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Abstract

Nanoscale zero-valent iron (Fe®) has been proved as one of the effective materials for water
treatment and environmental applications. However, Fe° particles tend to aggregate rapidly
due to their magnetic properties. The aggregation of Fe® particles decreases their efficiency
when they used to treat the contaminated water. Therefore, the first project of the current
thesis aimed to produce Fe® particles with excellent properties (less aggregation and high
reactivity). To achieve this goal, Fe® particles were stabilized using four different polymers,
including polyacrylamide (PAA), carboxymethyl cellulose (CMC), Polyethylene sorbitan
monolaurate (PSM) and polyvinylpyrrolidone (PVP), aiming to find the best polymer for
stabilizing Fe® particles.

The Fe® particles were characterized before and after being stabilized using scanning
electron microscopy coupled to energy dispersive x-ray spectroscopy, x-ray diffraction and
fourier transform infrared analyses for surface investigation and mechanisms detection.
Besides, transmission electron microscopy was used to examine the surface morphology of
Fe® before and after the stabilization process. This was followed by investigating the
performance of Fe? and the stabilized Fe® for the removal of nitrate and phosphorus from the
contaminated water. Nitrate and phosphorus were chosen as targeted contaminates due to
their different removal mechanism by Fe®. These polymers were used at different mass ratios
varied between 0.04 and 0.40 % to acquire the optimal mass ratio with Fe° particles for
achieving the highest removal of nitrate and phosphorus along with improving the particle
characteristics of Fe°.

Among four polymers used in this study, PVP was the best for stabilizing Fe® particles to
achieve 97.7% removal of nitrate compared to 55.6% using the non-stabilized particles. But,
for phosphorus removal, PAA was the best among the others for offering Fe® with the highest
adsorption capacity in which the removal of phosphorus reached 97 % using the stabilized
Fe® particles with PAA, and 76.3% using the non-stabilized particles. However, when it
comes to remove two different contaminates by two different mechanisms such as nitrate and
phosphorus using Fe%, PAA was the best among the others to stabilize Fe? for enhancing both

nitrate and phosphorus removal with a removal efficiency of 99% and 97%, respectively.




The second project of this thesis covers the use of the coated Fe® in anaerobic digesters to
improve methane production rate. The Fe particles were modified through surface coating
using Mg(OH). as a coating layer following thermal deposition method. Mg(OH). was
chosen to coat Fe? particles due to its superior performance in controlling and slowing the
corrosion reaction of Fe®. The coated Fe° particles with Mg(OH). were applied in the
anaerobic digesters to increase methane generation by stimulating methanogens bacteria. The
characteristics of the coated Fe® were investigated using different techniques including TEM,
SEM-EDX and XRD. Different coating ratios of Mg(OH) to Fe® were used in the anaerobic
digesters to acquire the optimum coating ratio for achieving high methane production rate.
Also, the effect of different dosages and dosing time factor of the coated/Fe® were
investigated. Results showed that the coated Fe® improved biogas and methane production
by 25% and 46.6%, respectively with respect to the control and bare/Fe®. Moreover, when it
scaled up in a lab-scale semi-continuous system, methane production was enhanced by 120%
with respect to the control by the addition of 25mg of coated/Fe° particles per gVS.

In the third project of this thesis, Fe® was used to accelerate the conversion of waste sludge
to aerobic granules and increase the removal efficiency of contaminants from wastewater
using Sequencing Batch Reactors system (SBR). Two sequencing batch reactors (SBR) were
simultaneously and automatically operated in a cyclic batch mode for sixty days with adding
10 mg/L of Fe® particles to the influent wastewater tank of SBR2, whereas SBR1 was
operated as a control. The reactors were fed with synthetic wastewater (3 liters per cycle and
each cycle lasted for 6 hr.) and acclimated with seed sludge collected from a full-scale
municipal wastewater treatment plant in Istanbul. The removal efficiency of COD, ammonia
and phosphate increased with the time in the reactors, and almost complete removal was
observed after the formation of aerobic granules. The addition of Fe to SBR2 on day 24"
slightly increased the removal efficiency of contaminants from wastewater and stimulated
the production of Extracellular Polymeric Substances (EPS) including protein and
carbohydrate by 23% and 42%, respectively. Moreover, Fe® has shorted the formation of
anaerobic granules in SBR2. Finally, microbial community analysis showed that the addition
of Fe to SBR2 increased the growth rate of some bacterial species such as Rhizobiales and
Xanthomonadales and decreased others such as Clostridiales, confirming that the effect of

FeP particles on bacterial growth was genera dependent.
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Introduction and research goals

Chapter 1: Introduction

Nowadays, the world is suffering from increasing and exacerbating several environmental
problems such as water pollution and environmental wastes. In response to that, researchers
all over the world are working to solve the problems or find alternative solutions for such
problems. Water pollution and environmental wastes are the most environmental problems
that need to be solved. Recently, nanotechnology has been involved in the environmental
fields to treat the contaminated water and accelerate finding renewable source of energy from
the environmental wastes. Nanoscale zero-valent iron (Fe®) has emerged as one of the most
efficient materials, which can be used to treat contaminated water and to recover a renewable
source of energy from environmental wastes. Therefore, this chapter starts with a background
overview on the synthesis, modification, application, and limitation of Fe® nanoparticles.
Also, discusses the role of Fe® nanoparticles in solving water pollution and improving the
production of biofuels as a renewable source of energy, followed by the research objectives
and the framework of the current dissertation.

1.1. Problem statement

Nowadays, the world is suffering from the significant consumption of clean water sources.
Globally, the utilization of water supplies is doubled every 15 years because of the population
growth. Along with increasing the consumption of clean water, water pollution is increasing
all over the world due to the increased population and industrial activities, contributing to
decrease the availability of clean water for human beings. For instance, various pollutants
already reached water supplies in many areas in different countries, including heavy metals
and emerging contaminants of pharmaceuticals. For these reasons, human societies are
threatened by the risk of water pollution, in addition to the large decrease in the available
freshwater sources. The World Health Organization (WHO) has declared that over than 40%
of the world population use rare water resources. Thus, more than two billion people have no
enough pure water access [1]. Specifically, over 780 million people suffer in finding clean
drinking water sources. Nitrate and phosphorus are the most discharged contaminants to
water bodies and are known as nutrient pollution. They come from animal waste, industrial

process, septic systems, and agricultural runoff. The contamination of water bodies by these

2




Introduction and research goals

contaminants causes several human health issues and environmental problems. For the
environmental problems, the high release of phosphorus and nitrogen causes harmful effects
of eutrophication to several water bodies around the world. The oxygen depletion,
biodiversity reduction, lower light transmission and generation of algal blooms occur in the
lakes and rivers when the concentration of phosphorus exceeds 0.02 mg/L at which
eutrophication starts [2]. Regarding human health, nitrate (NO3) contamination converts into
nitrite NO5 , which in turn causes many diseases such as blue baby syndrome, liver damage,
and cancer [3]. Therefore, it has become an urgent need to treat contaminated waters such as
household and industrial wastewater to compensate for the lack of clean water sources.
Interestingly, due to the high content of organic matter in the household wastewater,
treatment of wastewater could provide a renewable source of energy by integrating the
anaerobic digestion process to the treatment system. Converting the organic matters to
methane gas through anaerobic digestion during the treatment process generates energy
which will be a solution for the depletion of nonrenewable sources of energy. However, the
low conversion rate of organic matter to methane by anaerobes is the main challenge that
affects the performance of the anaerobic digestion process. Therefore, the main target of this
dissertation is to treat the polluted water along with accelerating the production of biofuels
as a renewable source of energy to maintain the environmental sustainability and human

societies.
1.2. Background overview

It is a must to overview the background of the nanotechnology from synthesis to
environmental applications to treat the contaminated water and accelerate finding an

environmentally friendly source of energy.
1.2.1. Nanotechnology

Nanotechnology is the process used to produce materials at a level of nanoscale, ranging
from 1 to 100 nm. Nowadays, nanotechnology includes different applications in different
fields such as molecular engineering, environmental engineering, catalysis, electronics,
semiconductors, molecular biology, surface science, etc. With this technology, materials can
be fabricated in the nanoscale size with different physiochemical properties. These properties

make the nanomaterials appropriate for different applications in many fields.
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There are two main approaches that can be used to fabricate the nanomaterials, including the
bottom-up and top-down approaches. The bottom-up approach uses to fabricate organic and
inorganic composites by constructing the atoms to each other or molecules to each other. In
the bottom-up approach chemical reactions can be used to fabricate the desired
nanocomposites. Many chemical reactions can be included in the bottom-up approach,
including reduction reaction, emulsion reactions, thermal deposition reaction, etc. On the
other hand, the top-down approach can be used to break down the bulk materials to nano-
scale dimensions. In the top-down approach, blocks of materials are broken by the means of
mechanical techniques such as the use of high energy ball milling for nanoparticles
production. Recently, the fabricated nanomaterials either using top-down or bottom-up
approaches have been used in the environmental applications for many environmental

remediation processes.

1.2.2. Application of nanotechnology for water treatment and energy generation

The application of nanotechnology in water treatment can take different forms such as
sorption, membrane process, etc. Nanotechnology in the form of nanoparticles can be used
to remove the harmful pollutants from water through different physical and chemical
reactions, including adsorption, reduction, oxidation, and ions exchange. For instance,
nanostructured graphene oxide has been used to remove the emerging contaminates
(pharmaceutical) from water through the adsorption process [4].

Also, different types of nanomaterials including surfactant-modified zeolites [5], chitosan
nanofibers [6], carbon nanotube [7], iron [8] and iron bimetallic nanoparticles [9], have been
used to treat the contaminated water with different contaminates. Moreover, nanomaterials
can be applied during the treatment process of the municipal wastewater as trace elements to
improve the production of biofuels as a renewable source of energy [10].

Furthermore, nanomaterials can be applied to enhance the generation of biofuels using
different types of environmental wastes such as food wastes, livestock manures, waste
sludges, etc. The process which is used to generate biofuels from such feedstocks is known

as the anaerobic digestion process.
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In the anaerobic microbiological digestion process microorganisms generate energy and
grow by hydrolyzing and metabolizing organic material in an oxygen-free environment
resulting in the production of biogas. The anaerobic digestion process includes four stages,
each requiring a specific group of microorganisms as described in Fig.1-1.

In the first stage of hydrolysis, the non-soluble and colloidal organic matter will be converted

to soluble organic compounds.

Then, in the second stage of acidogenesis, the soluble organic compounds will be target for
the acidifying bacteria to generate volatile fatty acids (VFAs) and CO.. After that, in the
acetogenesis, the generated volatile fatty acids in the previous stage of acidogenesis will be

utilized to produce acetic acid and Ho.

Finally, in the methanogenesis stage, acetate, CO,, and H will be utilized generate to CO>
and CHa gases as the final products of anaerobic digestion process.

