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Resumen
En este trabajo fin de grado se utilizé un biorreactor integrado a escala piloto

(anaerdbico-anoxico-aerdbico) con un volumen de trabajo de 12,9 L acoplado
sedimentador de separacion de biomasa para tratar aguas residuales
mediante un proceso A20. Se evalud a escala laboratorio la recirculacion de
nitratos (provenientes de la oxidacion de centrados) como estrategia de
prevencion de olores, estudiando tanto el proceso de tratamiento de agua
residual como las cinéticas de oxidacion de H2S con nitrato. Los parametros
de operacion utilizados fueron velocidad de carga organica (OLR) de 0.079-
0.132gT0OC/Ld y tiempo de retencion hidraulica (HRT) de 36-24h y tiempo de
retencion de los lodos (SRT) de 10 dias. La operacion del proceso a un HRT de
24h, El rendimiento de depuracion de aguas residuales fue superior al 75% de
eliminacion para los contaminantes, con nitrificacion completa del amoniaco
afluente. De la cinética se establece que el nitrato que sirve como aceptor de
electrones para la eliminacion del sulfuro de hidrogeno y el proceso seria

técnicamente viable.

Palabras clave; Cinética, Control de olores, Lodos activos Biomasa, Nitrato,
Sulfuroato de hidrogeno



Abstract

A pilot-scale A>O integrated bioreactor (anaerobic-anoxic-aerobic) with a
working volume of 12.9 L coupled with a settler to harvest the biomass was
used to treat wastewater. Nitrate recycling from centrates as a strategy to
prevent odour emission was evaluated on a bench scale, via study of the
wastewater treatment performance and kinetics of sulphide oxidation with
nitrate. The operational parameters here used were: organic loading rate (OLR)
of 0.079 to 0.132 gTOC/Ld and the hydraulic retention time (HRT) of 36—24h
and a sludge retention time (SRT) of 10 days. Process operation at a HRT of
24h resulted in wastewater treatment efficiencies of 75% for most
contaminants with a complete nitrification of the influent ammonia. Kinetics
studies revealed that nitrate served as the electron acceptor for the removal of

hydrogen sulphide and the process would be technical viable.

Keywords; Activated sludge, Hydrogen sulphide, Kinetics, Nitrate, Odour
control
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1. INTRODUCTION



1.0 INTRODUCTION

The demand for water quality and quantity is on the increase globally. The use
of water for various activities by man has led to increased pollution in water
sources thus affecting the quality of water. Huge amounts of polluted water are
generated from domestic uses and from industrial processes such as food,
petrochemical, pulp and paper industries .etc. Wastewater treatment plant
(WWTPs) plays important role in treating these polluted waters before they are
discharged into receiving bodies.

From the WWTPs, in particular, from the sludge handling processes, odours
emitted in the form of gaseous pollution have become a significant source of
environmental irritation. When treating high-sulphate wastewater, high
concentrations of sulphur compounds hinder wastewater treatment and
effluent quality. This phenomenon results from the microbiological reduction of
sulphates into sulphides, with increase in cost of production (Gostelow et al.,
2001, Chan et al., 2009, Munz et al., 2015) Therefore, a considerable and
economical approach using recycling of nitrate to enhance WWTP, while
preventing odorant formation before discharge is very important.

In the recent urbanisation development and wastewater treatment,
odour related abatement and control has raised a major environmental
compliance with implementation of stricter regulatory obligations by
governmental bodies to minimise its effect on the neighbouring communities
(Chan et al., 2009, Greben et al., 2009, Lateef et al., 2013). To combat this, for
instance, the European regulation on encroachment of housing on land near
sewage treatment works and environmental legislation is increasingly
becoming more stringent (Zub et al., 2008, Munz et al., 2015, Ahmad and O-
Aljasser, 2013). On other hand, emerging biotechnologies to treat odorous
emissions are limited with regulatory obligations, investment costs, land
acquisition and undesirable economic returns (Birima et al., 2005, Deng et al.,
2009, Estrada et al.,, 2015). Therefore, odour management has become a
priority in the design and operation of WWTPs due to its consequence in poor

public image of operating companies, avoiding toxicological effects of H2S in



human health and to conform to environment regulation (Falahti-Marvast and
Karimi-Jashni, 2015, Fang et al., 2015, Gostelow et al., 2001, Munoz et al.,
2010).

Odours are a nuisance and have potential impacts on nearby quality of life
associated with psychological stress and widespread of health-related
indicators such as loss of appetite, nausea, headaches, insomnia and
respiratory problems (Munoz et al., 2010, Munz et al., 2015). H2S compounds
are malodorous and due to their toxic nature can also cause corrosion and
deteriorating of digesters, pipe lines and process equipment (Zhang et al.,
2008, Yuan and Bandosz, 2007, Kim et al., 2014). In addition, the emission of
H2S gas into the atmosphere causes acid rain due to its interaction with ozone
to form sulphuric acid (Birima et al., 2005, Hernandez et al., 2012, Janssen et
al., 1999).

Odours, unlike other wastewater parameters like turbidity, have both a
sensorial and a chemical constituent, which makes their characterisation a
challenging task. H2S, as our focus and the main source of odour in WWTPs is
a colourless and hazardous gas which has a rotten eggs smell, with an
extremely low odour threshold (0.5 ppm) (Munoz et al., 2010), which accounts
for 80-90% of the malodourous compounds in WWTPs (Munz et al., 2015).
However, depending on the type of wastewater, odour emissions are generated
by biochemical reactions occurring under anaerobic conditions by sulphate
reducing bacteria or desulphurisation of organic compounds containing
sulphur. In this context, the dissolved sulphide is biologically oxidised to other
sulphur species (sulphur, thiosulphate and sulphate) using either oxygen
(aerobic conditions) or nitrate (anoxic conditions) as a final electron acceptor
(Fang et al., 2015, Estrada et al., 2015, Munz et al., 2015). Thus, the hydrogen
sulphide and sulphur dioxide can be converted into elemental sulphur via the
biological sulphur cycle as depicted in Figure 1. However, the recovery of
sulphur as a valuable compound can be used in the production of sulphuric acid
or applied for bioleaching processes (Chan et al., 2009, Munz et al., 2015).
Therefore, a high effective odour prevention and removal technology is

essential for the WWTPs as it will serve as means of income generation.



1.1 Odour management in WWTPs

The degree of pollution of the wastewater determines the type or combination
technology to use. Most WWTPs consist of physico-chemical and biological
processes. For impact minimization of odour, in the form of removing sulphide
from wastewater streams, a number of physico-chemical processes are
commonly used today, which involve direct air stripping, chemical precipitation
and oxidation (Munz et al., 2015, Chan et al., 2009). Others involve increasing
the redox potential to reduce the rate of H2S production by adding oxygen,
peroxide, nitrate or iron salts. Other techniques also includes pH adjustment,
chlorination, and ozonation, addition of potassium permanganate or hydrogen
peroxide treatment (Ahmad and O-Aljasser, 2013, Estrada et al., 2015, Janssen
et al., 1999) .The high energy requirements or high operating costs and also
the production of chemical by products which must be disposed of prior to
discharge create important drawbacks of these methods (Munz et al., 2015)

According to Munz et al. (2015), the use of passive barriers such as trees or
buffer zones to promote dilution of the odour serve as a simple strategy that
has been applied in the WWTPs. However, their efficiency is limited and further
more depends on the direction of the wind. In addition, the end -of -pipe
technologies which are usually classified into physical-chemical and biological
techniques have high abatement efficiency and robustness when operated and
maintained properly. But they are limited by high operating costs especially at
medium and high odour concentration, due to adsorption material and
chemicals consumption, which also causes high environmental impacts (Munz
et al., 2015, Zhang et al., 2008). And also, the physical-chemical mechanism
via passive barriers installation or chemical agents spraying and end-of-pipe
treatment address odour nuisance management, once odours have been
produced and discharged from the wastewater. Thus with limited odour
prevention option before been released into the environment. Hence, in this
context, biological techniques create a more cost-effective and environmentally
friendly alternative than the physical-chemical process in achieving high odour

prevention as some techniques shown in Table 1.



With suitable technology design and environmental control, nearly all
wastewaters containing biodegradable constituents can be treated without
difficulty by biological means. In recent years, much attention has been paid to
bioreactors for wastewater treatment to meet the strict constraints with respect
to odour production (Gostelow et al.,, 2001, Kim et al., 2014). Thus, the
integrated bioreactors coupled with anoxic, aerobic and anaerobic processes in
a single reactor are seen as a viable alternative. Unfortunately, upgrading or re-
designing of an already existing WWTP is very expensive. In this case, some
operational practices are implemented such as maintaining aerobic or anoxic
conditions in the wastewater where possible, frequent cleaning of process
units, minimization of the sludge retention time in thickeners and dewatering
systems or the use of buildings and covers to confine the odour emission in the
key operation units (Van der Werf et al., 2010, Kim et al., 2000).
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Figure 1. Biological oxidation cycle of hydrogen sulphide (odour emission) control (Hernandez et al., 2012,
Kim et al., 2000)



Table 1- Emerging technologies for odour control management (Estrada et al., 2015, Munz et al., 2015)
Main sulphur Further

Application  Methods Removal action Comments
compound treatment
Acidic pH  Acid dose for Removal by H,S dissolved Gas stream H,S pH adjustment is
control strippingat  adjusting pH to removal difficult to
pH (5) equilibrim of H,S maintain at
solution equilibrim, H,S is
highly soluble
pH control Base dosing  Control by H,S Neutralisation for pH too high for
alkali for maintaining adjusting pH to discharge biodegradation
pH for the equilibrim of H,S activity
solutionat9  solution
Redox or Oxygen Prevention , Maintenace of Maintain flux to
Biological Nitrate removal and SO, high redox or enhance S and
oxidation control oxidation SO, reduction
recycling recycling
Oxidation H,0, , Removal and S Removal of solid Expensive, toxic
Chlorine, control SO, or reconversion  chemical handling
0ZOne, of H,S consideration
hypochloride
Stripping Air CO;, Gas stripping for H2S in carrier gas Gas collection  Low pH required,
downstream gas and scrubbing  removal of carrier
phase treatment gas
Precipitation  Ferrous Reaction to acid  Fe,S; solid Solid removal
sulphate prepitate and disposal
Removal of L
sulphur reduction Application for
Spraying/ Acid/alkali . Ensure no corrosion and
Bactericidal chlorine speae's na biological activity odour control in
biologically by -
killing them pipe lines

1.2 Biological Odour control technologies

Biological treatment processes are a promising technology to the attainment of
revenue from Certified Emission Reduction (CER) credits. They are capable of
converting the organic matter in the wastewater by microorganisms organisms
such as bacteria (aerobically or anaerobically), thus, resulting in the formation
HoS and methane gas, which can be utilized as renewable energy (Estrada et
al., 2015). Compounds such as ammonia and phosphorous which can be used
as fertilizers are also produced (Fang et al., 2015). In view of this, to overcome
the disadvantages of conventional methods, many biotechnologies have
recently been developed using high rate bioreactors (such as up flow anaerobic

sludge blanket (UASB), filter bioreactor, fluidized bed reactor, membrane



bioreactor) and are adopted in order to provide a treatment process which is
both technologically and economically viable with the twofold goals of resource
recovery and submission to current legislation for effluent discharge (Chan et
al., 2009, Munz et al., 2015).

