastewater effluent samples using SBRs with
AGS during their experimentevaluatingthe applicability of AGS technology for treating swine

wastewater.

The structural architecture of the granular sludge also contributed to the reduction of COD
concentrations in the SBRs. These structural capabilities include biofilm formation, high
concentration biomass of bacteria and other organisms (figures 25 and 26), and the porosity of
the granular sludge. For instance, the matrix of the EPS (figure 7) enhances the formation of
biofilms which allows the attachment of and growth of bacteria and microorganisms which are
involved in degradations of organiccompounds, fermentation and denitrification processes and
thus reduce the COD concentration in the SBRs. This assertion was comparable to the report
by Araujo et al., 2022 who studied the influence of temperature (20 — 30 ° C) on the formation
of AGS in SBR and reported the relationship of the AGS sizes with the removal of nitrate -
nitrogen, COD, and ammonia-nitrogenand postulated the key roles of EPS in nutrients removal

and proffered strategies to remove poorly sedimentable biomass.
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Overall, some of the prominent oxidizing bacteria often engaging in reduction of COD
concentration include: Pseudomonas species (often consume organic compounds as energy
source) (Sarvajith et al., 2022), Acinetobacter species (they oxidize the carbon sources and
contribute to the degradation of organic matter) (Gao et al., 2020), Aeromonas species (often
consume organic compounds under aerobic conditions and contribute to the oxidation of
organic matter), Bacillus species (they utilize organic compounds and contribute to oxidation
of organic matter), and Enterobacter species (they contribute to the degradation of organic
matter). The study by Buhari ez al., 2022 experimented with a certain array of AOB consortum
isolated from AGS of coffee wastewater for the polishing of low ammonia-contaminant and
COD removal and concluded the optimized consortium had 85 % and 78 % of ammonia and

COD removal efficiency respectively.

4.2.3. Phosphate-phosphorus
The concentrations of phosphate-phosphorus in the SBRs (figure 23) were obtained using the

calibration equation shown in figure 18a. The obtained results data revealed the influent sample
phosphate-phosphorus concentrations to range between 84.5 — 112 mg / L while the effluent
sample of the test reactors had concentration range between 76 — 108.5 mg /L and the control
reactors had concentrations ranging between 80 — 128 mg / L of phosphate-phosphorus. These
results imply the SBRs conditions deployed in the study was insufficient in reducing the
phosphorus concentrations. The inability of the SBRs to effectively treat the synthetic
wastewater for phosphorus might have been due to lack of enough anaerobic conditions during
the feeding periods in the granular sludge reactors adequate for the PAOs communities (figure
10b and 10c¢) to have selective advantage over other bacterial populations present under the
‘feast-famine’ conditions and thus serve as the internal phosphorus reservoir. PAO have an
advantage under the cycling anaerobic feeding : aerobic fasting conditions because: (i) under
anaerobic conditions, they can consume simple organic compounds - like acetate for example
- to synthesize and accumulate poly-p-hydroxyalkanoates (PHA) while using stored polyP as
energy source and releasing orthophosphate, and then (ii) in the absence of organic compounds
and under aerobic or anoxic conditions they are able to use oxygen or nitrogen oxides,
respectively, to metabolize the accumulated PHA as a source carbon and energy to grow and to
assimilate phosphate to synthesize polyP and recover its levels (Seviour et al., 2003). Removal
of P from water is achieved when the conditions encourage an excessive accumulation of P in
bacterial cells in the form of polyphosphate (polyP) comparing with the levels required in the

metabolic demand for growth. Thus, if during the feeding period the conditions are not
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anaerobic, the PAO will not accumulate PHA by and therefore they will not have a source of
carbon and energyto use for proliferation and phosphate assimilation during the aerobic fasting

period.

The study by Maslon et al., 2022 investigated the effects of the unevenness in wastewater flow
on SBRs treatment efficiency while monitoring the routine parameters in WWTPs and reported
the phosphorus removal percentage for different locations as 24.9 —95.1 % and 70.4 —95.3 %
in a wastewater quality of0.25—3.4 g P/m3and 0.21 — 4.8 g P/m3 respectively and concluded
the use of SBRs as an independent element of biological wastewater treatment does not always

guarantee a high degree of nutrients removal in the eventof varying uneven wastewater inflow.