So far, the low conversion rate of organic matter to methane during anaerobic digestion is
the main limitation of applying this technology as dependable/renewable source of energy.
To accelerate and improve the performance of anaerobic digestion process, nanomaterials
have been used during the anaerobic digestion process as additives to accelerate the
hydrolysis process of organic matter to be easily degraded for biogases generation. For
instance, recently, CuO [11], ZnO [12], TiO2, SiO2, Al203 [13], and CeO2 [14], and Fe;04
[15] have been used to increase methane generation rate. The use of the nanomaterials had
slight effect or sometimes negative effect on the performance of anaerobic digestion and
biogas generation. Therefore, it a must to investigate the role of other nanomaterials to
enhance the anaerobic digestion process, aiming to find an appropriate additive for methane

production enhancement.
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Fig. 1-1. Simplified schematic representation of the anaerobic degradation process

1.3. Nanoscale zerovalent iron (Fe°)

Nanoscale zero-valent iron is one of the most used materials in water treatment. The
extensive use of Fe® in environmental applications is mainly due to its unique properties,
including small particle size, large surface area, high reducing power. More importantly, Fe®
is a multifunctional material as it can react with the contaminants in water by different
mechanisms, including adsorption, reduction, oxidation, precipitation and coprecipitation
mechanisms. Moreover, Fe? is an excellent additive which can be added to the anaerobic
digesters to improve the anaerobic digestion process through different mechanism. These
mechanisms include the role of Fe® as an essential nutrient in stimulating the microorganisms
in the anaerobic digesters for high conversion of organic matter to biogas. Besides, the
addition of Fe to the anaerobic digesters could improve the alkalinity by maintaining the pH
value within the optimum range during the anaerobic digestion process. Also, Fe® as electron
doner could accelerate the conversion of CO, to methane during the anaerobic digestion

process.
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1.3.1. Synthesis of Fe°

The synthesis of Fe° particles can be accomplished using either top-down or bottom-up
methods for nanomaterials fabrications as described in section 1.2.1. The top-down is a
physical approach which is used to produce the Fe? particles by the physical means such as
grinding ball milling, lithography, and abrasion. On the other hand, in the bottom-up
approach, the Fe® is produced by implementing chemical reactions such as the reduction
reaction. Most of these physical or chemical methods were emerged as attempts to increase
the effectiveness of the produced Fe® particles along with reducing the production cost. One
of the most used methods to prepare Fe® is the chemical reduction of iron ions by a strong
reductant such as sodium borohydride. This method was used to synthesis Fe® particles in
this dissertation, and the method is well explained in chapter 2. The use of chemical reduction
method is easy and simple to be conducted in laboratories and can be controlled to reduce
the particle size during the synthesis process.

1.3.2. Limitation of Fe® application

Despite the numerous features of Fe® particles, the particles still have many drawbacks that
affect their real application. The aggregation of Fe? particles is the main obstacle that affects
their performance when applied for environmental remediation. The reasons behind the
aggregation of Fe? particles are summarized in the following points: 1) Ostwald ripening; its
one of the reasons which indicate the dissolution of the small particles during the synthesis
stages of FeP particles. And then, the dissolved particles will be taken by the large particles,
forming large aggregates. 2) Arrested precipitation: it includes the deposition of small
particles on the nucleation centers during the synthesis process. 3) Particle interactions: the
interactions between the formed particles caused by different forces, including van der Waals
forces, magnetic and electric dipolar interactions, are also leading reasons behind the
aggregation phenomena [16, 17]. The aggregation of Fe® particles reduces their specific

surface area and mobility, thereby decreasing particle reactivity.
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1.3.3. Modification of Fe? particles

Since the last decade, several attempts have been conducted to modify the Fe® surface to
prevent particle aggregation and improve particle reactivity. These attempts include three
main methods, including the use of supports [18], metals [19, 20], and surfactants [21].
Concerning the use of supports, numerous studies have been conducted to investigate the role
of supporting and carrying Fe® particles using efficient supports such as activated carbon and
graphene oxide in preventing particle aggregation [22]. Carrying Fe° particles on an inert
supporter accelerates the removal rate of pollutants as the supporter serves as anti-
aggregation, which improves the electron transfer for the reducible contaminants and surface

area for high adsorption capacity [23].

For Fe® modification using second metal, several studies reported the use of second metal to
break down the necklace-like structure of Fe® particles and show the particles with high
dispersibility and reactivity. Coating or dipping Fe® particles with other metal has proven to
improve its reactivity for the removal of several pollutants [24]. For instance, Takami et al.
[25] investigated the role of copper addition in improving the reactivity of Fe®for phosphorus

removal and found a remarkable improvement in the reactivity comparing with bare/Fe®.

For surfactants, the surfactants can be used to disperse Fe® particles. Surfactants offer several
advantages compared with using other metals and supports. Surfactants contribute to
decreasing the size of Fe° particles, reducing zeta () potential for high stable dispersion,
shifting isoelectric point to acidic medium, and decreasing agglomeration through steric and
electrostatic stabilization. Surfactants are organic polymers that can be used to stabilize Fe°
particles without posing any adverse effect on the local environment in the practical
application. Moreover, surfactants can breakdown the aggregated particles through different
mechanisms. Some surfactants can be used to alter the surface charge of Fe® to create an
electrostatic repulsion between the particles to produce highly dispersed particles. Some
other surfactants prevent the particle aggregation by creating a network around the particles.
In terms of particle reactivity, it was reported that, stabilization of Fe? particles with various
surfactants showed the particles with high reactivity. For instance, when it comes to TCE
dichlorination, the stabilized Fe® was much reactive than that bare Fe® [26].
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Additionally, Joo et al. [27] reported that the stabilized Fe® with carboxymethyl cellulose
(CMC) offered higher removal efficiency for both lindane and atrazine under aerobic and
anaerobic conditions. In a field study, the stabilized Fe® particles with CMC were found to
be more efficient than bare-Fe® for treating a contaminated zone with PCE, TCE, and PCBs
in northern Alabama [28]. In this field study, the stabilized Fe® degraded more than 88% of
TCE over 596 days. In another field study, the emulsified Fe? particles were able to travel up
to 2.1 m by pneumatic injection method [29]. It is worthy to mention that most of the field
studies were conducted using stabilized Fe? particles. There are several reasons behind the
use of the stabilized Fe® in the field studies. These reasons include the availability, high cost-
effective, high viscosity, excellent physicochemical properties, and easy operation of the

surfactants.

1.4. Research objectives

The main objective of the current thesis is to improve the reactivity, physiochemical
properties, and reaction mechanisms of Fe? particles for various environmental applications,
including water treatment and energy/methane generation. To do so, the plan has been drawn

to achieve the following goals of the dissertation.

Firstly, it has been schemed to investigate the effect of various surfactants on the
enhancement of Fe® reaction mechanisms. The target was to screen several surfactant to
improve the reactivity of Fe® regarding two main mechanisms, including reduction and
adsorption mechanisms, which are very common mechanisms to remove a wide verity of
contaminants from water. Nitrate and phosphate were selected as a targeted contaminants to
represent the reduction and adsorption mechanisms, respectively.

Secondly, the plan included to use of Fe® nanoparticles in the anaerobic digesters to improve
the production of methane gas from waste sludge, which was used as a feedstock. To achieve
this goal, the fresh Fe® particles were subject to the coating process using the thermal
deposition method. The coating process was conducted to control/slow the corrosion reaction
of Fe® particles and make them suitable additives in the anaerobic digesters. Mg(OH), was

used to coat the bare/Fe° particles due to its outstanding role in this process.
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Thirdly, this dissertation has included a plan to design a sequencing batch reactor system to

be automatically operated to treat the contaminated wastewater alongside with converting the

waste sludge to aerobic granules, which will further be used to remove organic/inorganic

pollutants from water. The above points are general explanations for three projects which

have been implemented in this thesis. Here are in detail the main steps to achieve the above-

mentioned objectives.

In the first project:

To synthesize bare/Fe particles with testing their performance in nitrate and
phosphate removal under different conditions.

To synthesis a stabilized/Fe° particles using four different polymers, including
carboxymethyl cellulose sodium salt, high viscosity, polyacrylamide, Polyethylene
sorbitan monolaurate and polyvinylpyrrolidone, in order to investigate their role in
preventing the particle aggregation and find out the best one for improving the
reaction mechanisms of Fe°.

To investigate the reactivity of the stabilized/Fe® for nitrate and phosphorus removal
under various conditions.

To fully characterize the Fe? particles before and after the stabilization process using
different techniques, including TEM, SEM-EDX, XRD, and FTIR.

In the second project:

To synthesize bare/Fe® particles and investigate their performance in improving
methane generation rate from waste sludge during anaerobic digestion process.

To coat the bare/Fe® particles using Mg(OH). as a coating layer to control the
reactivity of bare/Fe° particles.

To investigate the role of the coated/Fe® particles with Mg(OH)2 in improving
biogas/methane generation rate form waste sludge.

To investigate different factors that affect the enhancement of methane generation by
the added Mg/Fe® nanoparticles such as the coating ratio of Mg to Fe?, Dosing time
of Mg/Fe® in the reactors, pH, etc.

To demonstrate the effect of Mg/Fe® on bacterial growth during anaerobic digestion.

10
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e Long-term investigation of methane generation using lab-scale semi-continuous
system was carried out, to assess the feasibility and the productivity of methane

production from waste sludge by the addition of Mg/Fe® nanoparticles.

In the third project:

e To develop sequencing batch reactor (SBR) for wastewater treatment and aerobic
granules formation.

e Toinvestigate the effect of Fe® addition in the sequencing batch reactor system on the
removal efficiency of contaminants from wastewater and the conversion efficiency
of waste sludge to aerobic granules as well.

e To demonstrate the role of the addition of Fe® on the generation of Extracellular
polymerics (EPS) substance in the reactor.

e To highlight the effect of Fe addition on the growth of bacterial species in the reactor.

1.5. Dissertation framework

This thesis has a framework consist of six chapters that explains the way of improving the
reactivity of Fe particles and their applications in different environmental issues. In general,
problem identification, literature survey, dissertation’s objectives, synthesis of Fe? particles,
modification of Fe® particles, application of stabilized Fe® in water treatment, synthesis of
coated Fe® with Mg(OH),, application of bare and coated Fe® in improving methane
generation, material characterizations, analyses, batch experiments, mechanisms, and the role
of Fe® in converting the waste sludge to aerobic granules were the main frameworks of this

thesis. Hence, the framework was organized as follows:

Chapter 1 presents information concerning water pollution problems followed by an
overview on the use of nanotechnology as a promising track of science to solve such problem.
Also, this chapter covers the fabrications methods of Fe® particles, potential use of Fe®
nanoparticles in environmental remediation, limitation of Fe® application and the
modification of Fe? particles. Finally, the chapter showed the objectives which have been

implemented in this thesis.

11
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Chapter 2 presents the methodology of the implemented works including reagents, protocols,
procedures, material characterization, operation of the treatment systems, measurements of

bacterial growth, and synthesis procedures of iron-based nanoparticles.

Chapter 3 presents the main limitations of Fe® particles that affect their use in the real
application for pollutants removal from water. Also, this chapter shows the stabilization of
FeO particles as one of the effective, low-priced, environmentally friendly approaches to solve
the limitation of Fe particles and increase their performance when they used in real
application to remove contaminants from water. In this regard, four different polymers were
used to overcome the drawbacks of Fe® particles to efficiently remove nitrate and phosphorus

from contaminated waters.

Chapter 4 presents a new technique used in this research to increase the production rate of
methane gas. The new approach includes the use of Fe coated with Mg(OH) as an additive
to improve the anaerobic digestion process of waste sludge. The experiments were performed
in a batch mode and then scaled up to a semi-continuous system. The results of these
experiments were explained, compared to that of Fe®, and the previously reported in the

literature.