According to Chan et al. (2009) a more intensive form of biodegradation can be
achieved by integrating anaerobic and aerobic zones within a single bioreactor.
Essentially, some of these include (a) integrated bioreactors with physical
separation of anaerobic-aerobic zone, (b) integrated bioreactors without
physical separation of anaerobic-aerobic zone, (¢) Sequencing Batch Reactors
(SBR) based on temporal separation of the anaerobic and the aerobic phase,
and (d) combined anaerobic-aerobic culture system based on the principle of
limited oxygen diffusion in microbial biofilms. In addition, also sulphide
oxidation under aerobic conditions can be carried out by using bacterial species
such as Thiobacillus denitrificans, using nitrate or nitrite as an electron acceptor
(Munz et al., 2015, Munoz et al., 2010) .

However, the integrated bioreactors, like any other biological system are
centred on microbial physiology and are subject to failure whenever there is a
shift in operational conditions or in the presence of inhibitory substances. Thus
the sulphide oxidation bacteria are very sensitive towards unfavourable
conditions. Some of these conditions includes, seeding, temperature, pH,
carbon-nitrogen (C/N) ratio, volatile fatty acids (VFAs), organic loading rate
(OLR), alkalinity, total volatile solids (VS), hydraulic retention time (HRT) and
nutrients concentration(Chan et al., 2009, Falahti-Marvast and Karimi-Jashni,
2015). This effect can be either due to a direct inhibitory effect on the
metabolism of sensitive microbial species or to an eventual modification of the
conditions of the bioreactor environment such as pH changes. Therefore,
process control and monitoring are engineered to boost the biochemical
degradation, enhancing the pollutants and odour removal and stability of the

sludge or centrates formation.

The integrated bioreactor coupled with anaerobic, anoxic and aerobic

functioning as a single reactor can be widely applied to treat a wide-ranging of
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industrial wastewaters. Thus it stands to have operationally and economically
advantages in the treatment of high strength industrial wastewaters since it
couples the benefit of anaerobic digestion (i.e. biogas production) with the
benefits of aerobic digestion (i.e. better COD and VSS removal) (Munz et al.,
2015). It also has the capability to biodegrade organic matter, such that, the
sequential nitrogen removal including nitrification-denitrification, and reduction
of Fe (lll) and oxidation of Fe (ll) with production of fine particles of iron
hydroxide for adsorption of organic acids, phenols ammonium, and heavy
metals (Ahmad and O-Aljasser, 2013). Therefore, this application for research

and odour prevention in WWTPs sounds a promising technology.

1.2.1 Activated sludge recycling

The activated sludge recycling (ASR) as a biological process, is regularly
employed for the treatment of a large number of industrial wastewaters.
However, the knowledge or determination of the microbial kinetics of the
wastewater is essential for designing the treatment facilities. In a typical WWTP
using ASR, the influent wastewater is aerated with dissolved oxygen and total
suspended solids concentration of 2-3 mg/L and 1000-10,000 mg VSS/L
respectively via the bioreactor(Munz et al., 2015). The organic matter and other
pollutants are then oxidised by the microorganisms under aerobic condition.
Afterwards, a secondary clarifier separates the biomass from the treated water,
where the settled sludge of about 4000-12,000 mg VSS/ L is recycled back to
the anoxic or anaerobic tanks (METCALF and Eddy, 2003, Munz et al.,
2015).Thus, this strategy involves the recycling of the waste or aerobic
activated sludge from aerated biological reactors to the inlet of the WWTP
headwork. This stimulates the consumption of odorous compounds before they
are volatilised from the liquid phase. The two preventing mechanism that occur
before the malodorous compounds are released from the subsequent
wastewater treatment units are said to be adsorption followed by oxidation
(Munz et al., 2015).

In view of that , Hernandez et al. (2012) reported that the recycled activated

sludge from the aeration basin or the settler contains substantial concentration
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of oxygen (2-3 mg/L), and , or nitrate (6-10 mg/L) that act as electron
acceptors for the oxidation of the odorants or the malodorous compound
originators. In as much as odour oxidation can be done by aerobic oxidation, or
anoxic oxidation coupled to denitrification biologically, limitation of oxygen or
nitrate can result in production and precipitation of elemental sulphur. In
addition, under anoxic conditions, it is also possible to find incomplete
denitrification with nitrate being reduced to nitrite instead of elemental nitrogen
(Munz et al., 2015, Zub et al., 2008).

Munz et al. (2015) reported trials carried out at the Lee County WWTP (Lee
County, Florida) which revealed H2S gas concentration reductions ranging from
87% to 98% and odour reductions of 69% (measured as odour detection
threshold reduction) in recycling return activated sludge to-wastewater ratio.
Kim et al. (2014) also reported ASR implementation at the Englewood Water
Reclamation Facility (Englewood, Florida) as a strategy for odour control. The
pilot tests resulted in HoS and other gas concentration reductions of 93% and
96%, respectively. The continuous field scale implementation of the ASR
strategy has revealed odour reductions of 89% (measured as odour detection
threshold reduction) in the surge tanks at minimum capital and investment
costs (Munz et al., 2015, Zub et al., 2008).

All the same, a major concern by WWTP operators is that recycling strategies
might increase the abundance in sulphur consuming and filamentous bacteria,
which might have adverse effects on the activated sludge floc sedimentation
properties (Lateef et al., 2013). Prior to that, Zhang et al. (2008) activated the
sludge and mixed mechanically for one or two days, improving sulphide
reduction. The effect of iron salts, often added during wastewater treatment for
phosphorus precipitation, present in the recycled sludge liquor can be also
beneficial for odour prevention by promoting the precipitation of dissolved
sulphide as ferrous sulphide (Zub et al., 2008, Zhang et al., 2008, Munz et al.,
2015).

12



1.2.2 Oxidized Ammonium Recycling

The de-watering of the anaerobic digested sludge generates ammonia rich
effluents (500-1000 mg/L) commonly referred to as centrates. This ammonia-
rich effluent, representing up to 20% of the total ammonia load of the WWTP is
recycled to the biological treatment to be removed by conventional nitrification-
denitrification process. In order to conform to the nitrogen discharge limits,
recycling of the centrates serves as an innovation technology for the oxidation
of ammonia to nitrate and its further recycling to the WWTP inlet works to
control odour emission (Zub et al., 2008, Munoz et al., 2015). It has also been
reported that factors such as high ammonia concentration and low dissolved
oxygen (DO) level can result in the disruption of the equilibrium between the
nitrification - denitrification steps, resulting in significant reduction in the
activities of nitrite oxidisers which can lead to toxic nitrite build-up and a

subsequent failure of nitrification (Zhang et al., 2008).

1.2.3 Recycling of nitrate from digestate oxidation

Recently, attention has been drawn on autotrophic denitrification, during
removal of nitrate from wastewaters containing high concentrations of sulphur
or other sulphur compounds. In this process, nitrate-reducing and sulphide
oxidizing bacteria (NR-SOB) use nitrate and reduced sulphur as electron
acceptors and electron donors, respectively (Zub et al., 2008, Zhang et al.,
2008, Munz et al., 2015). A study on reducing nitrate to nitrogen gas and
oxidizing sulphur compounds to sulphate in wastewater-treatment plants from
oil fields, and the petrochemical industry was conducted. It was reported that
addition of nitrate as terminal electron acceptor resulted in autotrophic
denitrification and led to desulfurization, thus controlling HoS emissions from
WWTPs (Zhang et al., 2008) . When sludge is not recycled together with the
nitrate-rich effluent, the process will rely on the indigenous biodiversity present
in the sewage to perform the anoxic oxidation of the malodorous compounds.
Therefore, recycling of nitrate is therefore considered as an alternative

technology in prevention of odours from WWTP.
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A discharge of effluent with nitrogenous compounds is seen to be very
unpleasant. This is because nitrate can stimulate eutrophication where
pollution is caused in waterways by heavy algal growth. Thus nitrate polluted
water supplies can to lead to outbreaks of infant disease as well as other iliness.
There is therefore, the need to protect public health from nitrate intake effects.
Hence, the World Health Organisation has set a standard of 50 mg/L to regulate
the nitrate concentration in drinking water (WHO, 2011).Therefore, complete
nitrogen removal is necessary where the receiving water is a water supply
source for downstream users, since eutrophication and nitrate enrichment
should be avoided. As a result, development of economical and sustainable
techniques for reducing the nitrogen content from wastewater has attracted a
great deal of attention.

Biological denitrification is a convenient way to remove nitrogen from
wastewater. In denitrification process nitrate is converted into nitrite, then into
environmentally non-threatening nitrogen gas (N2) with energy conservation The
denitrifying sulphide removal process is an efficient way to bio-transform
sulphide, nitrate, and organic carbon from industrial wastewater(Zub et al.,
2008, Chan et al., 2009, Zhang et al., 2008, Munz et al., 2015).