Moreover, there were possibilities of PAOs versus other microorganisms to have been
competing for volatile fatty acids and nutrients in the SBRs especially during the anaerobic
phase, thereby affecting the phosphorus removal efficiency. The study of Andreadakis et al,
2022 investigated the effect of free nitrous acid and free ammonia on the anoxic phosphorus
uptake rate of PAOs via the utilization of nitrite and inoculation of the SBRs with strong PAO
culture and reported the effects of free nitrous acid to have had an optimum effect on
phosphorus uptake to about 1.6 ug N/ L and 37 mg N / L using a non-competitive inhibitory

model and Levenspiel model respectively.

4.3. pH

The pH values obtained from the bioreactor, as shown in figure 24, were for the influent
between the range 6.9 — 7.2, while the test reactors pH value was betweenrange 7.3 — 7.8, and
the control reactors had pH values between range 7.5 — 7.8 over the experimental period. The
pH conditions in the bioreactors were sensitive to other occurring interfering factors chiefly
because of bioaugmentation and Paracetamol bio-removal activities. For instance, after the
addition of Paracetamol to reactors on day 14 the pH conditions changed with a slight decay
untilday 18. Then, the pH gradually raised until the addition of p-Benzoquinone (a Paracetamol
metabolite) to reactors (in a study out of the scope of this thesis) at day 42, as shown in figure
24. The study by Zajac et al., 2023 characterized the pH conditions of their experiment while
investigating the possibility of improving the efficiency ofdiclofenac removal from AGS using

SBRs reactor and concluded that pH conditions had influenced the outcome of their results.

4.3.1 Role of pH in Total nitrogen removal
The conversion ofammonia(NH3) to ammonium ions (NH,") in wastewater is tightly regulated

by pH conditions and an increase in the pH prompts the conversion of NH4" to NH3;. Ammonia
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(the un-ionized NH; form) is more toxic than ammonium (the ionized NH,4* form) and can be
toxic to a variety of bacteria but especially to Nitrobacter (Kim et al., 2008; Folino et al.,, 2020;
Meng et al., 2022). This implies higher pH values in bioreactors can result in increased
concentrations of toxic NH3; and imper the nitrification process leading to high total nitrogen
concentrations in the bioreactors. Nevertheless, the pH values obtained (as shown in figure 24)
in the influent (pH values 6.9 — 7.2) and the effluents (pH value 7.3 — 7.8 and 7.5 — 7.8 for test
and control reactors respectively) indicated a pH range with low toxicity, therefore high
microbial activities of the bacteria during SBRs treatment process. The study by Soroosh ez al,
2022 recorded extreme pH conditions values greater than 9.5 and adjusted pH -conditions less
than 8.0 while experimenting the influence of hydraulic retention time on microalgae-bacteria
flocin SBRs for municipal wastewater treatments and concluded thatthe extreme pH condition
was less desirable because the pH > 9.5 led to culture collapse and biomass washout while the

pH < 8.0 led to efficient treatments of the wastewater.

Furthermore, the crucial role of AOB and NOB are essential for achieving nitrification as
mentioned in the above paragraphs and the activities and growth of these nitrifying bacterial
are influenced by optimal pH range (between 7.5 — 8.5). The optimal pH value range recorded
in this study (pH value 7.3 — 7.8 and 7.5 — 7.8 for test and control reactors respectively) favored
the activities of AOB and NOB, hence, the successful removal of total nitrogen from the SBRs
(figures 18,19,20, and 21). Indeed, these values are within acceptable/optimal values for
nitrification for example according to the “Nitrification (Ammonia Oxidation) In Wastewater

Treatment Plants” White Paper from Bioscience, Inc. (http://www.bioscienceinc.com).