Chapter 5 presents an introduction about aerobic granulation technology as a new approach
that can be used to convert the waste sludge to aerobic granules. And the limitation of this
technology as it requires long time for full granulation. Also, the chapter showed the
operation process of the sequencing batch reactor system and the methodology used in the
work. Finally, the chapter presented the role of Fe? particles in accelerating the formation of
aerobic granules and contaminants removal from wastewater using a sequencing batch

reactor system (SBRS).

Finally, Chapter 6 presents the significant findings obtained from three projects on water
treatment and energy generation with providing valuable recommendations for future
research investigation. Additionally, the chapter displays the future research plan, expected

results, and impacts.
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Chapter 2: Materials and methods used in research works

This Chapter presents the methodology of the implemented works including reagents,
protocols, procedures, material characterization, operation of the treatment systems,

measurements of bacterial growth, and synthesis procedures of iron-based nanoparticles.

2.1. Chemicals

In chapter 3, Ferric chloride hexahydrate (FeCl3.6H-0, >99.0%, Junsei Chemical Co., Japan),
sodium borohydride (NaBHas, >98.0%, Sigma-Aldrich Inc., USA) and ethanol (C2HsOH,
99.5%, Wako Co., Japan) were used for the synthesis of Fe® particles. Sodium nitrate (NaNOs
> 99.0% Junsei Chemical Co., Japan) and potassium dihydrogen phosphate (KH2POa, 99.5%,
Kanto Chemical Co., Japan), were used to prepare reactant stock solutions. Hydrochloric acid
(HCI, 35-37%, Wako Co., Japan) and sodium hydroxide (NaOH , 97%, Wako Co., Japan)
were used for pH adjustments. Carboxymethyl cellulose sodium salt, high viscosity (CMC,
MP Biomedicals, LLC, France), polyacrylamide (PAA, Sigma-Aldrich Co., USA),
Polyethylene  sorbitan monolaurate (PSM, Sigma-Aldrich Co., USA) and
polyvinylpyrrolidone (PVP, Sigma-Aldrich Co., USA) were used for the stabilization process
of Fe.

In chapter 4, Magnesium nitrate hexahydrate (Mg(NO)3)2-6H20, >99.0%, Sigma-Aldrich
Inc., USA) and Sodium hydroxide (NaOH, >97.0%, Wako Co., Japan) were utilized to
prepare Mg(OH). shell to be used for coating process of Fe®. Ethanol solution (C2HsOH,
>99.5%, Wako Co., Japan) was used to disperse Fe® particles before being coated with
Mg(OH).. The other material concerning the synthesis of Fe” particles were prepared using
deoxygenated deionized water (DDIW, 18.2 MQ-cm, Milli-Q filter). The waste sludge was
collected from a municipal wastewater treatment plant in Fukuoka city, Japan and utilized as
a feedstock for methane generation and Standard Plate Count Agar (APHA) CMO0463
(OXOID LTD., England) was used for estimating bacterial growth.

In chapter 5, the seed sludge was collected from a full-scale wastewater treatment plant in
Istanbul and used to form the aerobic granules. Fe’ particles were added to SBR2 on day 24"
(purity 98%, particle size 70 nm, surface area 15 m? g !) to stimulate the growth of bacteria

and increase the removal of contaminants in the SBRS.

14



2. Materials and Methods Used in Research Works

The reactors were fed with synthetic wastewater to simulate the real wastewater and had the
following chemical composition: glucose 165 mg L™!; sodium acetate trihydrate 345 mg L™;
meat extract 64 mg L™!; peptone 100 mg L™!; urea 32 mg L™!; starch 75 mg L™!; KHPO4 31.5
mg L'; MgS04.7H,0 6 mg L™!; NH4Cl 95 mg L™!'; KH,PO4 10 mg L™!; CaCl,.2H,0 5 mg
L' and 0.3 mL L! of the trace elements. The trace elements were prepared using the
following chemical compounds: ethylenediaminetetraacetic acid (EDTA), 52.5 g L;
MnCl,.7H;0, 3.97 g L™!; (NHs) 6M0O24, 1.21 g L™!; ZnS04.7H20, 2.2 g L™!; CoCl2.6H-0,
1.61 g L™!; CuS04.5H20, 1.57 g L™!. PBS solution was prepared by dissolving 0.656 g of
Na3;P0O412H;0, 1.104 g of NaH2PO4H>20, 1.052 g of NaCl and 0.149 g of KCl in 2 L and then
was used to analyze the Extracellular polymeric substances (EPS). Resin was used for cation

exchange and added to the sludge samples for the analysis of EPS.

2.2. Synthesis of bare Fe? particles

The bare Fe? particles were synthesized following the bottom-up approach through the
chemical reduction reaction as described in the following equation.

2FeCl3.6H,0 + 6NaBH4 + 18H,0 — 2Fe? + 21H; + 6B(OH)3 + 6NaCl 2.
Briefly, the reactants of ferric chloride hexahydrate (FeCls.6H20, 25 g/L) and sodium
borohydride (NaBHa4, 22 g/L) were prepared using DDIW and purged with nitrogen for 10
min. After that, sodium borohydride solution was added into ferric chloride solution dropwise
using a peristaltic pump at a flow rate of 20 mL/mint in four neck flask reactor as described

in Fig. 2.1.

Mechanical mixer

(‘%rbm)

Water bath (30 °C)

Fig. 2-1. The configuration of Fe® synthesis process.
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During the synthesis process, N2 gas was continuously provided to prevent particle oxidation
and maintain anoxic conditions in the reactor. The other synthesis parameters such as
temperature, reaction mixing speed and aging time were set at 30 = 0.5 °C, 400 rpm, and 5
min, respectively. As soon as the aging time completed, the slurry of Fe? particles was washed
using DDIW, dried, and separated using a vacuum filtration system. These procedures were
based on the optimized synthesis conditions of Fe’ particles accomplished in our previous

work [30].

2.3. Synthesis of stabilized Fe® particles

The very same procedures which mentioned above in section 2.2 were used to prepare the
stabilized Fe® particles with only adding and mixing the polymer with FeCls solution. A
specific concentration of each polymer (0.04, 0.08, 0.12, 0.2, and 2) was first mixed with
FeCls for half an hour before starting the reduction process using NaBH4. Then, aging time
was given for 5 min and the stabilized particles were washed using DDIW, dried, and

separated using vacuum filtration system.
2.4. Synthesis of coated/Fe° particles

To prepare iron coated with Mg(OH), the synthesized Fe® particles were dispersed in ethanol
solution using ultrasonication at a concentration of 1 g/L following the controlled thermal
deposition method [31]. In the synthesis procedure of the coated/Fe®, 0.1 g of Fe® particles
were dispersed in 100 mL of ethanol solution for 30 min using ultrasonication at a
temperature of 50 °C. Thereafter, Mg?* coating ions and OH" were sequentially injected into
Fe%ethanol solution at a flow rate of 2 mL/min. Mg?* and OH" solutions were prepared with
a certain concentration and their injected volumes were varied to achieve different coating
ratios on the surface of Fe® and maintain their molar ratios as described in the following
equation.

Mg?* +2 OH — Mg (OH) 2 (Mg?*/OH: 0.5) 2
A continuous flow of nitrogen was provided during the coating process and after 1 h of aging
time, the coated Fe® with Mg (OH) 2 was washed with ethanol, filtrated and dried using a

vacuum filtration system.
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2.5. Characterization

The synthesized bare, stabilized, and coated Fe® particles were characterized using different
techniques. Transmission electron microscopy (TEM, JEM-ARM 200 F, JEOL Co., Japan)
was used to examine the surface morphology, size, and particle dispersion. The average
particle size and size distribution were also measured by ImageJ analysis for the obtained
TEM images. Scanning electron microscopy coupled to energy dispersive X-ray
spectroscopy (SEM-EDS, JCM-6060LA/VI, JEOL Co., Japan) was used to detect the
elements proportions. X-ray diffraction analysis (XRD, TTR, Rigaku, Tokyo, Japan) was
conducted to investigate the to investigate the surface components. XRD analysis was
conducted using Cu Ka radiation (A = 1.5418 A) with an operating scanning range from 3°
to 90° at a speed of 30° min . The crystalline size was calculated using Scherrer's formula,
D = K\ / BcosB, where D is average crystalline size, K is the Scherrer's constant, A is the
wavelength of the incident copper X-ray (AL = 1.5418 A), B is the full width at half maximum
(FWHM) for all of the observed peaks, and 0 is the angle of diffraction (Bragg's angle).
Fourier transform infrared (FTIR) was used to identify the functional groups on the surface,

particularly for the stabilized Fe° particles.
2.6. Evaluation methods of particle reactivity
2.6.1. Batch test for water treatment

In chapter 3, batch experiments were carried out to evaluate the performance of Fe® particles
before and after being stabilized towards the removal of nitrate and phosphorus. Nitrate batch
experiments were implemented by adding 0.25 g of bare or stabilized Fe® particles in 200 mL
aqueous solution of nitrate with an initial concentration of 300 mg/L. Phosphorus batch
experiments were conducted by adding 0.25 g bare or stabilized Fe° particles in 200 mL
aqueous solution of phosphorus with an initial concentration of 100 mg/L. Nitrate and
phosphorus solutions were purged using nitrogen gas to maintain anoxic conditions before
adding the nanoparticles. Afterwards, the solutions were placed on the magnetic stirrer with
mixing speed of 1000 rpm at the ambient temperature. At specific times, 2 mL of solution
sample were withdrawn and filtered through a 0.22 um membrane filter for the analysis

process to evaluate the removal efficiency of nitrate and phosphorus.
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When it comes to pH effect or to the effect of any other factor, the same experimental
procedures were used with only changing the variable parameter. For instance, to study the
effect of pH, nitrate and phosphorus solutions were adjusted using NaOH and HCI for four
different pH values (3, 7, 9 and 12). The maximum uptake capacity and the efficiency of
nitrate and phosphorus removal were determined by the following formulas, respectively.

qe = (V(Co— Ce))/m @)
%E = (Co—Ce)/Co *100 4)
where, where, g, (mg/g) is the maximum uptake capacity at a specific time; V (L) is the total
volume of the reactants; Co and Ce (mg/L) are the initial and final concentrations of
contaminant; m (g) is the mass of adsorbent and E% is the removal efficiency of the

contaminant.
2.6.2. Batch test for energy methane generation

Biochemical methane potential test (BMPT) was conducted to evaluate the effect of Fe®-
based particles on energy methane generation during the anaerobic digestion process. The
BMPTs were implemented to evaluate the production rate of methane gas using the waste
sludge as a feedstock. Fe® and coated/Fe° particles with three different coating ratios of
Mg(OH). shell (0.05, 0.5, 1%) were used and added to bioreactors using different

concentrations ranged between 10 to 500 mg/L.

Another BMPTs were carried out to evaluate crucial paraments which affect anaerobic
digestion process such as dosing time of the used nanoparticles and pH of the anaerobic
digesters. The BMPT was performed using 200 mL serum vials with a working volume of
150 mL. After filling the bioreactors, they were bubbled with nitrogen for 2 min to eradicate
the effect of oxygen and stablish the anerobic conditions. The bioreactors were then sealed
with rubber stoppers and aluminum caps and placed in the incubator for fermentation at 40
+ 1 °C with constant agitation of 150 rpm. Regularly, biogas volume was determined using

the water displacement method, followed by methane analysis using GC.

18



2. Materials and Methods Used in Research Works

Inlet (sludge)

Outlet (digestate)

Biogas
4—

Headspace

W Te A |

—» Waste sludge

i
P 'EI R

—» Water bath 40°C

.