According to Zhang et al. (2008) stoichiometrically, denitrification of 1 g N as
nitrate (N- NO3) needs 2.85 g chemical oxygen demand (COD); that is, almost
100 g COD for 1 L of a 150 g NO2,3/L of wastewater. But the addition of nitrate
to the wastewater influent promotes anoxic conditions, where nitrate is used as
an electron acceptor by microorganisms in order to oxidize dissolved sulphides
and any readily biodegradable odorants, preventing their further release as
malodorous emission (Kim et al., 2014). Munz et al. (2015), reported, assuming
a conservative concentration of nitrate in the stream after the nitrification of an
ammonia-rich centrates (500 mg NOz / L), that only a 0.2% recycling ratio would
be needed for sulphide oxidation (e.g. 60 m3/ day for a raw wastewater influent
of 30,000 m3/ day) (Munz et al., 2015, Falahti-Marvast and Karimi-Jashni,
2015). The stoichiometry reported in most literature ranged from 0.6 to 4.5 mg
NOs -N / (mg/ S), with an average sulphide elimination of 90-100% (Zhang et
al., 2008). However, the dosages varied with the nature and concentration of

organic matter, biomass activity and ionic strength in the different wastewaters.
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The biochemical reaction for  sulphide oxidation in wastewater and
hypothesized that Sulphate can be an important end-product under anoxic
conditions when oxygen or nitrate is the electron acceptor are represented by
following equations (1) and (2).

HS™ + NO; + H" - S° + NO; + H,0 (1)
S§% +3NO3 + H,0 + 3H* - SOZ~ + 3NO; + 5H* (2)
The nitrate concentration in the centrates or nitrified stream recycled will be the
key parameter to provide enough sulphide oxidation potential. Unfortunately,
due to the knowledge gap on combination of the high electron acceptor
concentration in nitrified centrates, together with the biological activity of
activated sludge, further research is needed. In addition, the lower Kkinetic rates
of anoxic sulphide oxidation has to be taken into account before implementing
nitrate-sulphide oxidation strategy on a bioreactors .Thus in order to allow

sufficient residence time for the oxidation to occur before odorants are emitted.

1.3 Scope and objectives of study

To ensure the successful handling of industrial and municipal wastewater,
integrated bioreactor (A20) was designed with the combination of (anaerobic,
anoxic and aerobic) zones, to evaluate its efficiency to generate biomass and
wastewater purification as a 12.9 L laboratory scale WWTP operated under
anaerobic-aerobic conditions. Significantly, recycling of the nitrate from the
digestate and monitoring its physical performance based on the total and
volatile suspended solids (TSS/VSS) production. The wastewater treatment
performance by the reactor was also evaluated based on the following
parameters, total nitrogen (TN), total organic carbon (TOC), total carbon (TC),
inorganic carbon (IC), Sulphate (S04?%), phosphate (POa43),chlorides (CI),
ammonium (NHs*%) , nitrate (NO3-N) and nitrite (NO2-N).
The specific objectives were

e To carry out, at batch scale, kinetics and stoichiometry oxidation of the

sulphide - nitrate (S/N) as a technical route in which the nitrate serves
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as the electron acceptor for the removal of the hydrogen sulphide or
odorant compounds.

To investigate and evaluate the nitrification—denitrification process with
nitrate or sulphide in different S/N ratio with sludge from the bioreactor
for S/N ratio (1:10 and 1:30) and sulphide to activated sludge(S/C) ratio
(1:2 and 1:8) respectively.

To investigate and evaluate the nitrification-denitrification process with
nitrate or sulphide in different S/N ratio in the presence of activated

sludge.
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2. MATERIALS AND
METHOD
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2.0 MATERIALS AND METHODS

2.1 Wastewater and seed sludge

To ensure a constant nutrient and organic matter concentration in the raw
wastewater along the entire experiment, a synthetic wastewater was used in
this study instead of actual wastewater. The mineral salts of the wastewater as
shown in Table 2 were supplied by PANREAC (Barcelona, Spain). A 25 folds
stock solution was prepared, diluted with 25 L of distilled water and stored at
4°C for the first start up. However, for the second start up, tap water was used
for the dilution of the stock solution and was not refrigerated. Peptone and
glucose were used as carbon source, sodium bicarbonate (NaHCO3) provided
alkalinity to keep the pH of the wastewater neutral, urea and meat extract as a
nitrogen source, while KoHPOs served as orthophosphate source. The
CuCl2.2H20, NaCl and CaCl2.2H20 were also used to balance the salinity of the
wastewater and to provide trace elements.

Aerobic-anoxic activated sludge was obtained from a local WWTP located in
Valladolid operated under a denitrification-nitrification configuration (Spain).
The aerobic-anoxic sludge was used to inoculate the A20 bioreactor and to carry

out the kinetics on the nitrification-denitrification process.

Table 2-Characteristics of the synthetic wastewater

Mineral salts Amount (g/L) Purpose
Peptone & carbon source
Glucose 2.75
NaHCOs 275 alkalinity to keep pH
Urea 0.75 nitrogen source
Meat extract 6.25 Nutrient
MgS04.7H20 0.05 Sulphate source
orthophosphate source
K2HPO4 0.7
I,.2H 0012
CuCl 20 0.00125 Trace element /balance
NaCl 0.175
alkalinity
CaCl2.2H20 0.1

18



2.2 Experimental setup

2.2.1 Bioreactor description

The integrated bioreactor was fabricated with a Perspex plastic, commissioned
and installed in the Gas treatment and Microalgae Technology Research Group
laboratory under the Chemical Engineering and Environmental Technology, at
Escuela de Ingenierias Industriales, Sede Dr. Mergelina, University of Valladolid
(Spain). The bioreactor consisted of three compartments with a total working
volume of 12.9L: As- anaerobic chamber (1.4L), A>-anoxic chamber (2.7L), As-
aerobic chamber (8.8L). A settler (4.5L) was also installed at the end the system
to support biomass harvesting and recycling (Error!l Reference source not
found.). In the anaerobic and anoxic chambers, a complete-mix regime was
achieved with a lower speed mixer (50rpm), while complete mixing in the
aerobic chamber was achieve via an immersion water pump and process
aeration. The influent (F-A1) was introduced to the anaerobic chamber
continuously, where the pilot plant also was equipped with one internal recycle
line that connected the aerobic-anoxic chambers (IR1-A3A2) and one external
line that connected the settler-anaerobic chamber (SR2-SA1). This was done to
enhance the nitrification and treatment efficiency. The top of the anaerobic and
the anoxic chambers were also covered to maintain the dissolved oxygen below
1, to promote anaerobic and anoxic conditions, The sealing lids can be taken
off and replaced after cleaning the headspace. The aerobic region is also
equipped with diffusers with air controller, aerated from beneath to provide the
required dissolved oxygen (2-3mg/L) for the biological process as well as

complete mixing condition of the liquor in the reactor.
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Figure 2. Schematic photo of the integrated bioreactor (Al-anaerobic, A2-anoxic, A3-aerobic and settler)

2.2.2 Bioreactor operation

The bioreactor, which was operated for a total period 90 days in two operational
phases, was first commissioned with tap water to calibrate the pumps and mixers,
check for leaks and dissolved oxygen injection. A detailed schematic flow diagram
of the experimental setup is presented in Figure 3. Prior to the start-up, the reactor
was inoculated with 10L of activated sludge. This was done when all the setup
valves closed except X2. All the compartments were thus filled with the sludge to
about 80% working volume of the reactor, resulting in initial TSS concentration of
3.5 g/L and 4.4g/L in the reactor for the first and second start up days, respectively.
At this point it should be notice that a second start-up was needed due to an
operational error during synthetic wastewater preparation.

The hydraulic retention time (HRT) was reduced from 36h to 24h, with the
corresponding flowrates and operational conditions as shown in Table 3. The
influent wastewater and the external biomass recycling were fed to the head of the
anaerobic tank. While the influent pump (P1) operated continuously, the external
biomass-recycling pump (P2) worked under intermittent operation in a 15-min
cycle and 1h off at 50% of the influent flowrate to the head. The settler mixer also
worked under intermittent operation of 5-min cycle and 1-h off to promote the

periodic mixing of the settled sludge blanket. The solids retention time (SRT) was
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kept constants for 10 days in both cases by drawing a varying wastage flowrate as
a function of the biomass concentration in the settler and the bioreactor (~ 200-
300mgTSS/L via valve X5). To promote nitrogen removal via denitrification, the
aerated mixed liquour containing nitrified ammonium from the aerobic tank was
also recycled to the head of anoxic tank at thrice the flowrate of the influent. This
was done with a peristaltic pump (P3) where valves X7 and X8 were constantly
kept opened. The diffuser coupled with air controller flowrate, the knob was
adjusted where necessary to supply air to the aerobic tank. This was placed at the
bottom of the aerobic tank along its wall to maintain the dissolved oxygen (2-
3mg/L).