Similarly, the denitrifying bacteria during denitrification are sensitive to pH conditions in the
SBRs and tend to favor slight basic to neutral pH conditions in a bid to successfully remove
total nitrogen from the bioreactors. Pan et al., 2012 for instance reported an optimal pH range
for nitrate and nitrite reduction between 7.5 to 8.0. The present study influent pH value range
6.9 — 7.2 (figure 24) was neutral and thus suitable to kick-start the denitrification process
(during anaerobic periods) and as the influent entered the bioreactors the pH value range
became slightly basic (pH value 7.3 — 7.8 and 7.5 — 7.8 for test and control reactors
respectively), within acceptable/optimal values. Therefore, it is difficultto ascertain if pH is

the cause of the observed weak denitrifications and nitrogen removals.
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4.3.2. Role of pH in Phosphorus removal
Apart from the biological removal by the PAO described above, the amount of phosphorus in

the effluent can be controlled by addition of chemicals to change the solubility, speciation, and
precipitation of phosphorus compounds, which is generally influenced by pH conditions. The
ideal pH range of phosphorus precipitation depends on the wastewater composition and the
chosen chemicals added for precipitation. Generally, an iron or aluminum salt is used, but
magnesium can also be used with the added benefit of forming struvite (NHsMgPO4°6H,0),
an effective source of nitrogen, magnesium, and phosphorus that can be used in agriculture.
Mavhungu et al., 2021 studied four process parameters, magnesite dosage, contact time, pH
conditions and temperature of municipal wastewater while investigating the influence of these
operational parameters in struvite precipitation and concluded that at low dosage, contact time
and optimal pH conditions of about 7.5, there were effective removal of phosphorus and total

nitrogen from the wastewater.

Indeed, even in the biological systems chemical precipitation of phosphorouscan occur without
the addition of chemicals for thatpurpose. When concentrations of orthophosphate-phosphorus
(PO4-P), ammonia-nitrogen (NH4-N) and magnesium (Mg?") are high enough with solution pH
of specific values (e.g. > 8.5) in high turbulent areas, the formation of struvite can take place
(Lengand Soares2021). Yet, the pH range (pH value 7.3 — 7.8 and 7.5 — 7.8 for test and control

reactors respectively) in our reactors did not favor this phenomenon.

Similarly, the biological uptake of phosphorus via the microbial activities of PAOs and their
intracellular storage as polyphosphates in the anaerobic or anoxic layers of the granular sludge
are influenced by optimal pH conditions (between 6.5 — 7.5), because the PAOs growth and
microbial activities are more effective in said pH conditions. Thus, the pH range in this study
(pH value 7.3 — 7.8 and 7.5 — 7.8 for test and control reactors respectively) was adequate to
ensure and promote the removal of phosphorus in the SBRs, and therefore itcannotbe indicated
as the cause of the observed inefficiency in this regard. This was in consonance with the report
by Nguyen etal., 2023 who stated that Tetrasphaera PAOs displayedkinetic advantages at high
pH range between 6.0 — 8.0 while they were investigating phosphorus removal in WWTPs and
concluded that 7etrasphaera spp activities at high pH gad synergistic potentials of impacting

phosphorus removal.
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4.3.3. Role of pH in COD removal
The effects of pH conditions in COD removal in SBRs are primarily direct such that pH

conditions influence microbial activity (membranetransport mechanisms, enzymatic activities,
metabolic pathways, etc.), and thus biomass growth in the granules (bacteria indices and other
microorganisms in the granules) and also indirect effects since it has influence in nutrients
availability (nitrogen, phosphorus, and micronutrients) which also affects the organism’s
activity. The obtained pH values close to neutral (pH value 7.3— 7.8 and 7.5 — 7.8 for test and
control reactors respectively) as shown in figure 24, is adequate to promote the effective
intracellular breakdown of organic compounds as well as extracellular hydrolysis by enzymes
such as proteases, lipases, and carbohydrase present in the bioreactors. In fact, other works
studying wastewater treatment with granular sludge report successful treatment at pH values
close to neutral, as for example the report by Verma et al., 2023 who examined municipal
wastewater with pH 7.1 & 0.3 conditions while using granular activated carbon-SBRs in a bid

to treat the wastewater and remove COD, ammonia, nitrate, and phosphorus.