—» Magnetic stir bar

@ @ —» Magnetic stirrer

Biogas measurement (water

displacement method)
Reactor 1 Reactor 2

Fig. 2-2. The configuration of the semi-continuous system for biogas/methane generation.

2.6.3. Lab-scale semi-continues system for methane generation

Long-term investigation of methane generation using lab-scale semi-continuous system was
carried out, to assess the feasibility and the productivity of methane production from waste
sludge by the addition of MgFe® nanoparticles. Two bioreactors (R1&R2) were run with a
working volume of 1000 mL of waste sludge. The reactors were operated for 24" days as a
batch mode, and the semi-continuous operation was started on day 24", in which 70 mL of
waste sludge were fed every day to each reactor (Organic loading ratio (OLR) =
0.285gVS/L.d) and this was equivalent to the effluent volume of the rectors. Additionally,
25 mg of coated Fe? particles per gVS were added with the fed volume of waste sludge to
R2, whereas R1 operated as a control. The reactors were put in water bath at 40 C and
continuously stirred using a magnetic stirrer. The produced biogas volume was regularly
measured using the water displacement method, and methane volume was determined by

analyzing the biogas compositions using gas chromatography.
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Fig. 2-3. The configuration of SBRS for wastewater treatment and granulation process.
2.6.4. Sequencing batch reactor system (SBRS)

To evaluate the effect Fe® particles on the conversion speed of waste sludge to aerobic
granules and the removal efficiency of contaminants from wastewater, two symmetrical lab-
scale sequencing batch reactors (SBRs) were simultaneously operated for sixty days with
adding 10 mg/L of Fe® particles to the influent wastewater tank of SBR2, whereas SBR1 was
operated as a control. The reactors had an internal diameter of 12 cm and a length of 60 cm,
providing a working volume of 5 L as described in Fig2-2. The reactors were fed with
synthetic wastewater and acclimated with 2 L of seed sludge collected from a full-scale

municipal wastewater treatment plant in Istanbul.

The reactors were operated in a cyclic batch mode (4 cycles per day and each cycle lasted for
6 hr.) to treated 3 L of wastewater in each cycle. The cycle consisted of four successive
phases: (1) 60 min static feeding, (2) 283 min aerobic reaction, (3) 2 min settling, (4) 15 min
decanting. The third phase of settling was 1 hr. on the first day and gradually reduced to 2
min to promote the formation of aerobic granules. The settling time was slowly reduced
within 23 days to avoid biomass loss from the reactors. The remaining cycle time from the

settling phase was conveyed to the aeration phase.
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Air was introduced via a diffuser tube aerator at the bottom of the reactor during the aeration
phase. The reactors were operated automatically using three digital timers at room

temperature 25 + 3 °C.

2.7. Measurements of bacterial growth

2.7.1. Direct counting of bacterial colonies

In chapter 4, the bacterial growth rate was assessed by the direct counting of colonies using
the colony-forming unit (CFU) technique [1, 32]. In detail, 1 mL of the original mixed culture
was withdrawn from anaerobic digester and diluted by making serial dilutions (1:10,
1:100,1:1000 etc. ) to ensure a countable plate. The molten agar (15 mL) was used and poured
into the plate. After that, 1 ml of the diluted sample was cultivated in the molten agar using
a sterile pipette. The bacterial colonies were carefully counted after 24 hr. of incubation at
37 °C and each colony was considered as a CFU. The number of bacterial cells present in the

test sample was calculated using the formula: CFU = CFU* dilution factor *1/aliquot [33].

2.7.2. Extracellular polymeric substances analysis (EPS)

EPSs are the metabolic products generated by bacteria in the SBRS, representing their growth
rate. Also, EPSs play a crucial role in the formation of aerobic granules in the SBRS.
Therefore, it was necessary to analyze the main components of EPSs (protein and
carbohydrate) in the SBRS. The analysis of EPSs was performed four times during the
operation of SBRS, particularly on days 12, 30, 44, and 52. In detail, a specific sample
volume was withdrawn from SBR1 & SBR2 based on the MLVSS concentration in each
reactor. Then, samples were centrifuged at 9000 rpm for 15 min. After centrifuging, the
supernatant was filtered using 0.45 and 0.22 microfilter, respectively, to analyze the soluble

microbial products (SMP) of protein and carbohydrate.

On the other hand, EPSs components of protein and carbohydrate in soild precipitated sludge
was measured following the chemical treatment method. In the chemical treatment, 30 mL
of PBS solution (which was prepared by mixing 0.656 g of NasP0s12H.0, 1.104 g of
NaH2POsH20, 1.052 g of NaCl, and 0.149 g of KCI in 2 L) was added to the precipitated
sludge or granules and then centrifuged at 9000 rpm for 15 min. After centrifuging, the
precipitate was mixed with an additional 100 mL of PBS solution and 35 g of resin and placed

on the mixer for 3 hr. at 700 rpm.
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Then, the supernatant of the resin-sludge solution was filtered using 0.45 and 0.22 microfilter,
respectively to analyze the EPSs content. Finally, EPSs concentration of carbohydrate was
obtained according to the anthrone-sulfuric acid method [34]. In detail, 2 mL of sample, 5
mL sulfuric acid, and 0.5 um phenol were mixed and left 10 min for reaction. After that, the
mixed solution was heated for 10 min at 30 °C and analyzed using T60UV-Visble
Spectrophotometer at a wavelength of 480 nm. Whereas, EPSs concentration of protein was
analyzed by following Lowry method [35, 36]. In detail, 100 um of sample and100 um of
NaOH were mixed and heated for 10 min at 100 °C and then left 10 min for cooling before
adding 100 um Folin solution. After that, protein concentration was analyzed using T60UV-

Visble Spectrophotometer at a wavelength of 750 nm.
2.7.3. Bacterial community analysis

Next Generation Sequencing (NGS)-Based Metagenomics were conducted to identify
microbial community in the SBRS. The nested PCR approach was used to amplify microbial
rDNAs. In the first round gPCRs were implemented using the Bact8f-Bact1541r primer set.
Whereas, the Bact342f-Bact534r primer set was applied for the second round PCR. For Next
Generation Sequencing (NGS)-Based Metagenomics, the protocol includes primer pair
sequences for the V3 and V4 regions of the 16S rRNA, to create a single amplicon of 460 bp.
It also includes overhang adapter sequences appended to the primer pair sequences for
compatibility with the Illumina index and sequencing adapters. The Illumina adapter
overhang nucleotide sequences-16SrRNA specific sequences,
5TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG 3
and5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
GACTACHVGGGTATCTAATCC-3,

were for the forward and for the reverse primer, respectively. The first PCR was performed
using Biospeedy® Proof Reading DNA Polymerase 2x Reaction Mix (Bioeksen Ltd. Co.,
Turkey) and 200 nm of each primer. The following program was performed on a Biorad CFX
Connect Instrument (Bio-Rad Inc., U.S.A.): 95 °C for 3 min, 25 cycles of 95 °C for 30 s,
55°C for 30s, 72 °C for 30 s and 72 °C for 5 min. The PCR product was run on agarose gel
to verify the size (550 bp) and purified using Biospeedy TM PCR Product Purification Kit
(Bioeksen Ltd. Co., Turkey).
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2.8. Water analysis

In chapter 3, nitrate and phosphorus were analyzed using UV—Vis spectrophotometer (DR
3900, Hach Co., USA). For nitrate analysis, dimethylphenol method was used to determine
nitrate concentration at 345 nm. On the other hand, phosphorus was analyzed using USEPA
PhosVer 3 at 880 nm which is the ascorbic acid method [37].

In chapter 4, Total solids (TS), Total volatile solids (TVS), and chemical oxygen demand
(COD) were analyzed before and after the fermentation process following the standard
methods [38]. The ORP (Oxidation—Reduction Potentials) and pH were measured using a pH
meter (TPX-999si, Toko Co., Japan). Ferrous (Fe®*) and Total iron concentrations were
analyzed using 1,10-phenanthroline and USEPA FerroVer iron methods, respectively [39].
Subsequently, ferric iron (Fe**) concentration was directly estimated as: (Fe** (mg/L) = Total
iron — Ferrous iron).

In chapter 5, the effluent of the SBRS was analyzed using T60UV- Visible
Spectrophotometer for chemical oxygen demand (COD), nitrate (NO, nitrite (NO-N),
orthophosphate (PO—P). Whereas ammonia (NH-N) concentration was analyzed using UV—
Vis spectrophotometer (DR 3900, Hach Co., USA). Additionally, the mixed liquor suspended
solids (MLSS), mixed liquor volatile suspended solids (MLVSS) and sludge volume index
(SVI after 5 and 30 min) were analyzed inside the SBRS to evaluate the granulation presses
according to Standard Methods [38].
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2.9. Biogas analysis

In chapter 4, Gas chromatograph (GC, GL Sciences Inc., Japan) equipped with a thermal
conductivity detector (TCD) was used to analyze the composition of the produced biogas.

In detail, 1 ml of the biogas was taken from the headspace of anaerobic digesters and
immediately injected into the injector unit of GC for the separation process using a Hamilton

gas-tight syringe (GL Sciences Inc., Japan).

The temperatures of the detector, injector, and oven were 60 °C, 80 °C, and 60 °C,
respectively. The temperature of the injector was determined to be enough for making flash
vaporization for the injected sample. But the temperatures of column and detector were
determined to be enough for separating the gas mixture at the column stage and avoiding any
condensation for the separated sample in the detector unit.

The argon gas was used as a mobile phase to push and carry the analyte through the column

at a flow rate of 30 mL/min.
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Chapter 3: Stabilization of Fe® particles for water treatment

This chapter presents a literature survey about the limitations of Fe® particles when used on
a large scale for pollutants removal from water and modifications used in literature to enhance
the performance of Fe® particles, followed by the objectives conducted in this study on using

polymeric stabilization to overcome the drawbacks of Fe® particles.

3.1. Introduction

Nanotechnology techniques have proven their efficiency for treating contaminated water
with heavy metals, organic, inorganic, and chlorinated compounds [40-42]. Fe® (nanoscale
zero-valent iron) is one of the efficient nanomaterials used for decontamination of the
contaminated water. Fe® was wildly studied in lab-scale systems and applied in different sites
to treat contaminated water in different zones [43]. The increasing interest in using Fe° for
water treatment is mainly due to its strong reducing power (Eo =—0.44 V). This feature makes
FeP capable of removing the reducible contaminants such as nitrate and chromium hexavalent
[30]. Moreover, Fe® offers a large adsorption capacity for adsorbing various types of
contaminants such as phosphorus [44]. In economic terms, Fe® is a cost-effective material,
easy to produce, and easy to apply using various techniques, including a permeable reactive
barrier (PRB) and injection wells [45].

Despite the above-mentioned features of Fe?, there are several drawbacks of Fe? that require
further investigation to be solved, including its high tendency of aggregation. The
aggregation of Fe? is mainly occurs due to the magnetic attraction between the particles. The
aggregation of Fe® particles limits the available surface area, which causes large drop in the
reactivity towards the targeted contaminants [46].This problem significantly reduces the
effectiveness of Fe? particles when used in practical applications.

Besides this aggregation phenomenon, Fe® is a very reactive material and rapidly gets
oxidized if exposed to the surrounding media such as water and oxygen. The oxidation of Fe°
particles is another problem that significantly deteriorates particle reactivity. In the literature,
many efforts conducted to resolve these limitations and show Fe° particles with good

characteristics and high reactivity.
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Generally, three main methods have been used to improve the reactivity, mobility, stability,
dispersibility, and longevity of Fe°.