P3 Nitrified

Recycling Settling Stirrer
[
x3 = =)ol
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Figure 3. Schematic flow diagram of the integrated A20 bioreactor (Al-anaerobic, A2-anoxic, A3-aerobic
and settler
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Table 2- Experimental operational conditions

Operational parameter Startup 1 Start up 2
Days operated 44 40

Organic loading rate(ml/min)

Feed(Q) 6.0 9.0

Settler -anaerobic(0.5Q) 3.0 4.5

aerobic-anoxic (3Q) 17.9 26.9
Pump speed (rpm)

Feed(P1) 90 80

Settler -anaerobic(P2) 15 20

aerobic-anoxic (P3) 38 38
Average aeration rate (ml/s) 50 60
HRT (h) 36 24
SRT(days) 10 10
Dilutant water type Distilled Tap
Initial sludge inoculant (mgTSS/L) 35 4.4
Expected effluent flux (L/d) 8 9

2.3 Nitrate oxidation kinetics

Batch tests were designed to evaluate the desulfurization and denitrification
mechanism with four different mixtures such that the S/N ratio (1:1 and 1:3),
sulphide to activated sludge(S/C) ratio (1:2 and 1:8) and finally nitrate
combination (Table 4). This was done via addition of potassium nitrate (KNO3
(101.1g/mol ) and fresh activated sludge to synthetic wastewater (prepared
according to Table 2 in different proportions while keeping sodium sulfide
(Na2S.9H20 (240.18 g/mol)) concentration at about 15mg/L as depicted in
Table 4. Runl was inoculated at a biomass concentration of 3.5 mgTSS/L and
supplied with nitrate and sulphide at 150 and 15 mg/L, respectively, to assess
the influence on the aqueous matrix (tap water or synthetic wastewater) on the
Kinetics of sulphide oxidation with NO3-. Afterwards, synthetic wastewater was
used to mimick the conditions prevailing in a WWTP. Before each run, the
sludge was aerated and the TSS concentration was measured prior to
inoculation (4.4 gTSS/L, 4.3 gTSS/L and 5.7 gTSS/L for the run2, run3 and run
4, respectively).

Each tests was prepared in duplicate. All the experiments were then performed

in a 2L serum bottle with a 20% volume as a headspace. The serum bottles
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were closed with butyl septa and sealed with aluminium lid to guarantee
anaerobic conditions (Figure 4). Each bottle was agitated at 50 rpm. An infusion
needle was inserted through the rubber stopper, which was connected on a
Tedlar bag filled with Helium. This allowed to replace the liquid volume with
helium from the airbag, which prevented the entrance of oxygen. The setup
were kept at room temperature (25 °C) and covered with aluminium foil to
prevent HoS photolysis and algal photosynthesis. In addition, to determine the
desulfurization and denitrification kinetics, liquid samples were taken from O to
5 times (initial sampling), within a stipulated time interval of 2 hours. Samples
were taken by inserting a needle through the rubber stopper and withdrawing
the sample into a 10-mL syringe as necessary for the sulphide and nitrate

concentration measurement.

Table 4 -Experimental Planning to assess the anoxic S oxidation.

Biomass Nitrate Sulphide Aqueous
Runs (mgTSS/L) (mgN/L) (mgS/L)  matrix type S/N ratio S/B ratio
R1 3.5 150 15 Tap and SWW 1 (1:0)
R2 4.4 150 15 SWW 1 (1:2) and(L:8)
R3 4.3 150 15 SWW 1 (1:2) and(L:8)
R4 5.7 (0, 150,450) 15 SWW (1:1and1:3) (1:2)

Figure 4. Schematic photo of the experimental setup used for S kinectic oxidation experiments (left
picture) and aeration sludge system (right picture)
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2.3.1Sulphide adaptation kinetics

A 2L serum bottle acting as an anoxic bioeactor was also set-up to promote the
enrichment of a microbial community capable of oxidizing H>S with NO3".The
sludge to the synthetic wastewater ratio was 50/50 by volume in the bottle, which
was not connected to any helium bag. The sludge-wastewater mixture was then
supplied with potassium nitrate (1.44g) and sodium sulphide (0.45g) in 4 sequential
days. This resulted in initial NO37/S ratio of X and an initial biomass concentration
of X g/L. Nitrate and sulphide amendments were maintained for 12days, where
samples were taken before and after injection, filtered before the nitrate and

sulphide analysis were done according the to the protocols.

2.4 Analytical methods -nitrate oxidation and enrichment tests

The setup was constructed with 6 sampling points in the feed (BE1), anaerobic
(BE2), anoxic (BE3) aerobic (BE4), settler (BE5) and the effluent (BEG). The
TSS/VSS samples were collected from the BE2, BE3, BE4,BE5 and BEG tanks
twice a week, and the concentration were determined conferring to standard
methods (APHA, 2005). The daily monitoring of the dissolved oxygen (DO)
concentration and temperature was done with the DO meter (WTW Oxi 3310
Set 1 2BA301).The concentration of sulphate, phosphate, chlorides,
ammonium, and nitrite and nitrate samples were taken from all sampling points
and analysed once in week by HPLC-IC using a Waters 515 HPLC pump coupled
with an ion conductivity detector (Waters 432), and equipped with an IC-PAK
Anion HC column (4.6x150 mm) and an IC-Pak Anion Guard-Pak (Waters). The
TOC and TN were also collected from all the sampling points and analysed once
a week. This was done in accordance with the protocols of TOC-VCSH analyser
(Shimadzu, Tokyo, Japan) coupled with a total nitrogen chemiluminescence

detection module (TNM-1, Shimadzu, Tokyo, Japan).
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2.4.1Bench top Sulphide analysis protocols

The concentration of the sulphur was measured with a Thermo Scientific Orion
Dual Star pH/ISE Dual Channel Benchtop Meter in accordance the
manufacturer’'s standards method. 1L buffer of antioxidant solution was
prepared with EDTA (33.5g), ascorbic acid (17.5g) and NaOH (40g). In other to
prepare the solution, 1L of deionised water was first degassed with helium. The
NaOH was quickly mixed with the water, and the resulting solution heated by
this exothermic reaction was then allowed to cool down for about 2 min before
addition of the EDTA and ascorbic acid.

A standard solution of 50ml was then prepared using 0.112g of the sodium
sulphide in 50ml of the buffer solution. The standard solution was then added
to a flat bottom flask in sequence order 0.5ml, 1ml, 2.5ml, 5ml and 10ml, which
resulted in calibration solutions of X, Y, Z, W and Q mg S/L (namely P1, P2, P3,
P4 and P5, respectively). The determination of the exact sulphide concentration
in each standards was estimated by measuring 30ml of the standard solution
by addition of 0.2ml of 0.1M Pb2* till a millivolt drop of 200mv is attained. This
value was considered as the actual concentration of sulphur, which was then
multiplied by the standard dilution factor of 1/200,1/100,1/40,1/20and 1/10
to know the actual concentrations of P1, P2, P3, P4 and P5 respectively. Fresh

calibrations were conducted prior to each sampling.
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3. RESULTS AND
DISCUSSION

26



3.0 RESULTS AND DISCUSSION

3.1 Bioreactor monitoring

The integrated bioreactor (anaerobic-anoxic-aerobic) system used in this study
was monitored on daily basis for two sensitive parameters: dissolved oxygen
(DO) and temperature, whilst the biomass formation was twice in a week. Other
physiochemical analysis were carried out once in a week. The pH of the reactor
was self-regulated due to biologically activities without neutralisation and was
found to be within 6 and 8. This was in agreement with Hermendez et al (2012),
they reported that, concurrent removal of NH3, H2S and organic compounds
from odour treatment plants are usually reached with or without pH control due

to their high solubility.

The DO and temperature had significant effects on the biomass growth,
nitrification process and as well as the biological treatment efficiency of the
wastewater. This is due to the fact that the rates of the microbial or biomass
growth are reliant on chemical reactions which are influenced by temperature.
During the experimental runs, both the temperature and the DO in the reactors
were maintained within the range of 20-24 °C and 2-3 mg/L for the aerobic
conditions, whilst the anaerobic and anoxic DO was less than 1 mg/L(Munoz et
al 2015, Zub et al 2008). Both the effluent and the two internal recirculation

flux were kept constant where necessary.

The biomass carried over into the aerobic reactor was also crucial in the
optimization of the anaerobic-aerobic system. As the aerobic reactor accepted
an effluent from the anaerobic and anoxic chamber, a significant amount of
microorganisms entered the aerobic reactor and are not quickly adapted to the
aerobic conditions. These active microbes had an effect on the cell population
in the aerobic reactor and could lead to a mixed microbial population of low
oxygen utilization and biological activity. The anaerobic cells becomes inactive
then increase the TSS and VSS, which puts an extra burden on the downstream,

thus settle down as sludge or centrates (Chan et al 2009, Kim et al 2014). The
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results presented in the following sections are with regards to the performance

of the biomass.

3.1.1 Oxygen, temperature and effluent monitoring

With a low organic loading rate (OLR-6 ml/min), high HRT (36 h) and SRT (10
d), the daily monitory of start-up 1 and 2 are represented in figures (5-6) and
(7-8) respectively. .It was found that the aerobic oxygen concentration was
within 2-3 mg/L (Munoz, et al 2015).

e Start up 1 evaluation

Figure 5 shows that the trend of the dissolved oxygen (DO) and the temperature
at an average of 2.2 mg/L and 21°C respectively. The DO in the he aerobic
reactor, DO was found to be stable on the 16t day. Similarly, both the anaerobic
and anoxic DO concentrations were monitored, and were found to be high
(1.emg/Land 2.7mg/L ) and as time progresses was reduced to ( 0.6 mg/L and
0.7mg/L) respectively.