4.4.0. The removal of Paracetamol after bioaugmentation
The HPLC results on the evolution of paracetamol suggest the removal of this drug was

successful during the aeration period as shown in figures 29 and 30 for cycle 1 and 2 after the
drug spiking, respectively. Although in the first aeration cycle the differences between the
bioaugmented and control reactors were not so evident, when the second aeration cycle started
paracetamol was no longer detected in the first ones, while in the second ones it still was. In
fact, other works had already shown successful Paracetamol removal in bioreactors with
bioaugmented sludge. For example, Marchlewicz et al., 2023 reported the successful
degradation of paracetamol during a degradation test in the presence of Bacillus thuringiensis
B1(2015b) and Pseudomonas moorei KB4 strains. However, although it is known that one of
the products of Paracetamol transformation is hydroquinone, to our knowledge the few works
focused on improving its biodegradation are based on acclimation strategies (Zhao, 2017;
Zhang et al., 2022), and usually this compound is not a target in works monitoring WWTP or
receiving waters. In our work, the HPLC results of the evolution of hydroquinone in the SBRs
during the first and second cycles of aeration after Paracetamol spiking (as shown in figures 31
and 33) clearly indicate there was a faster removal of hydroquinone in the bioreactors
bioaugmented with the bacterial strain Mycolicibacterium aubagnense HPB1.1. On the other
hand, independently of bioaugmentation, the removal of this type ofrecalcitrant pollutants with

potential toxicity in the aeration phase of SBR reactors indicates that aerobic organisms play a
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fundamental role. Similarly, Struck-Sokolowska et al., 2022 reported an 80 % quantitative

degradation of 1H-benzotriazole during aeration phase after SBR process.

4.5. Conclusions
Overall, the validation of the calibration curves using reference materials was successful as the

curves were adjudged to have over 90 % accuracy and were suitably fit to be implemented in

the present research study.

Maintaining the stability of granules in the bioreactors was successful over the course of the
experiment. However, there was not phosphate removal and the total nitrogen removal was not
efficient and nitrates-nitrogen content in the effluent was high, indicating the dephosphatation
in the granules did not occur and denitrification was very weak. The possible cause pointed is
the inadequate anaerobic conditions in the sludge due to the small size of the bioreactors. The
anaerobic conditions are crucial for the Denitrifying Poly-phosphate Accumulating Organisms
to perform nitrate reduction into nitrogen gas (N,) which is released into the atmosphere while
using the stored poly-phosphates as energy source and transforming the consumed carbon
sources into stored poly-B-hydroxyalkanoates, which is then used under aerobic or anoxic
conditions as carbon and energy source while phosphate is assimilated to synthesize poly-
phosphates. Nevertheless, the total nitrogen was slightly removed and ammonia and organic
matter (indicated by COD) were considerable removed in the SBRs such that the effluent
samples had total nitrogen concentrations of 31 £4 mg/ L N (test reactor)and 32 +5 mg/L
N (control reactor), ammonia-nitrogen concentrations below 1 mg / L (both test and control
reactors), nitrate-nitrogen concentrations between 1 — 24 mg / L (test and control reactors),
COD concentrations between 20 — 40 mg / L (test and control reactors), and phosphate-
phosphorus concentrations had 76 — 108.5 mg / L (test reactor) and 80 — 128 mg / L (control

reactor).

This work shows that aerobic organisms play a fundamental role in the biodegradation of
paracetamol and that strategies of granular sludge bioaugmentation with the bacterial strain
Mycolicibacterium aubagnense HPB1.1 have the potential to induce faster removals of this
drug in WWTP and to improve the removal of its recalcitrant metabolite Hydroquinone.
Moreover, in general, this outcome suggests the SBRs with AGS will be suitable for bacteria
bioaugmentation and pharmaceutical drug inoculation experiments in a bid to evolve strategies

to eradicate recalcitrant pollutants with potential toxicity tendencies.
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4.6. Future prospects
To evaluate the impact of the bioaugmentation inoculum on the bacterial communities in the

granular sludge, a taxonomic study based on 16S rRNA gene sequences will be performed on
sludge samples from the bioaugmented SBRs as well as on samples from the control reactors,

collected before and after the several inoculations.

With the aim of better understanding the incomplete removal of N and P nutrients from water,

it is necessary to:

1) analyse the water quality parameters in study (COD, Total N, NH; — N, NO, - N, NO3-
- N, PO43 - P and pH) at the beginning, at mid-time and at the end of both the main
SBR operational stages (anaerobic feeding and aeration starving);

2) monitor the dissolved oxygen (DO) at the bottom of the SBRs, where the granular
sludge settles, in real time throughout all the operating cycle to assess whether
anaerobic or anoxic conditions are achieved during the feeding stage.

3) monitor the water temperature in the SBRs to evaluate eventual deviations from the

laboratory typical room temperature (23 + 2 °C), caused by air conditioning failures.
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