First, numerous studies have used a second metal to break down the neckline structure of Fe®
particles and show the particles with high dispersibility and reactivity. Coating or dipping
FeP particles with other metal has proven to improve its reactivity for the removal of several
pollutants [24]. For instance, Takami et al. [25] investigated the role of copper addition in
improving the reactivity of Fe? for phosphorus removal and found a remarkable improvement
in the reactivity comparing with bare/Fe°.

Second, supporting and carrying Fe® particles using efficient supports such as activated
carbon and graphene oxide is another way that can be used to prevent particle aggregation
[22]. Carrying Fe® particles on an inert supporter accelerates the removal rate of pollutants
as the supporter serves as anti-aggregation, which improves the electron transfer for the

reducible contaminants and surface area for high adsorption capacity [23].

Third, Particles of nZVI have aggregated structures that can be dispersed through the
stabilization process using different surfactants. Surfactants offer several advantages
compared with using other metals and supporters. Surfactants contribute to decreasing the
size of Fe? particles, reducing zeta () potential for high stable dispersion, shifting isoelectric
point to acidic medium, and decreasing agglomeration through steric and electrostatic
stabilization. Surfactants are organic polymers that can be used to stabilize Fe° particles
without posing any adverse effect on the local environment in the practical application.
Moreover, surfactants can breakdown the aggregated particles through different mechanisms.
Some surfactants can be used to alter the surface charge of Fe® to create an electrostatic
repulsion between the particles to produce highly dispersed particles. Some other surfactants

prevent the particle aggregation by creating a network around the particles.

In terms of particle reactivity, it was reported that, stabilization of Fe® particles with various
surfactants showed the particles with high reactivity. For instance, when it comes to TCE
dichlorination, the stabilized Fe® was much reactive than that bare Fe° [26]. Additionally, Joo
etal. [27] reported that the stabilized Fe® with carboxymethyl cellulose (CMC) offered higher

removal efficiency for both lindane and atrazine under aerobic and anaerobic conditions.
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In another field study, the stabilized Fe® particles with CMC were found to be more efficient
than bare/Fe° for treating a contaminated zone with PCE, TCE, and PCBs in northern
Alabama [28]. In this field study, the stabilized Fe® degraded more than 88% of TCE over
596 days. In another field study, the emulsified Fe? particles were able to travel up to 2.1 m
by pneumatic injection method [29]. It is worthy to mention that most of the field studies
were conducted using stabilized Fe® particles.

There are several reasons behind the use of the stabilized Fe in the field studies. These
reasons include the availability, high cost-effective, high viscosity, excellent
physicochemical properties, and easy operation of the surfactants. However, the research
efforts are low in removing the pollutants using the stabilized Fe° particles.

To the best of the author’s knowledge, there are no reports on the effect of surfactants on the
adsorption and reduction mechanisms of Fe® particles. Thereby, this work aimed to answer
the following questions by finding the suitable polymer for each. What is the suitable polymer
that can improve the reduction process of contaminants by Fe® particles? Which one can
improve the adsorption process of contaminants by Fe®? What if we need to remove two or
three contaminants by different mechanisms? Can we find a polymer to enhance both the
reduction and adsorption mechanisms of Fe® particles?

Following the main target of current research, four different polymers were used during the
synthesis process to stabilize Fe® particles, including PAA, PVP, CMC, and PSM. Two
different contaminants (nitrate & phosphorus) were chosen as targeted contaminants due to
their various removal mechanisms by Fe® particles. Nitrate was used to evaluate the reducing
power of Fe? particles as nitrate can be removed or transformed by the released electrons
from the core of Fe® particles. On the other hand, phosphorus was chosen to assess to
adsorption ability of Fe? particles as phosphorus mainly can be removed from water by the
direct adsorption on the surface of Fe? particles.

The goals of this research were achieved by synthesizing Fe° particles following the pre-
aggregation method. With this approach, each polymer was separately impregnated with
ferric iron ions before starting the reduction process to produce dispersed zero-valent iron
particles. It was followed by conducting deepen characterization for Fe® particles before and

after being stabilized with the used polymers.

28



In another field study, the stabilized Fe® particles with CMC were found to be more efficient
than bare/Fe° for treating a contaminated zone with PCE, TCE, and PCBs in northern
Alabama [28]. In this field study, the stabilized Fe® degraded more than 88% of TCE over
596 days. In another field study, the emulsified Fe? particles were able to travel up to 2.1 m
by pneumatic injection method [29]. It is worthy to mention that most of the field studies
were conducted using stabilized Fe® particles.

There are several reasons behind the use of the stabilized Fe in the field studies. These
reasons include the availability, high cost-effective, high viscosity, excellent
physicochemical properties, and easy operation of the surfactants. However, the research
efforts are low in removing the pollutants using the stabilized Fe° particles.

To the best of the author’s knowledge, there are no reports on the effect of surfactants on the
adsorption and reduction mechanisms of Fe® particles. Thereby, this work aimed to answer
the following questions by finding the suitable polymer for each. What is the suitable polymer
that can improve the reduction process of contaminants by Fe® particles? Which one can
improve the adsorption process of contaminants by Fe®? What if we need to remove two or
three contaminants by different mechanisms? Can we find a polymer to enhance both the
reduction and adsorption mechanisms of Fe® particles?

Following the main target of current research, four different polymers were used during the
synthesis process to stabilize Fe® particles, including PAA, PVP, CMC, and PSM. Two
different contaminants (nitrate & phosphorus) were chosen as targeted contaminants due to
their various removal mechanisms by Fe® particles. Nitrate was used to evaluate the reducing
power of Fe? particles as nitrate can be removed or transformed by the released electrons
from the core of Fe® particles. On the other hand, phosphorus was chosen to assess to
adsorption ability of Fe? particles as phosphorus mainly can be removed from water by the
direct adsorption on the surface of Fe? particles.

The goals of this research were achieved by synthesizing Fe° particles following the pre-
aggregation method. With this approach, each polymer was separately impregnated with
ferric iron ions before starting the reduction process to produce dispersed zero-valent iron
particles. It was followed by conducting deepen characterization for Fe® particles before and

after being stabilized with the used polymers.
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In this regard, TEM, XRD, SEM-EDX, and FTIR were used to show the physiochemical
properties of bare and stabilized Fe® particles and clarifying the adsorption mechanisms
between the used polymers and Fe® particles. Polymers were examined during the synthesis
process by considering various concentrations to acquire the optimal mass ratio with Fe°
particles for achieving the highest removal rate of nitrate and phosphorus, followed by
investigating crucial parameters that affect the removal of nitrate and phosphorus like
contaminants concentrations and pH. Furthermore, adsorption isotherm and kinetic models
were used to describe the adsorption mechanism and removal kinetic of nitrate and
phosphorus by the bare and stabilized Fe®. The present work of current chapter could have a
significant contribution in the aspect of water treatment using nanotechnology material based

on integrating Fe? particles with PAA as an effective polymer among the rest.

3.2. Batch experiments targeted nitrate and phosphorus removal

Batch experiments were conducted to investigate the effect of different polymers on the
reactivity of Fe? for nitrate and phosphorus removal. More details were presented in chapter
2, section 2.6.1, explaining the reaction conditions of nitrate and phosphorus removal by bare

and stabilized Fe°,

3.3. Characterization of bare and stabilized Fe° particles
3.3.1. Morphology and dispersibility of Fe® particles

The morphological structure of Fe? particles was examined before and after the stabilization
process using transmission electron microscopy. The shape and size of bare Fe® particles are
shown in Fig. 3-1a. The particles were aggregated and appeared as necklace-like structure. It
is the behavior of Fe? particles, which rapidly tend to form aggregates due to the magnetic
attraction and the thermodynamic processes during the synthesis process. [47, 48]. To
breakdown the necklace-like structure of bare Fe® particles, CMC was used as an anionic
polymer to alter the surface charge of Fe? particles. CMC presented the Fe® particles with an
excellent structure and low particle size. As shown in Fig.3-1b, CMC/Fe° particles were

spherical, dispersed and not aggregated with an average particle size of 10 nm.

30



The improvement in the morphological structure of Fe® particles was attributed to the role of
CMC in creating a strong electrostatic repulsion between the particles. Additionally, TEM
images were taken for the stabilized Fe® particles with PAA as shown in Fig.3-1¢c.The
stabilized PAA/Fe® particles were clearly trapped by the polymer matrix, therefore, the
aggregation of Fe® was hindered by the stiffness of the polymer matrix. Fig. 3-1d shows the
TEM image and size distribution of Fe? particles stabilized with PVP. The PVP/Fe® particles
were spherical, darker, and dispersed. The dark color of PVP/Fe? indicates heavier atomic
mass, whilst the grey color of bare/Fe® indicates lighter atomic mass, illustrating the reason
behind the improved reactivity towards nitrate removal using such polymer.

PSM was used as an emulsifier to prevent the particle aggregation and make them as an oil
droplet. The TEM image of the stabilized PSM/Fe° showed that the particles had a clear core-
shell structure without forming any aggregates. The clouds of PSM were well observed
around the particles, and the particles were completely separated and dispersed as shown in
Fig. 3-1e. The average particle size of bare and the stabilized types of Fe® was in the following
order; CMC/Fe® (9.53 nm) < bare/Fe® (65.4 nm) < PAA/Fe® (106.4 nm) < PSM/Fe° (106.6
nm) < PVP/Fe0(108.8 nm), indicating that CMC was the most efficient polymer for
producing the particles with very low sizes.

It was observed that the stabilization of Fe® particles using PSM, PVP and PAA did not
decrease the size largely as it was observed by using CMC. It could be attributed to the
deposition of polymer molecules on the surface of Fe® particles during the synthesis process.
Whereas CMC as anionic polymer provided a negative surface charge which led to improve
the repulsive force between the particles to increase the dispersibility of Fe° particles and
decrease their sizes.

In conclusion, anionic polymers such as CMC prevent particle aggregation through the
electrostatic mechanism by altering the surface charge, and they are the best for producing
the Fe® with small sizes. On the other hand, non-ionic polymers such as PAA, PVP, and PSM
prevent particle aggregation through the steric mechanism by the deposition of polymer

molecules on the surface of Fe®.
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Fig. 3-1. TEM images and size analyses of Fe® particles; a) bare/Fe?; b) CMC/Fe?; c) PAA/Fe?; d) PVP/Fe;
and e) PSM/Fe®

3.3.2. Surface composition

To investigate surface composition of Fe® particles before and after the stabilization process
with four different polymers, XRD analysis was performed in the range from 0 to 90° (26).
Fig.3-2 displays XRD spectrum for the bare and stabilized Fe®. Results showed the formation
of Fe? at 44.8°, 65.3° and 82.3° (260). The sharp peak of Fe® at 44.8° (20) indicates the high
crystallinity and purity of the produced Fe®. In the pure sample of Fe°, the atoms were well
arranged in a specific periodic manner. Therefore, during the analysis of Fe®, X-ray scattered
in a certain direction, which led to obtaining a sharp peak at 44.8 (20), indicating the pure
and crystalline structure of bare/Fe°.