From

Figure 6, it is seen that for the first 16 days, due to the high DO generated from
the anaerobic and anoxic zones, the aeration was alternated to cushion the DO
in the aerobic zone from the 20th to 30t" , was stable at aeration rate of 50

ml/s when it was set. The average effluent flux was found to be 8 L/d.
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e Startup 2 evaluation

During the second stage of start-up, OLR was changed to 9 ml/min, HRT to 24
h and OR to 60 ml/s. This resulted in a tremendous change in the growth of the
biomass in both the anaerobic and anoxic chambers (discussed next in Table
5).
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Figure 7 shows that, for the first 20 days, there was a gradual decrease of the
DO concentration in the reactor until a stable concentration was attained
(values for anoxic and anaerobic). Both the DO and the temperature in the

aerobic chamber were found to be stable at 2.2 mg/L and 22.5°C respectively.
In

Figure 8, shows the aeration and effluent flux for the second start up. The
aeration rate was found to be in steady state at 60ml/s.Then from the 20t day
onwards, the aeration was kept constant at 60 ml/s which resulted in 2.1 mg/L
of oxygen, this was found to be the optimal hence was maintained to enhance

the operation. The average effluent flux was found to be 9L/d.
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Figure 7. Start up 2 oxygen (mg/L) and temperature (oC) daily monitoring; OLR (9ml/min); HRT (24h)
;OR(60mI/s); SRT (10d)
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;OR(60ml/s); SRT (10d)

Comparative study on startup 1 and 2

The start upl and 2 average operating condition performance is depicted in
Table 3. It was established that the higher OLR (9 ml/min) with a low HRT (24h)
decreased the DO present in the anaerobic (0.79-0.48 mg/L) and anoxic (1.11
mg/L-0.7mg/L) zones. With high a OLR, the food nutrient present for the
microbial population activity is said to be in excess which generated a high
amount of carbon, and thus a decrease in the DO. In order to balance the
oxygen in the aerobic zone, a high aeration rate of (60ml/s) was required. In
addition, the DO which were found to be 0.4 to 0.7 mg/L in the anaerobic and
anoxic zones respectively had a beneficial effect on the denitrification process,
and resulted in the biomass growth (8.44mgTSS/L; 6.8mgVSS/L) in the reactor
for the second setup (Table 5). And the temperature and DO obtained in the
aerobic zone were ideal conditions for working under biological treatment
system. Thus operating DO for combined carbon oxidation-nitrification systems
is 2 mg/l (Munoz et al 2015). Therefore using the second operation conditions
to start up the reactor will enhance the performance rate with a short transient

phase to achieve stability.
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Table 3 -Comparing startups for biomass performance

Average parameter Anaerobic (BE2) Anoxic (BE3) Aerobic (BE4) Settler (BED) Effluent
Startup 1 Dissolved oxygen(mg/L) 0.79 1.11 2.17
(44days) Temperature(OC) 20.8
TSS(mg/L) 0.94 0.80 0.84 5.39 0.06
VSS(mg/L) 0.85 0.73 0.71 4.83 0.06
Biomass (gTOC/Ld) 0.079 0.132
Start up 2 Dissolved oxygen(mg/L) 0.48 0.7 2.16
(40days) Temperature(OC) 22.50
TSS(mg/L) 1.94 1.19 0.88 8.44 0.08
VSS(mg/L) 1.62 0.98 0.72 6.81 0.07
Biomass (gTOC/Ld) 0.132 0.132

3.1.2 Variation of biomass concentration over the time

Prior to the start-up 1 and 2, the reactor was inoculated with 10 L of activated
sludge of initial TSS concentration of 3.5 g/L and 4.4g/L respectively. However,
there were some significant changes resulting from the recirculation and the
sedimentation tank to the anaerobic tank, and also dilution effect caused by
the aerobic-anoxic circulations. The variation in the biomass concentration for
the startup 1 and 2 is represented in Figures (9-11) and (12-14) respectively,

and Figure 15 as a comparative study.

e Start up 1 evaluation

Figure 9 shows a gradually increase of the initial biomass concentration in
terms of TSS as mentioned before , from the settler harvest, whilst the aerobic
zone was found to be 1.5 gTSS/L, this led to the desludging of about 300
mITSS/day in order to accommodate the biomass. However, there was sharp
drop on the 31 week (1.85gTSS/L), while on the 4th week there was significant
increase to 8.73 gTSS/L,then a drop to 5.5TSS/L on the 5t week , and finally
stabilizing around 5 gTSS/L, with some fluctuations on weeks 9 and 12. The
effluents in the anaerobic and anoxic had an average value of TSS
concentration of 0.05 gTSS/L, 1.43gTSS/L and 1.18 gTSS/L, respectively which

eventually kept decreasing as the days progresses.
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Figure 9. Variation of biomass in terms of TSS(g/L) weekly monitoring; OLR (6ml/min); HRT (36h)
;OR(50ml/s); SRT (10d).

Figure 10 shows the biomass performance in terms of the VSS. This also shows
the same pattern as the TSS, where the initial harvest of the biomass
concentration was increased from 4.46 gVSS/L to 7.1gVSS/L on the 2" week,
then a significant drop to 1.6 gVSS/L on the 3 week due some operational
changes. However, there was a shot up in growth from the 4t week and a drop
on the 5t week from 7.31gVSS/L to 4.431gVSS/L. This was then maintained
until a final biomass of 4.71gVSS/L was attained.

Figure 11 shows the daily production of the biomass as defined as the sum of
the TSS by each reactor volume per the SRT (TSS*V/SRT1). By maintaining the
SRT at 10days, the average production was found to be 1.14 gTSS/day and
desludging rate of 268 mITSS/day. Hence, the higher the amount of biomass

produced, the more amounts required to desludge.
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Figure 10. Variation of biomass in terms of VSS (g/L) weekly monitoring; OLR (6ml/min); HRT (36h)
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Figure 11. Biomass production and amount desludge per day; OLR (6ml/min); HRT (36h) ;OR(50ml/s);

SRT (10d).

34



e Start up 2 evaluation

The change in OLR, HRT and OR to 9 ml/min, 24h and 60 ml/s respectively
brought about a significant change in the biomass harvested by the settler.
Figure 12 shows an increase from 4.4 gTSS/Lto 12.4 gTSS/L for the two weeks,
until the 34 week were a significant drop to 6.83 gTSS/L was noticed. This was
due to the transfer of a large amount of biomass from the aerobic zone to the
anaerobic and anoxic zone. However, after the 4t week with stability of the
system the biomass concentration was increased to 15 gTSS/L, afterwards, it
was maintained until 3.9 gTSS/L have been attained finally. While the
anaerobic, anoxic and aerobic zones biomass were within 0.9-2.7 gTSS/L, and

that of the effluent was less than 1 gTSS

Error! Reference source not found. shows the same pattern as the TSS biomass
performance of the startup 2, however there was significant drop from
9.67gVSS/L to 5.67gVSS/L for the 4th week, then an increase to 12.13gVSS/L

for the 4th week. A biomass concentration of 3.9 gVSS/L was obtained finally.
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Figure 12. Variation of biomass in terms of TSS (g/L) weekly monitoring; OLR (9ml/min); HRT (24h)
;OR(60ml/s); SRT (10d).
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Figure 14 shows the daily production of the biomass and amount of sludge
required to be desludge in the second start up. By maintaining the SRT at 10
days, the average production was found to be 1.36 gTSS/day and desludging
rate of 177 mITSS/day. The higher the amount of biomass produced, the more

amount required to desludge.
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Figure 13. Variation of biomass in terms of VSS (g/L) weekly monitoring; OLR (9ml/min); HRT (24h)
;OR(60mI/s); SRT (10d).
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Figure 14. Biomass production and amount desludge per day; OLR (9ml/min); HRT (24h) ;OR(60mI/s);
SRT (10d).

Comparative study on start-up 1 and 2

Figure 15 shows the average production of the biomass in each segment. It was
found that an increase in OLR with reduction in HRT at a constant SRT led to an
increase in biomass in all the zones. The harvest of the biomass from the settler
was found to increase as days progress , in the likes of the biomass in the
anaerobic zone was increased by 65% due to the increase in the feed to
centrates ratio (1:3) (Chan et al 2009, Zub et al 2008). This therefore,
increased the microorganism activity at that stable F/C ratio, with an increase
in biomass with the reduction in the HRT, finally the biomass concentration
reached 8.4 gTSS/L and 6.8 gVSS/L for TSS and VSS respectively. It seemed
that at a constant SRT, the F/C ratio was independent of HRT, which also
depends on the OLR and influent concentration. Thus, these results are due to
increasing the biomass concentration at the lower HRTs and a constant F/C
ratio during the entire study period. Thus a steady state anaerobic-aerobic
operation will be able to generate more biomass and was found to be in

agreement with the report by Chan et al (2009 and Kim et al (2014).
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Figure 15-Average biomass performance in bioreactor segments
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3.2 Bioreactor wastewater treatability performance

The integrated bioreactor as mentioned before, treated the wastewater via
nitrification-denitrification process, hence the removal of the organics, nitrogen,
phosphorus and sulphates were determined to evaluate its performance. In
view of that the water quality parameters were focused on included the total
nitrogen (TN), total organic carbon (TOC), total carbon (TC), inorganic carbon
(IC), Sulphate (S042), chlorides (ClI), ammonium (NHs*), nitrates and nitrite.
However, the concentrations of NOz and NO2 in the influent were practically
zero. The average performance values during the study period is depicted in

Table 4 and discussed in the following sections.

Table 4-Summary of bioreactor treatability

Runs Parameter Influent Effleunt Performance (%)

Startupl TN(mg/L) 39.1 17.4 55%
TOC (mg/L) 155.8 29.3 81%
TC(mg/L) 337.1 212.1 37%
IC(mg/L) 184.2 173.4 6%
NH4(mg/L) 8.8 7.5 15%
S04 (mg/L) 14.5 12.3 15%
Cl (mg/L) 26.3 25.7 2%

Startup2 TN(mg/L) 36.9 321 13%
TOC (mg/L) 125.9 30.2 76%
TC(mg/L) 321.3 247.3 23%
IC(mg/L) 210.9 177.8 16%
NH4(mg/L) 17.2 17.0 2%
S04 (mg/L) 25.3 20.4 19%
Cl (mg/L) 26.3 25.7 2%
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Removal of organic carbons

Organic carbons in the wastewater were in the form of the food nutrients,
dissolved carbon and the decaying microorganisms. This was evaluated under

the two different startups operating conditions as mentioned earlier.

Figure 16Figure 17Figure 18 shows the variations in TC, TOC, IC and effluent
quality in the different reactors during the running period of the pilot plant. For
the first startup, influent was characterised to have high amount of TC (337.1
mg/L) of which 37% was removed, although, the TC was made up of IC and TOC,
of which 6% and 81% were removed respectively. However on the 8th week the
first phase of the experiment ended and the reactor was stopped and prepared
for the second phase. In the second phase of operation, the initial, TC in influent
was 321.3 mgTC/L and a removal of 23%, 76% and 16% was observed for the
TC, TOC and IC respectively. It is clear from the Figure 16Figure 17 Figure 18,
and Table 4 that the change in operating conditions and the water chemistry
did affect the reactor performance. So, also an increase in the OLR from 6
ml/min to 9 ml/min, did increased organic nutrients in the reactor with less
active microorganisms to enhance the degradation. However, about 76%
removal of the TOC in both scenarios observed in the entire operation during
stability has been reported by Falahti-Marvast and Karimi-Jashni, (2015) as one

of the advantages of the integrated bioreactor.
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Figure 16.Total carbon (TC) concentrations at (a) startup1 and (b) startup 2.
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Sulphate and Chloride removal

The biological purification enhances the sulphate and chloride elimination from
the wastewater. This phenomenon occurrs in the anaerobic and the aerobic
zone interchangeably via the denitrification mechanism (Munoz et al 2015, Zub
et al 2008, Falahti-Marvast and Karimi-Jashni, 2015). It has also been
established that, the elimination mechanisms are bound to stop when the

microorganisms becomes inactive.
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Although, there was no sulphide addition to the influent, Figure 19 shows that
the sulphate in both influent and effluent increased, and ranged from 12.34
to14.5 mg/L with 15% removal during the nitrification-denitrification process.
However, a change in the OLR and HRT led to a significant increase in this range
to 20.4 to 25.3 mg/L for the influent and effluent respectively and a 19%
removal. Therefore, recycling of the nitrate back to the reactor is a guarantee
for the sulphate removal. Figure 20 shows the chloride performance, it was
found to be between 26 and 25 mg/L for the influent and effluent, with no
significant removal. The low removal of the sulphate and chloride, might then
be attributed to the low nitrate available during the denitrification process
(Falahti-Marvast and Karimi-Jashni, 2015).
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Figure 19. Sulphate concentration at (a) startupl and (b) startup 2.
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Figure 20. Chloride concentration at (a) startupl and (b) startup 2.

Removal of total nitrogen (TN), ammonium (NHs*), nitrates (NOs) and

nitrite (NO2)

The total nitrogen present in the wastewater was a result of the amino groups
(in proteins and amino acids) as well as NH4*. The concentration of TN in the
influent was 30-45 mg/L and 12-30 mg/L in the effluent. And the NH4

concentration in the influent was 6-25 mg/L and 7-17mg/L in the effluent.
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Figure 21 shows the variation of the TN in the influent and effluent for the
different operating conditions during the study periods. For the startupl, the
concentration of the TN was reduced from 39.1 mg/L to 17.4 mg/L at a
performance rate of 55%.While in the second phase, the concentration of the
TN was 36.9 mg/L and was reduced to 32.1 mg/L giving a 13% removal (Table
4-Summary of bioreactor treatabilityTable 4). It was found that, if the influent
contains organic matter such such as the NOz and NO», they can be removed
via the denitrification process (Munoz et al 2015, Zub et al 2008, Falahti-
Marvast and Karimi-Jashni, 2015).

Figure shows the performance of the NH4 removal from wastewater. It was
noticed that the concentration of the NH4 was low within the range of 7.5-17.2
mg/L, with performance rate of 15% and 2% for the startup 1 and 2 respectively
(Table 4). However, the NH4 is nitrified and recycled to the inlet works where
they undergo denitrification. Thus denitrification converts nitrogen to a
harmless form, which has no significant effect on the environment. It was also
observed that the nitrate circulation to the anoxic compartment was also
efficient during the first start up, while the second start up there is a possibility
of delay by denitrifying bacteria growth during the acclimatization period. And
many researchers have reported that the nitrate concentration in the centrates
or nitrified stream when recycled will be the key parameter to provide enough
sulphide oxidation potential (Munoz et al 2015, Zub et al 2008). As reported by
Munoz et al (2015) that a conservative concentration of nitrate in the stream
after the nitrification of an ammonia-rich centrates (500 mg NO3/L), only a

0.2% recycling ratio would be needed for sulphide oxidation.
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Figure 21. Total nitrogen (TN) concentration at (a) startup1 and (b) startup 2.
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3.3 Nitrate-sulphide oxidation kinetics

The aim of the recycling the nitrate from the activated sludge was to enhance
sulphide-oxidation, thus to prevent sulphur release via biological control.
However, the sulphide was not applied on the bioreactor but rather a batch
scale. Therefore, the kinetics and activated sludge adaptation for the oxidation
of the sulphide using nitrate as the electron acceptor was evaluated and the

result discussed in the following section.

Evaluating nitrate-sulphide oxidation in tap water and synthetic

wastewater

The abiotic test, performed by addition of nitrate and sulphate in the absence
of activated sludge to tap water and the synthetic wastewater (SWW) as per the
experimental design, resulted in a reduction of the sulphate concentration in
both cases. The initial sulphide concentration for throughout the experiment
was 15mgS/L. Figure 23 shows how sulphur concentration in tap water was
reduced from 15.77mgS/L to 14.67mgS/L, thus 71% over 10 hours period.
Surprisingly, the use of the synthetic wastewater resulted in a reduction from
14.41 mgS/L to 6.38 mgS/L, thus the sulphur was reduced to 44% over the
10hrs period. Therefore, nitrate served as the electron acceptor for the

chemical oxidation of hydrogen sulphide.
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Figure23. Time course of the sulphide concentration in the abiotic test performed on tap water and
synthetic wastewater (SWW)

Evaluating nitrate-sulphide oxidation at different nitrate/sulphide and
S/biomass ratios

In this study, activated sludge addition was evaluated to emphasis the view on
the water chemistry. Thus, from previous studies (gif) as it was found that the
SWW acclimatization was the best option for the nitrate-sulphide oxidation. The
variations in sulphide concentration over the time course of the experiment at

different N/S ratios (1:1 and 3:1) are presented in Table 5.

Table 5. Results of nitrate-sulphide concentrations at different nitrate concentrations

Time (h)] SWW+N SWW+0.15gN +0.5gS/TSS sww+0.45gN+0.5gS/TSS
PO4 S04 NO3| S04  NO3 PO4 S04 NO3|
S(mg/L)  (mg/L)  (mg/L)  (mg/L) S(mg/L) PO4(mg/L) (mg/L) (mg/L)| S(mg/L) (mg/L) (mg/L) (mg/L)
0 11.5 10.8 16.6 2.5 9.9 10.1 223 2.8 10.0 9.1 27.8 2.9
6 11.2 13.2 28.7 10.0 25.1 25.9 10.5 16.0 20.8
8 11.0 12.5 19.3 10.4 8.5 22.5 10.6 14.3 18.0
10, 10.5 9.9 21.3 10.2 13.4 22.3 10.1 10.8 15.7

Figure 24 and 25 show the oxidation of sulphide to form sulphur at high and
low activated sludge concentration ranges of sludge control, 2 and 8gS/gTSS
and 0.1 and 0.58S/¢gTSS, respectively. In figure24, 86%, 96% and 77% sulphur
concentration removals were obtained using SWW only, 2gS/TSS and 8gS/TSS

respectively. While in the lower sulphur/biomass range 87%, 98% and 98%
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reduction of the initial sulphur were obtained during the study period as shown
figure 25.
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Figure 24 . Time course of the sulphur concentration in the range of high S to biomass ratios
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Figure 25. Time course of the sulphur concentration in the range of low S to biomass ratios

A further investigation was carried out to elucidate the influence of the nitrate
to sulphide ratio. The results are presented in figure 26.Therefore, to enhance
the total sulphur removal via the nitrate-sulphide oxidation mechanism, there
is the need for more nitrate for the nitrification-denitrification cycle to go to

completion.
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Figure 26. Time course of sulphide concentration at different nitrate concentrations

Adaptation of activated sludge

An activated sludge capable of oxidizing sulphide using nitrate as electron
acceptor was acclimated with nitrate and sulphide and a sludge to wastewater
ratio of 50%/50% per volume. Figure 27 and 28 show the accumulation of the
nitrate-sulphate and its performance. In Figure 27., sulphur concentration was
reduced in the presence of nitrate from its initial concentration of 15mgS/L
Thus, at time zero, the concentrations of the sulphide and nitrate were
(1.44gNto 5.76gN) and (0.45gSto 1.8gS) respectively. The chemical analysis
shows that 122.23mg/L, 205.6mg/L and 469 mg/L were the initial
concentrations of sulphate, phosphate and nitrate, respectively. On the 4th run
(12t day) it was found that there was a reduction in the concentration of
sulphate and the nitrate to 57.3 mg/L and 106.9 mg/L respectively, and a
complete removal of phosphate. The acclimation of the microbial population to
a nitrate-driven sulphide oxidation will allow an efficient prevention of odour

formation.
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4.0 CONCLUSION

The A20 process integrating anoxic, aerobic and anaerobic conditions in a single
bioreactor represented a suitable platform for the implementation of a low cost
biotechnology for the abatement of odorous compounds such as sulphur in
wastewater treatment plant. Thus, recycling of the nitrate generated from the
oxidation of centrates can prevent odour emission in the headworks of wastewater
treatment plants without any chemical consumption cost. The wastewater
treatability performance, in this case using synthetic wastewater, was found to be

more than 75% removal.

The activated sludge harvested from the bioreactor was used to evaluate the Kinetics
and stoichiometry oxidation of the sulphide with nitrate as the electron acceptor.