On the other hand, the stabilization of Fe° particles with CMC, PVP, PAA, and PSM resulted
in disrupting the periodic arrangement of iron atoms, which led to scattering X-ray in many
directions. Thereby, the sharp peak of the bare/Fe° significantly decreased, confirming the
amorphous structure of Fe after being stabilized. As shown in Fig.3-2, XRD patterns of
PAA/Fe®, PVP/Fe?, and PSM/Fe® exhibited more amorphous structure than CMC/Fe® and
bare/Fe° following the order of PAA/Fe® > PVP/Fe® > PSM/Fe® > CMC/Fe® > bare/Fe. The
amorphous structure of the stabilized Fe® could be also attributed to the finer sizes of the
primary Fe® particles. Lin et al. [49], reported that the diffraction peaks largely decreased

when the primary sizes of Fe® were less than 5 nm.
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This fact was confirmed by calculating the crystalline size of bare and stabilized Fe° using
Scherrer's equation. The results proved that the less crystalline size the more amorphous
structure.

The crystalline size of bare and stabilized Fe® followed the order of PAA/Fe? (1.1 nm) <
PVP/Fe® (1.7 nm) < PSM/Fe® (5.1 nm) < CMC/Fe® (6 nm) < bare/Fe® (10 nm) which is
corresponding with XRD diffractograms. The amorphous structure of stabilized Fe® with
detecting new compounds such as FesC and FeCOs confirmed the adsorption of polymers on
the surface of Fe® through chemical bonds.

Fig. 3-3 displays XRD patterns of bare and stabilized Fe0 particles after the reaction with
nitrate and phosphorus under specific conditions (200 mL of nitrate (300mg/L), 200 mL of
phosphorus (100 mg/L), 0.25 g of adsorbent). Results showed that the XRD patterns of the
spent nanoparticles confirmed the combination of nitrate and phosphorus with Fe® through
the chemical bonds. Phosphorus and nitrate adsorbed directly onto the surface of iron
whereas, no links were observed between phosphorus, nitrate, and polymers, confirming the
role of polymers to improve the reactivity only by enhancing the properties of Fe®.

Surface properties of bare and stabilized Fe® were also investigated by SEM-EDX analysis.
In this investigation, EDX analysis was applied for the SEM images to determine the
elemental proportions and elemental mapping on the surface of Fe? particles. EDX spectrum
indicated the presence of Fe and O as the main elemental components of bare/Fe®. Iron and
oxygen were detected on the surface with a weight percent of 93.7 and 6.3, respectively. Also,
EDX analysis was performed for the stabilized Fe® with PAA. The results confirmed the
presence of Fe, O, and C with a weight percent of 42.6, 31.6, and 25.7, respectively. In case
of the stabilized Fe® with CMC, EDX showed Fe, C, O, and Na as the main elemental
components on the surface of CMC/Fe®. These elements were detected with a weight percent
of 36, 32.9, 30.0, and 0.62, respectively
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For the stabilized Fe® with PSM and PVP, EDX analysis confirmed the presence of C, O, and
Fe as shown in Fig.3-4. The detection of C on the surface of Fe° particles after the
stabilization process proved the adsorption of polymers on the surface of Fe® particles.
Furthermore, the elemental mapping analysis indicated that the polymers nanoparticles were
uniformly and well dispersed throughout the surface of Fe? particles.

The thermogravimetric analysis of the stabilized Fe® showed that the weight loss mainly
occurred at temperature in the range from 25-200 °C, implying that the chemical

decomposition of polymers starts when the sample was heated above 25 °C [50]
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Regarding FT-IR patterns, Fig. 3-5 presents characteristic bands of observable functional
groups; 3390 cm™ (-OH stretching in hydroxyl groups) and 1750, 2360 cm™ (COO-
stretching in Carbonyl groups). These bands (the band at 3390 cm™ from stretching
vibrations of O-H and the band at 1750 cm™* from stretching vibrations of C=0) were clearly
appeared in FTIR patterns after the stabilization process of Fe® particles. Based on these
bands, the used polymers of CMC, PVP, PSM, and PAA were adsorbed on the surface of Fe®
particles through carbonyl and hydroxyl groups.

This was further illustrated in Fig. 3-6 by showing how polymers were attached with Fe®
nanoparticles. These findings were also confirmed by XRD and EDX analyses. Both XRD
and SEM confirmed the presence of carbon on the surface of Fe® as a results of stabilization
process. EDX confirmed the presence of carbon on the surface of Fe® as a weight percentage,
XRD confirmed the combination of carbon with Fe® through chemical bonds. And FTIR
showed the functional groups of carbon on the surface of Fe®, clarifying how the polymers
were bound to the Fe? surface. Liang et al. [51], used PVP to improve the mobility of Fe®
particles in porous media. They also discovered the adsorption mechanism of PVP on the

surface of Fe® through carbonyl groups.
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3.4. Nitrate and phosphorus removal mechanism

The removal pathways of nitrate by Fe? particles were illustrated in our previous research [9].
Monitoring the formed products during the removal of nitrate by Fe® could illustrate the
removal mechanism. During the removal of nitrate by Fe° three main products were
generated. Nitrite was found as the first formed product with a high concentration at the
beginning of the reaction. After that, in a side reaction, nitrite was converted to ammonia and
nitrogen gas as a final products of nitrate removal. Tracing nitrite proved the reduction
mechanism of nitrate by the released electrons from the core of Fe® particles. The removal

pathways of nitrate by Fe® were illustrated in the following chemical reactions.

4Fe® + NO3 + 10H" - 4Fe** + NH} + 3H,0 (1)
Fe® + NO3 + 2H" - Fe?t + H,0 + NO; (2)
3Fe® + NO; + 8H* - 3Fe?* + 2H,0 + NH} (3)
3Fe® + 2NO; + 8H* - 3Fe?t + 4H,0 + N, (4)

42



On the other hand, phosphorus removal pathways were also illustrated in the current and
previous research works [44, 52]. The removal pathways of phosphorus include two different
mechanisms. First, the direct adsorption of phosphorus on the oxy/hydroxide shell. The
formation of the hydroxide layer increases after the corrosion of Fe® to Fe?* and Fe3*. The

oxy/hydroxide layer offers a huge adsorption capacity for agueous phosphate species.

Second, with the released iron ions ( Fe?* & Fe3*) by the corrosion of FeP particles, phosphate
species bind with Fe?* and Fe3* and precipitate on the surface of Fe® particles, implying that
Co-precipitation mechanism was included during the removal of phosphorus from aqueous

solutions by Fe® particles as shown in Fig. 3-7.

Polymers contribute to improve the above mechanisms by shifting isoelectric point to acidic
medium to maintain positive surface charge of the Fe® particles which induces the
electrostatic attraction between Fe® particles and phosphate species. Polymers also contribute
to decrease the agglomeration of Fe® particles through steric and electrostatic stabilization to

increase the particle's surface for further removal of contaminants from water.

However, despite decreasing the particle aggregation using the polymeric stabilization
process, there is a possibility for blocking the reactive sites of Fe? particles using the polymers,
which affects the absorbability of the targeted contaminants. Therefore, the target of the
current research was to search on how to improve all mechanisms including adsorption,

reduction, and co-precipitation using polymeric stabilization process
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Fig.3-7. Shows the removal pathways of nitrate and phosphorus by Fe? particle

3.5. Reactivity of bare and stabilized Fe° particles
3.5.1. Evaluating the reactivity of Fe® stabilized by PAA

The performance of PAA in improving the removal efficiency of nitrate and phosphorus
byFe® was assessed. The synthesis of Fe® was implemented using various mass ratios (0.04—
0.40 % g/L) of PAA to Fe®. Results showed that when PAA was added from 0.04 to 0.12%,
the reactivity of Fe® particles towards both nitrate and phosphorus removal was improved.
However, anymore concentrations of PAA higher than 0.12% did not improve the reactivity,
which implies that the mass ratio of 0.12% was considered as the optimal mass concentration
of PAA for the stabilization of Fe°.

Fig. 3-8 a presents nitrate reduction efficiency by Fe® in the presence of different
concentrations of PAA. Nitrate reduction reached 99% by Fe® at the optimum concentration
of PAA with an uptake capacity of 237.6 mg/g. whereas, the reduction of nitrate was only
55.6% using the bare/Fe® with an uptake capacity of 133 mg/g. Obviously, PAA greatly

improved the reduction mechanism of nitrate by Fe® particles.
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Interestingly, PAA had the ability to improve phosphorus adsorption mechanism by Fe®
particles as shown in Fig.3-8 b. The removal efficiency of phosphorus reached 97% by Fe®
at the optimum concentration of PAA with an adsorption capacity of 133.6 mg/g. whilst, the
efficiency of phosphorus removal was only 76.3% using the bare/Fe® with an adsorption

capacity of 61.1 mg/g.

Evidently, PAA had the ability to improve both adsorption and reduction mechanisms of Fe®
particles. To the best of the authors' knowledge, the performance of PAA/Fe® indicated nitrate
uptake capacity higher than any other reported values in the literature using either bimetallic

or stabilized/Fe® as shown in Table 1.

Besides, PAA/Fe? showed higher phosphorus adsorption capacity than many reported values
in the literature as displayed in Table 2. It was reported that PAA increases the pore space of
the powdered nanoparticles, leading to improve uptake capacity of the contaminants through

the available pore volumes [53].

Moreover, the morphological structure of PAA/Fe® showed the particles dispersed with
lesser aggregation compared to the bare/Fe®. Therefore, the stabilization of Fe® with PAA

increased the surface area of Fe® particles to increase the contact with any targeted pollutants.
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Fig.3-8. Effect of PAA mass ratio on the reactivity of Fe® towards: (a) nitrate reduction, (b) phosphorus

adsorption. Reaction conditions; dosage: 1 g/L, pH: 7 + 0.2, reaction time: 2 h, mixing speed: 1000 rpm and at

25+1°C.
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Report Iron-based Uptake capacity References

# materials of NO3 mg/g

1 Ze/nzZVI 10 [54]

2 Resains/nZVI 20 [55]

3 Cooper/nZV1 49 [9]

4 Activated C/ZVI 85 [22]

5 Clays/nzVi 100 [18]

6 Optimized nZVI 133 In this research
7 CMC/nzVI 216 In this research
8 PSM/nzVI 233 In this research
9 PAA/NZVI 237.6 In this research
10 PVP/nZVI 238.9 In this research

Table 3-1: Nitrate uptake capacity by iron-based material based on several reports

Izeport er;?e_ﬁﬁ:d gcd;onr%/ign capacity References

1 Akaganeite 4 [56]

2 Synthetic goethite 7.9 [56]

3 Iron oxide tailing 6 [57]

4 Steel slag 5.3 [58]

6 NZVI 24.3 [59]

7 NZVI/CuCl; 50 [44]

8 Optimized nZVI 61 In this research
9 PSM/nzVI 60 In this research
10 CMC/nzVI 56.8 In this research
11 PVP/nZVI 58.4 In this research
12 PAA/NZVI 78 In this research

Table 3-2: Phosphorus uptake capacity by iron-based material based on several reports.
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3.5.2. Evaluating the reactivity of Festabilized with CMC

In this research, CMC was used as one of the anionic polymers to assess its role in improving
the reactivity of Fe? particles. Different mass ratios of CMC from the range of 0.04 to 0.40 %
were applied during the synthesis process of Fe® particles. Fig. 3-9 a displays nitrate reduction
by Fe® particles under different concentrations of CMC. The findings proved the
effectiveness of CMC in improving the nitrate reduction process. Among different mass
ratios of CMC, the percent of 0.12% was considered the best for achieving the highest nitrate
reduction. Nitrate reduction reached 70% by CMC/Fe at the optimum concentration of CMC
with an uptake capacity of 216 mg/g. besides, nitrate reduction by the bare/Fe® was only
55.6% with an uptake capacity of 133 mg/g. However, it was noted that the use of high mass
ratios of CMC to Fe higher than 0.12% largely deteriorated the removal efficiency of nitrate.
For instance, when using 20 and 40 % of CMC, the reactivity of nitrate removal dropped
down to be less than the bare/Fe°.