The following conclusions were drawn from this study

e The oxygen concentration in the anaerobic and anoxic must be kept below
0.5mg/L and that of the aerobic within (2-3mg/L). Temperature must be
maintain around (20-25°C) to enhance pollutant biodegradation.

e The operating conditions in the bioreactors are highly sensitive, and when
not controlled and monitored regularly can lead to undesirable performance
and longer start up. To maintain microbial activity, desludging is

encouraged as a practise when high amount of biomass is noted.

e The quantification of the nitrate-sulphide oxidation would allow an
improved design and the operational control of the bioreactor during odour
prevention. Therefore utilising nitrate to serve as an electron acceptor for
the removal of the hydrogen sulphide or odorant compounds is a great

investment for social economic development.
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Future works

The limitations to this project was due to time factor, in view of this the following

future works are proposed:

e Addition of quantified sulphide to the influent of the bioreactor and

evaluating the nitrate-sulphide oxidation performance

e Optimising and simulating the operational hydrodynamics of the pilot scale
integrated bioreactor as a function of nitrate-sulphide oxidation. This can

help in the scaling up of the pilot scale plant unto a commercial design.
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Appendix

Table 1-Calibration of Thermo Scientific Orion Dual Star pH/ISE Dual Channel

Benchtop Meter

Volume (VPb)

(0.1MPb) Ec(mv) Comments standard fd Cs*fd mv
0.2 845.9 P1 0.005 0.576 -759.2
0.4 842.9 P2 0.01 1.152 -777.4
0.6 840.8 P3 0.03 2.88 -790.1
0.8 837.2 P4 0.05 5.76 -799.5
1 833.7 P5 0.10 11.52 -808.8
1.2 830
1.4 825.2
1.6 818.4
Nearest
1.8 799.7 volume
2 682.9
Concentration of Sulphur
(Cs)=(VPb*0.1*Mpb*1000)/Vstand 115.2mgS/L Cs*fd values are used for the calibration

*Volume of lead
*Molar mass of lead (MPb) -32g/mol
*Volume of standard solution used (50ml)
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Table 2a-Daily reactor monitoring start up 1

ID Elpased time Oxygen (mg/L) Temp (°C) Aeration Flowrate(L/d)
(h) O3-Anaerobic | Ozanoc O>-Aeroic flowrate (ml/s) | Effluent (L/d)
1 0 UNDER STUDY 24 14.8 50
2 24 2.5 14.8 50 8.5
3 24 2.3 15.6 52 8.5
4 19 2.2 15.7 55 6.5
5 24 2 16.4 50 7.5
6 24 2.1 15.6 55 8.5
7 27 2.2 16.5 50 9.5
8 24 2.2 16.5 50 8
9 24 24 18.6 55 8.5
10 18 2.2 18.4 55 6.5
11 24 2.3 18.5 50 8
12 30 2.3 17.6 55 9
13 18 2.2 17.56 50 6.5
14 30 2.2 18.5 55 9.5
15 24 2.2 17.6 55 8.5
16 24 1.6 2.7 2.2 16.8 50 8
17 18 1.4 2.5 2.1 18.4 55 6.5
18 24 1.2 1.8 2.1 17.5 50 8
19 24 1.2 1.6 2.2 19.5 50 8
20 24 0.9 1.4 2.2 18.6 50 7.5
21 24 0.9 1.2 2.3 22.5 50 7.5




22 26 0.9 1.2 2.2 22.7 50 8.5
23 24 0.8 1.1 2.2 21.4 50 8
24 24 0.9 1.1 2.2 22.3 50 8
25 26 0.8 1.1 2.1 22.7 50 8.5
26 24 0.8 1.1 2.1 23.4 50 8
27 24 0.8 1.1 2.1 22.8 50 8
28 24 0.8 1.2 2.1 22.4 50 8
29 24 0.7 0.9 2.2 22.5 49 8.5
30 24 0.7 0.9 2.3 22.7 50 8
31 24 0.8 1 2.1 22.9 50 8.5
32 24 0.8 0.9 2.2 22.7 51 8.5
33 24 0.6 0.9 2.1 22.9 50 8.5
34 24 0.5 0.9 2.1 22.8 50 8.5
35 24 0.5 0.8 2 22.7 51 8
36 24 0.6 0.8 2.3 20.5 50 8.5
37 24 0.6 0.8 2.2 20.9 48 8
38 24 0.7 0.8 2.3 15.7 50 8
39 24 0.7 0.8 2.2 15.6 51 8
40 24 0.5 0.8 2.2 18.5 50 8.5
41 24 0.6 0.8 2.1 19.5 51 8.5
42 24 0.6 0.7 2.1 19.6 50 8
43 24 0.6 0.8 2.2 20.1 50 8
44 24 0.6 0.7 2.1 22.2 50 8
ID Oxygen (mg/L) | Temp (°C) | Flowrate(L/d)




Elpased time 0,. | O, Aeration
(h) O2-Anaerobic anoxic | Aerobic flowrate (ml/s) | Effluent (L/d)
1 0 2.4 14.8 50
2 24 2.5 14.8 50 8.5
3 24 2.3 15.6 52 8.5
4 19 2.2 15.7 55 6.5
5 24 2 16.4 50 7.5
6 24 2.1 15.6 55 8.5
7 27 2.2 16.5 50 9.5
8 24 UNDER STUDY 2.2 16.5 50 8
9 24 2.4 18.6 55 8.5
10 18 2.2 18.4 55 6.5
11 24 2.3 18.5 50 8
12 30 2.3 17.6 55 9
13 18 2.2 17.56 50 6.5
14 30 2.2 18.5 55 9.5
15 24 2.2 17.6 55 8.5
16 24 1.6 2.7 2.2 16.8 50 8
17 18 1.4 25 21 18.4 55 6.5
18 24 1.2 1.8 21 17.5 50 8
19 24 1.2 1.6 2.2 19.5 50 8
20 24 0.9 1.4 22 18.6 50 7.5
21 24 0.9 1.2 23 22.5 50 7.5
22 26 0.9 1.2 22 22.7 50 8.5
23 24 0.8 1.1 2.2 21.4 50 8
24 24 0.9 1.1 2.2 22.3 50 8



25 26 0.8 1.1 2.1 22.7 50 8.5
26 24 0.8 1.1 2.1 234 50 8
27 24 0.8 1.1 2.1 22.8 50 8
28 24 0.8 1.2 2.1 22.4 50 8
29 24 0.7 0.9 2.2 22.5 49 8.5
30 24 0.7 0.9 2.3 22.7 50 8
31 24 0.8 1 2.1 22.9 50 8.5
32 24 0.8 0.9 2.2 22.7 51 8.5
33 24 0.6 0.9 2.1 22.9 50 8.5
34 24 0.5 0.9 2.1 22.8 50 8.5
35 24 0.5 0.8 2 22.7 51 8
36 24 0.6 0.8 2.3 20.5 50 8.5
37 24 0.6 0.8 2.2 20.9 48 8
38 24 0.7 0.8 2.3 15.7 50 8
39 24 0.7 0.8 2.2 15.6 51 8
40 24 0.5 0.8 2.2 18.5 50 8.5
41 24 0.6 0.8 2.1 19.5 51 8.5
42 24 0.6 0.7 2.1 19.6 50 8
43 24 0.6 0.8 2.2 20.1 50 8
44 24 0.6 0.7 2.1 22.2 50 8
Table 2b-Daily reactor monitoring start up 2
Elpased time Oxygen (mg/L) Flowrate(L/d)
(h) 0. | 0, | Temp(°C) Aeration
ID O2-Anaerobic anoxic | Aerobic flowrate (ml/s) | Effluent (L/d)
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24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

0.8
0.8
0.6
0.6
0.5
0.5
0.5
0.6
0.5
0.5
0.5
0.5
0.5
0.4
0.4
0.3
0.3
0.3
0.4
0.4
0.5
0.4
0.5
0.6
0.4
0.4

1.1

0.8
0.9
0.8
0.8
0.9
0.7
0.8
0.8
0.9
0.9
0.7
0.8
0.7
0.8
0.9
0.7
0.7
0.5
0.6
0.5
0.6
0.6
0.5
0.5

2.4
2.3
2.1
2.1
2.2
2.3
2.2
1.9
1.9
2.1
2.1
2.1
2.1
2.3
2.4
2.2
1.8
1.9
2.1
2.1

23
2.1
23
2.2
2.1

22.3
214
20.2
21.2
22.1
22.3
22.3
224
22.3
23.5
24.2
18.6
24.5
22.3
23.4
25.6
26.3
244
235
22.4
224
22.5
225
22.4
23.4
22.2

50
50
51
50
50
50
52
55
60
60
60
60
70
70
65
60
70
65
60
60
60
60
60
60
60
60

10.5
10.5

8.5
8.5
8.5
8.5
8.5



27
28
29
30
31
32
33
34
35
36
37
38
39
40

24
24
24
24
24
24
24
24
24
24
24
24
24
24

0.4
0.5
0.5
0.5
0.5
0.4
0.5
0.4
0.5
0.5
0.5
0.5
0.4
0.4

0.6
0.7
0.6
0.6
0.6
0.6
0.6
0.7
0.6
0.5
0.5
0.6
0.5
0.5

Table 3-TSS and VSS Monitoring
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2.2
2.1
2.2
2.1
2.2
2.3
2.2
2.1
2.2
2.1
2.2
2.1
2.2
2.1

22.1
22.1
22.1
22.2
22.3
224
22.1
22.1
22.1
214
20.5
22.6
23.4
24.2

60
60
60
60
60
60
60
60
60
60
60
60
60
60

8.5
8.5

8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5



TSS(g/L)

VS(g/L)

SRT

1|SIudge(BEO) Anaerobic (BE2) Anoxic (BE3) Aerobic (BE4 Settler (BE5)  Effluent

Anaerobic Anoxic (BE3] Aerobic (BE4) Settler (BES Effluent

productivity (g/d) Volume of purge (ml/d)

2 15 5.38
3 11 8.6
4 1.48 1.85
5 1.43 1.18 0.92 8.73
6 1.49 1.34 1.38 5
A 1.49 1.34 1.38 5.2
8 1.1 0.6 0.29 5.27
9 0.43 0.41 0.44 5.23

10 0.58 0.71 0.45 2.72

11 0.73 0.54 0.4 6.23

12 0.49 0.53 0.2 6.63

13 0.75 0.55 0.55 3.8
1 2.6 1.14 0.94 12.3
2 2.08 1.78 1.72 10.8
3 1.74 1.54 0.94 6.83
4 15 0.9 0.77 15
5 0.9 0.82 0.87 10.33
‘ 4.4
6 2.66 1.62 1.96 10.33
7 2.08 0.68 0.49 6.13
8 1.28 0.66 0.26 3.67
9 16 0.74 0.43 5.1

10 3 2 0.39 3.92

0.05 1.21
0.05 1.26
0.05 1.28
0.08 1.02
0.08 0.39
0.05 0.55
0.07 0.73
0.04 0.49
0.09 0.69
Reactor restart

0.1 1.98
0.11 1.72
0.13 1.38
0.05 1.26
0.09 0.76
0.11 2.24
0.06 1.82
0.08 1.16
0.06 1.44
0.04 2.44

1.02
1.2
12

0.53

0.37

0.65

0.52

0.53

0.53

0.9
1.44
1.16

0.7
0.71
1.42
0.59
0.58
0.66
1.66

1.26
0.9
1.26
0.8
1.2
12
0.27
0.39
0.43
0.37
0.2
0.29

0.8
1.38
0.74
0.62

0.7

1.6
0.41
0.24
0.38
0.31

4.46
7.1
1.62
7.3
4.54
4.54
4.67
4.73
2.5
5.67
6.17
4.7

9.37
8.8
5.67
12.13
8.23
8.33
4.97
3.07
4.27
3.24

0.05
0.05
0.05
0.08
0.07
0.05
0.07
0.05
0.09

0.05

0.1
0.13
0.01
0.09

0.1
0.06
0.08
0.07
0.04

1.935
1.419
1.9092
1.3284
1.7848
1.7848
0.5712
0.5581
0.6689
0.6
0.3877
0.7375

1.499
2.2854
1.4866
1.1306

1.113
2.5346

0.906
0.5862
0.8022
1.3032

359.6654275
165

1032
152.1649485
356.96
343.2307692
108.3870968
106.7112811
245.9191176
96.3081862
58.47662142
194.0789474

121.8699187
211.6111111
217.6573939
75.37333333
107.7444337
245.3630203
147.7977162
159.7275204
157.2941176
332.4489796

Table 4a-Weekly Monitoring
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TN(mg/L) dilution factor TOC (mg/L) TC(mg/L) 1C(mg/L)
Feed (BE1) Anaerobic (BE2)  Anoxic (BE3) Aerobic (BE4) Effluent (BE6) Feed (BE1) naerobic(BE2 Anoxic (BE3) Aerobic(BE4) Effluent (BE6)| Feed (BE1) Anaerobic (BE2) Anoxic (BE3) Aerobic (BE4) Effluent (BE6) | Feed (BE1) Anaerobic (BE2) Anoxic (BE3) Aerobic (BE4) Effluent (BE6)
1 44.09 10.54 11.63 14.29 203.82 43.74 20.916 21.429 381.6 172.47 130.35 166.89 177.69 128.7 109.44 145.47
2 31.26 12.13 11.94 9.556 9.91 72.03 19.767 9.378 6.102 13.41 254.88 196.38 171.72 122.52 181.62 182.85 152.64 162.33 116.4 168.21
3 32.96 18.32 16.49 15.95 12.56 3 229.77 37.74 3351 24.378 30 387.9 210 199.89 201.708 212.25 158.13 172.26 166.38 177.33 182.25
4 42.15 19.5 10.07 14.13 1143 179.52 25.158 24.1158 19.275 17.367 381 163.8 170.82 1713 183.6 202.05 138.72 128.73 154.02 164.58
5 39.41 37.52 30.54 30.78 29.27 112.29 42.12 41.73 43.53 31.53 303 199.8 184.74 213.12 261.33 192.96 157.68 152.01 171.39 187.8
6 42.55 30.05 30.99 28.86 28.64 134.4 51.99 50.13 57.27 42.99 302.4 226.08 212.43 222.99 207.78 167.88 174.09 162.3 165.72 164.79
7 41.35 34.18 21.93 23.07 12.8 159 65.01 64.8 32.7 40.71 349.2 229.2 238.8 241.8 226.2 207.96 180.36 177.63 186.3 172.8
8
9 40.38 29.66 29.52 20.21 29.26 180.42 61.59 67.86 321 3135 354.6 203.4 212.7 226.8 170.1 187.05 160.95 163.5 174.96 163.8
10 40.63 321 26.21 27.31 3143 71.82 36.9 30.95 30.41 21.45 383.4 288.21 250.92 253.56 250.56 186.21 177.42 158.07 162.12 167.91
1 37.74 32.55 32.57 32.12 36.67 98.97 28.94 23.41 24.7 19.94 256.83 260.25 253.2 262.8 242.19 175.2 173.73 182.07 182.37 157.83
12 30.47 28.34 29.42 27.17 29.81 144.56 28.62 32.91 27.29 30.75 294.72 294.72 242.88 269.07 241.02 217.86 214.26 234.36 213.75 206.13
13 37.78 33.77 30.69 31.06 31.94 154.4 56.09 39.08 40.77 37.71 338.8 299.2 2735 280 283.41 2423 243.1 2344 243.1 184.4
14 34.5 27.95 26.01 34.82 33.66 105.3 40.1 30.28 62.42 39.85 299.5 231.2 245.5 | 232.6 296.6 256.7 183.1 207.2 237.1 186.7
e mg/1) — NOL/N, mg/1) 50, (me/t) i (me/t)
Feed (BE1) Anaerobic (BE2) Anoxic (BE3) Aerobic (BE4) Effluent (BE6)| Feed (BE1) \naerobic (BE2 Anoxic (BE3) Aerobic (BE4) Effluent (BEG)|  Feed (BE1) Anaerobic (BE2) _ Anoxic (BE3) Aerobic (BE4) Effluent (BE6) Feed (BE1) Anaerobic (BE2Anoxic (BE3 Aerobic (BE4) Effluent (BEG) | Feed (BE1)  Anaerobic(BE2) Anoxic(BE3) Aerobic (BE4) Effluent (BE6)
1 5.55 4.75 5.19 - - - - - - - - - 31.57 22.01 27.51 - 39.54 31.58 30.73 -
2 8.92 il 7.08 4.49 4.84 6.59 4.78 5.8 5.41 - - - 7.37 7.35 - 838 7.39 - - 15.5 17.21 15.31 -
3 1 8.2 8.23 85 5.82 - 46.75 30.46 172 - - - - - 2.88 2.85 4.55 4.18 3.28 14.97 1533 15.35 16.11 16.77
4 <1 2.15 <1 <1 2.23 5.18 5.75 8.99 431 - 6.68 15.89 111.25 237 17.31 3.07 210.54 50.58 14.25 14.41 15.01 1855 16.74
5 6.67 9.26 8.84 9.5 13.5 - - - - - - - - - 3.91 - - 3.25 14.23 17.19 17.73 19.11 17.96
6 10 11.9 108 85 9.6
7 9.63 4.07 7.22 6.23 734
8
9 9.05 157 139 129 123 9.45 6.88 17.19 21.59 16.47 19.72 16.94
10 6.04 44.6 29.2 36 10 33.25 - 112 13.16 1191 13.64 1153
1 318 4.05 4.06 4.45 5.33 8.54 - 6.8 - 13.92 16.32 14.28 14.76 12.92
12 241 321 259 251 271 35.77 27.73 20.71 2437 2048 3175 29.19 32.99 36.33 35.94
13 308 254 30.7 222 286 35.77 19.33 17.58 17.7 2221 42.13 43.13 42.92 42.43 389
14 308 241 34 22 185 29 25.65 8.87 16.05 24.54 42 36 36 38
Table 5-Kinectics Tap and synthetic wastewater
Time (h) Tap SWw Scale up (fd*results)
]
0 8.18 7.59 7.33 7.08 16.36 15.18 14.66 14.16
2 7.95 7.52 6.51 6.38 15.90 15.04 13.02 12.76
4 7.72 7.50 5.09 4.98 15.44 15.00 10.18 9.96
6 7.33 7.08 4.31 4.06 14.66 14.16 8.62 8.12
8 7.27 7.22 3.55 3.42 14.54 14.44 7.10 6.84
10 7.48 7.19 3.30 3.08 14.96 14.38 6.60 6.16

Table 6-Kinetics different S/N

12

and S/B

ratios



SWW (1) SWW (2) SWW +2g (1) SWW +2g (2) SWW +8g (1) SWW +8g(2)

7.41 7.37 6.33 6.9 8.86 7.93
7.56 7.3 6.62 6.98 6.96 6.9
7.03 6.06 5.78 5.93 6.06 5.61
6.53 5.46 6.23 6.6 6.39 6.14
6.28 4.73 6.19 6.33 6.02 5.92
6.49 4.11 6.09 6.23 5.97 5.68
Sludge addition and nitrate control
SWW (1) SWW (2) SWW +0.5g (1) SWW +0.5g (2) SWW +0.1g (1) SWW +0.1g(2)
8.98 8.92 6.5 6.45 4.11 11.8
7.69 8.42 6.47 6.97 4.71 11.7
7.85 8.38 6.34 6.76 4.21 11.8
7.41 8.17 6.28 6.62 3.65 11.7
7.16 7.96 6.1 6.38 3.43 11.9
7.13 7.8 5.96 6.05 3.39 11.7
Evaluating Nitrate
A 1(No nitrate ) A2 (No nitrate)  B1(0.15g nitrate ) B2 (0.15 g nitrate ) 21(0.45 g nitrate -2 (0.45 g nitrate

5.83 5.71 4.79 5.15 4.77 5

5.44 5.09 4.74 5.14 4.71 471
5.45 5.05 4.83 5.21 4.94 5.58
5.56 4.81 4.73 5.25 4.98 5.57
5.58 4.83 5.03 5.35 5.08 5.48
5.82 5.23 4,98 5.18 4.82 5.26

Table 7-Adaptation of nitrate-Sulphide kinetics
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Days

0
4
8
12

Nitrate (g/L)
1.44
2.88
4.32
5.76

S-2 accumulation (g/L)
0.45
0.9
1.35
1.8

Bottles (S-2 mg/L)

lons

A B Cl(mg/L)  NO2(mg/ NO3(mg/ PO4 (mg/L) SO4 (mg/L)
0.0838 0.0864
0.0002 0.0092 66.95 - 469.57 205.6 122.23
0.0099 0.0285 71.5 - 200.62 91.51
0.0032 0.0076 45.3 3.16 106.89 57.31
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