The removal rate of nitrate by CMC/Fe® was higher than several reported vales in the
literature using similar nanoparticles as shown in Tablel. On the other hand, the removal of
phosphorus was not improved using CMC. Fig. 3-9 b shows phosphorus adsorption by Fe°
particles at different concentrations of CMC. The bare/Fe® showed the highest adsorption
rate of phosphorus compared to the stabilized Fe® with different concentrations of CMC. The
maximum uptake capacity of phosphorus was 56.8 mg/g using CMC/Fe® at the best
conditions, while it was 61 mg/g using the bare/Fe®. As conclusion, CMC improved the
reduction mechanism of Fe® without improving the adsorption mechanism.

The stabilization of Fe® particles using CMC decreases the size to less than 10 nm by
preventing the particle aggregation through the electrostatic mechanism, which resulted in
improving the surface area of Fe for more nitrate reduction by the released electrons from
the core of Fe®. However, CMC adversely affects phosphorus adsorption, which could be
attributed to blocked reactive sites of FeO by CMC molecules, preventing phosphorus
adsorption. Additionally, the carboxylate groups of CMC bring a formal negative surface
charge, then the adsorption of the negatively charged ions such as phosphorus ions could be
obstructed [60]. Therefore, CMC/Fe® could be proposed only for the removal of the reducible

contaminates such as nitrate
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Fig.3-9. Effect of CMC mass ratio on the reactivity of Fe® towards: (a) nitrate reduction, (b) phosphorus
adsorption. Reaction conditions; dosage: 1 g/L, pH: 7 + 0.2, reaction time: 2 h, mixing speed: 1000 rpm and at
25+1
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3.5.3. Evaluating the reactivity of Fe? stabilized with PVP

The effect of PVP on the performance of Fe® particles was evaluated based on the removal
efficiency of nitrate and phosphorus. Various mass ratios of PVP ranged from 0.04 to 0.40 %
were used during the synthesis of Fe® to acquire the optimum concentration of PVP. Fig. 3-
10 a presents the removal of nitrate by Fe® under different concentrations of PVP. The results
showed that the reduction of nitrate considerably increased with increasing the mass ratio of
PVP up to 40% (PVP/Fe: 40%). Therefore, the mass ratio of 40% of PVP was considered as
the optimal mass ratio of PVP to Fe® to achieve the highest removal of nitrate. Nitrate
reduction by PVP/Fe® indicated the outstanding performance of PVP in improving the

reactivity of Fe® for nitrate reduction with an uptake capacity of nitrate above 238.9 mg/g.

Furthermore, PVP/Fe? displayed an uptake capacity of nitrate higher than any other reported
values in the literature as presented in Table 1. According to the results above, we could
conclude that the higher reactivity of PVP-Fe® was due to the role of PVP in preventing the
particle aggregation of Fe?, thus leading to offer a higher surface area for NOs reduction.
Additionally, PVP serves as an electron conductor, which results in enhanced electron
transfer from Fe® for further nitrate reduction. On the other hand, the removal of phosphorus
was not improved using the stabilized Fe® with PVP. As presented in Fig. 3-10 b, the removal
of phosphorus by the bare/Fe° remained higher than the stabilized PVP/Fe® even at different
stabilizing ratios. This could be attributed to the effect of PVP coating layer on the reactive

sites of Fe? particles, leading to prevent the contact with phosphorus.

The presence of stabilizers may reduce Fe® catalytic activity by blocking active sites. For
example, polyvinylpyrrolidone (PVP) is commonly used to stabilize the Fe® nanoparticles.
However, the carbonyl groups of PVP interact strongly with the Fe® surface, which could
block a significant number of active sites. It can be concluded that the use of PVVP was highly
recommended for the removal of reducible contaminants such as nitrate. In contrast, PVP
was not preferred for the absorbable contaminants such as phosphorus. Obviously, the
stabilization of Fe® with PVP enhanced the selectivity of Fe® particles towards nitrate

reduction. Therefore, PVP would be a proper choice for targeting one reducible contaminant.
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Fig.3-10. Effect of PVP mass ratio on the reactivity of Fe? towards: (a) nitrate reduction, (b) phosphorus
adsorption. Reaction conditions; dosage: 1 g/L, pH: 7 + 0.2, reaction time: 2 h, mixing speed: 1000 rpm and at
25+1
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3.5.4. Evaluating the reactivity of Fe? stabilized with PSM

In this research, PSM was used as an emulsifier to emulsify the Fe? particles and make them
as an oil droplet. The performance of the emulsified Fe® was evaluated based on the removal
efficiency of nitrate and phosphorus. Fig.3-11 a depicts the removal of nitrate by Fe® using
different mass ratios of PSM. Among different ratios of PSM, 0.12% exhibited the highest
reduction of nitrate. Therefore, 0.12% was determined as the optimal concentration of PSM
for preparing Fe® with high reactivity. Nitrate reduction improved largely by increasing the
PSM ratio up to 0.12%. However, high PSM concentrations more than the optimum percent
negatively affected nitrate reduction. The maximum nitrate uptake capacity of nitrate using
the bare/Fe® reached 133.6 mg NOs/g Fe®, whereas the maximum uptake capacity of nitrate
using PSM/Fe® at the optimum concentration of PSM to Fe° reached 233.04 mg NOs/g
PSM/Fe®,

The improvement of nitrate reduction could be attributed to the lower agglomeration of
PSM/Fe? particles as it was observed from the obtained TEM images. The separated particles
of Fe® after being emulsified with PSM resulted in increasing the reaction rate of nitrate
reduction due to the increased number of the released electrons from the core of Fe’.
Therefore, the emulsifier of PSM is highly recommended to be used for synthesizing
dispersed Fe? particles for efficient nitrate removal. on the other hand, the stabilization of Fe°
with PSM was not improved the removal of phosphorus as shown in Fig. 3-11 b. the reactivity
of bare/Fe° remained better for phosphorus removal than the emulsified Fe® at all stabilizing
ratios. It could be attributed to the hydrophobic oil-water film formed by the emulsifier on
the surface of Fe®. This film prevents the absorbable contaminants such as phosphorus to be
diffused through the film, decreasing the contact with the Fe® surface. To sum up, PAA was
the best polymer among the others for the simultaneous removal of nitrate and phosphorus
with an excellent removal efficiency for both.

In comparison, the reduction of nitrate by the used types of Fe? in this study follows the order
of PVP/Fe (238.9 mg/g) > PAA/Fe? (237.6 mg/g) > PSM/Fe® (233 mg/g) > CMC/Fe® (216
mg/g) > bare/Fe® (133 mg/g). For phosphorus removal, the effectiveness of the used polymers
follows the following order: PAA/Fe® (78 mg/g) > bare/Fe® (61 mg/g) > PSM/Fe® (60 mg/g)
> PVP/Fe® (58.4 mg/g) > CMC/Fe® (56.8 mg/g)
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Fig.3-11. Effect of PSM mass ratio on the reactivity of Fe® towards: (a) nitrate reduction, (b) phosphorus

adsorption. Reaction conditions; dosage: 1 g/L, pH: 7 + 0.2, reaction time: 2 h, mixing speed: 1000 rpm and at

25+1°C
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3.6. Effect of pH

The results of pH experiments using either bare or stabilized/Fe° confirmed the sensitivity of
FeO performance to pH values. Fig. 3-12 shows the removal of nitrate using the bare and
stabilized types of Fe? at different pH values with the time. In all cases, either using bare or
stabilized FeO, the nitrate reduction process favors acidic and neutral media. Therefore,
compared to alkaline medium, acidic medium offers a greater nitrate reduction due to the
following reasons; 1) it is commonly known that the oxide hydroxide shell layer of Fe® affects
the reduction of nitrate by obstructing electrons motion from the core of Fe°, therefore, low
solution pH dissolves the oxide layer and clears the surface of Fe® which could allow to
release further electrons for nitrate reduction. 2) at low pH value the concentration of proton
in the medium is higher than at high pH, these protons participate in nitrate removal according
to the following equations [61].

NO;5 + Fe® + 2H* — Fe?" + NOs + H:0 (5)
NO;5 + 4H>* 2H' — NHi + 3H.0 (6)

Interestingly, both PAA and PVP showed a high reduction of nitrate in the neutral and
alkaline media as presented in Fig. 3-14 a. Therefore, PAA/Fe® and PVP/Fe® were suggested
to treat nitrate, and all reducible contaminates from water at a wide range of pH (acidic,
neutral, and alkaline). Similarly, the results illustrated the higher performance of phosphorus
removal in the acidic medium compared to other media. Fig.3-13 shows the removal of
phosphorus using the bare and stabilized types of Fe® with the time at different pH values. At
all cases, either using bare or stabilized Fe°, phosphorus removal favors the acidic pH. It
should be mentioned that the improved reactivity towards phosphorus removal at acidic pH
using all types of Fe® is attributed to the surface charge state of Fe®. The pH value of point of
zero charges (isoelectric point, IEP) of Fe? is determined around 8.1 [62]. Therefore, when
pH is lower than the IEP, the particles will be positively charged, which enhances the
electrostatic attraction with anionic contaminants such as PO;~. In contrast, when the
solution pH is higher than the IEP, both adsorbent and adsorbate become negatively charged,
leading to cause an electric repulsion between them. Therefore, PAA was the best polymer
among the other used polymers for stabilizing Fe® for phosphorus removal at a wide range of

pH value
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Fig.3-12. Nitrate removal under different pH using a) bare/Fe®, b)PAA/Fe°, ¢c) CMC/Fe®, d) PVP/Fe®, and €)
PSM/Fe®. Reaction conditions; dosage: 1 g/L, pH: 7 + 0.2, reaction time: 2 h, mixing speed: 1000 rpm and at
25+ 1°C.
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3.7. Effect of initial contaminants concentrations

Equilibrium studies were conducted to discover the effect of initial nitrate and phosphorus
concentrations on the process of adsorption onto Fe® and the stabilized Fe®. Fig. 3-15 and 3-
16 show the removal of nitrate and phosphorus with time at different initial concentrations
by the bare and the stabilized types of FeC. At all cases, the adsorption capacities increased

by increasing the initial concentrations of nitrate and phosphorus.

Fig. 3-17 a shows the relationship between equilibrium adsorption capacities of Fe® and
stabilized Fe® for nitrate and concentrations of nitrate in aqueous solutions at
equilibrium. The results indicated further removal of nitrate at high concentrations. This
could be attributed to the availability of nitrate at high concentration which could increase
the interaction between the adsorbent and the adsorbate.

Interestingly, PAA/Fe® had the highest uptake capacity of nitrate at all initial concentrations.
Also, PAA/Fe® showed the highest adsorption capacity of phosphorus at different initial
concentrations. Therefore, and to elucidate more, two adsorption isotherm models Langmuir
and Freundlich were used to understanded the uptake mechanism of nitrate and phosphorous.
The calculated parameters of these models, including maximum adsorption capacities (gs),
were obtained. As shown in Fig. 3-18 and 3-19, the results of nitrate and phosphorus removal
were fit more with Langmuir model using the bare Fe?, indicating that monolayer adsorption

layer was the dominant removal mechanism of nitrate and phosphorus.

On the other hand, the results of nitrate and phosphorus removal were more fit to Freundlich
model, indicating the heterogeneous surface of Fe® and multilayer adsorption occurred on its
surface after being stabilized with PAA. This could illustrate how the stabilization of Fe° by

PAA improved the uptake capacity of phosphorus and nitrate.
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Fig.3-15. Nitrate removal at different initial concentrations using a) bare/Fe’, b)PAA/Fe®, ¢)PVP/Fe’, d)

0

CMC/Fe®, and €) PSM/Fe’. Reaction conditions; dosage: 1 g/L, pH: 7 + 0.2, reaction time: 3 h, mixing speed
1000 rpm and at 25 + 1 °C.
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Fig.3-17. Shows the final uptake capacity of nitrate and phosphorus (after a reaction of 3 hr.) by the bare and

stabilized types of Fe particles at different initial concentrations of nitrate and phosphoru
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3.8. Isotherm study
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Fig.3-18. Shows the adsorption capacity of experimental data, Langmuir and Freundlich isotherm models for

nitrate removal using a) bare/Fe°, and b) PAA/Fe°
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Fig.3-19. Shows the adsorption capacity of experimental data, Langmuir and Freundlich isotherm models for

phosphorus removal using a) bare/Fe®, and b) PAA/Fe°
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3.9. Reaction kinetics

In this study, four different models were used to find out the best applicable model and to
describe the reaction kinetic rate of nitrate and phosphors removal using bare and PAA-nZVI.
PAA-nZVI was selected among the other species of the stabilized nZVI for kinetic
investigations due to its superior performance of nitrate and phosphorus removal. Four
different models were applied including first-order, second-order, elovich and intra-particle
diffusion. These models are usually used to describe the catalytic and non-catalytic reaction
and the removal kinetics of nitrate and phosphorus from water [32, 33]. The applied model's

equations were used as follows:

First-order equation: % = —KC, (7
and its liner form: C = C;e™*¢, (8)
second-order equation: % = —K,C? 9)
and its liner form: % =k,t + %, (10)
Elovich equation:q; = In(o 8) + ln% (11)
Intera-particle eq: g, = Kgippt** + C (12)
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where C is the concentration of phosphorus or nitrate at time t, C; is initial concentration of
nitrate or phosphorus. K, Ki, K» are the reaction rate constant. q; is the maximum uptake
capacity of nitrate or phosphorus at time t, a is the initial sorption rate of elovich, B is the

adsorption constant and Kgisrrepresents the intera-particle diffusion rate.

Table 3 documents the results of the applied models on the experimentally investigated

results of nitrate removal.

The results showed that the used model’s equations were competing in describing the
reduction kinetic of nitrate. However, if the average values of R? are higher than 0.9 means

that the experiments profiles do match the rate equation.

When it comes to the loaded ratio of PAA, nitrate reduction followed elovich, first order and
intera-particle diffusion as the average values of R? are 0.96, 0.94 and 0.93, respectively,
implying elovich was the fittest model for nitrate reduction by nZVI in the presence of PAA.

Based on elovich and first-order models, the reaction kinetic of nitrate removal increased by
increasing the loaded ratio of PAA which is in good agreement with experiment’s profiles.
However, these models were failed to describe nitrate removal at high initial concentrations
and at high pH values and elovich remained the fittest rate equation among the others to
describe the removal of nitrate at different conditions.

Table 4 documents the results of the applied models on the experimentally investigated

results of phosphorus removal.

The average value of R? of first-order, second order, elovich and intera-particle diffusion
models were 0.93, 0.89, 0.94 and 0.9, respectively, implying elovich was the fittest model of
phosphorus removal at different conditions.

The kinetic results of first order and elovich models do match the experiment’s profiles,

confirming the higher reaction rates in the presence of PAA and at low p
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Table 3-3: Implementation of first, second order, elovich and intera-particle diffusion kinetic rate equations on the investigated experiential data of nitrate
removal under different conditions

Experiment PAA:Fe®  Initial Initial  First- K Second K Elovich beta alpha Intera-  Kaiss
NO. (wt/wt) nitrate pH order  1/min -order  1/min? (R?) (9/mg) (mg/g/min) particle  1/seqrt(min)
Conc. (R?) (R?) (R?)
1 0 300 7 0.98 0.0068 0.99 4.00E-0 0.97 0.018354 8.247 0.98 15.05
2 0.008 300 7 0.9 0.0087 0.83 6.00E-0 0.93 0.033591 6.2071 0.84 7.469
3 0.016 300 7 091 0.0158 0.94 0.0002 0.99 0.05291  9.547 0.95 5.07
4 0.024 300 7 0.98 0.0387 0.81 0.0037 0.97 0.02629  1.2268 0.91 10.11
5 0.04 300 7 097 0.0367 0.8 0.003 0.98 0.027898 6.769 0.97 9.738
6 0.08 300 7 0.96 0.0537 0.81 0.0028 0.96 0.03183  4.817 0.99 8.753
7 0.024 300 3 0.9 0.0958 0.99 0.0038 0.85 0.14294  2.423 0.74 1.792
8 0.024 300 6.5 0.9 0.0363 0.92 0.0029 0.9 0.04254  1.2759 0.85 6.2514
9 0.024 300 9 0.71  0.0206 0.91 0.0005 0.85 0.0545 1.53721 0.82 4.9394
10 0.024 300 12 0.56  0.0089 0.69 7.00E-0  0.92 0.0605 1.11037 0.84 4.3124
11 0.024 100 7 0.75 0.8 0.99 0.0324 0.62 0.99458  6.7368 0.39 3.9828
12 0.024 500 7 0.65 0.0083 0.7 2.00E-0 0.92 0.028646 2.29389 0.84 17.065
13 0.024 700 7 0.58 0.0059 0.64 1.00E-0 0.9 0.020603  7.9206 0.88 21.936
14 0.024 1000 7 0.52 0.0057 0.56 8.00E-0 0.88 0.02763  3.33239 0.7 21.876
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Table 3-4: Implementation of first, second order, elovich and intera-particle diffusion kinetic rate equations on the investigated experiential data of
phosphorus removal under different conditions

Experiment PAA:Fe® Initial Initial  First- K Second K Elovich beta alpha Intera- Kt
NO. (wt/wt) Phosphor pH order  1/min -order  1/min? (R?) (9/mg) (mg/g/min) particle  1/seqrt(min)
us. conc. (R?) (R?) (R?)
1 0 300 7 0.8 0.0108 0.93 3.00E-0 0.97 0.08275 922.18 0.92 3.2231
2 0.008 300 7 0.86 0.0139 0.99 0.0004  0.99 0.07539 1226.08 0.94 3.5495
3 0.016 300 7 0.99 0.0313 0.85 0.004 0.99 0.05611 0.02926 0.96 4.8074
4 0.024 300 7 0.98 0.0322 0.87 0.0046  0.97 0.06879 473576.4 0.92 3.8609
5 0.04 300 7 0.99 0.0312 0.85 0.0038  0.97 0.05155 6.24293 0.91 5.135
6 0.08 300 7 0.99 0.0301 0.84 0.0033  0.99 0.05094 4.42888 0.96 5.2874
7 0.024 300 3 0.97 0.0989 0.65 0.076 0.7 0.2727  7.83759 0.56 0.9019
8 0.024 300 6.5 0.96 0.0277 0.83 0.004 0.97 0.05507 0.001797 0.97 4.9864
9 0.024 300 9 0.85 0.0103 0.97 0.0002  0.93 0.07541 2.60229 0.98 3.7335
10 0.024 300 12 0.86 0.0037 0.95 4.00E-0 0.89 0.12948 1.94039 0.96 2.2002
11 0.024 100 7 0.97 0.0502 0.9 0.0035  0.96 0.12629 778.37 0.8 3.0841
12 0.024 500 7 0.97 0.0124 0.99 5.00E-0 0.96 0.01919 3.9724 0.97 17.3
13 0.024 700 7 0.97 0.0095 0.98 2.00E-0 0.94 0.01161 2.57466 0.93 26.23
14 0.024 1000 7 0.96 0.007 0.97 8.00E-0 0.97 0.01217 7.59268 0.91 26.96
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3.10. Conclusions

In this chapter, Fe® was synthesized to decontaminate nitrate and phosphorus from water. The
Fe® particles were synthesized through chemical reduction of iron ions using sodium
borohydride as strong reductant. Additionally, to overcome the particle aggregation, four
different polymers were used to stabilized Fe® particles during the synthesis process. Via
analysis and characterization, the obtained Fe® had a necklace-like structure with completely
aggregated particles. The stabilization of Fe® with the used polymers broke down necklace-
like structure and showed the particles smaller and dispersed. CMC was the most efficient
polymer for producing small particle size lower than 10 nm. For example, CMC/Fe® exhibited
the smaller size (10 nm), followed by bare/Fe® (65.4 nm), PAA/Fe® (106.4 nm) and PVP/Fe°
(108.8 nm).

The synthesized Fe particles were characterized before and after the stabilization process
with the used polymers. TEM results confirmed that the aggregation of Fe® can be prevented
by the used polymers through steric and electrostatic repulsion mechanisms. XRD and EDX
confirmed the adsorption of the polymers on the surface of Fe®. In addition, FTIR analysis
confirmed the adsorption of polymers on the surface of Fe? through carbonyl and hydroxyl
groups.

Concerning the effect on nitrate removal, all the used polymer in this research enhanced
nitrate removal as follows in the following order; PVP/Fe® (238.9 mg/g) > PAA/Fe® (237.6
mg/g) > PSM/Fe® (233 mg/g) > CMC/Fe® (216 mg/g) > bare/Fe® (133 mg/g). Concerning
phosphorus adsorption, the removal of phosphorus was improved only by using PAA/Fe®,
following the order of PAA/Fe® (78 mg/g) > bare/Fe® (61 mg/g) > PSM/Fe® (60 mg/g) >
PVP/Fe® (58.4 mg/g) > CMC/Fe® (56.8 mg/g). The results of this research suggested PVP/Fe®
as the best stabilized type of iron for efficient removal of nitrate, but at the same time it was
not preferred for phosphorus removal. The stabilized PAA/Fe® was the most efficient
stabilized iron type over the rest for simultaneous removal of nitrate and phosphorus with

excellent removal rate at a wide range of pH
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Application of coated/Fe® for energy (methane) generation

Chapter 4: Application of coated/Fe° for biogas and
methane production

This chapter presents a literature survey on renewable energy generation, anaerobic digestion
process, and the scenarios used to improve methane production. Also, presents a new
technique used in this research to increase the production rate of methane gas. The new
approach includes the use of Fe® coated with Mg(OH), as an additive to improve the
anaerobic digestion process of waste sludge. The experiments were performed in a batch
mode and then scaled up to a semi-continuous system. The results of these experiments were

explained, compared to that of Fe?, and the previously reported in the literature.

4.1. Introduction

Anaerobic digestion (AD) of waste sludge has been widely used for methane production over
the past decades. Although, the low conversion efficiency of organic matter to energy limits
its further application as a renewable and dependable source of energy. Indeed, due to the
exacerbation of environmental problems caused by the extensive use of unclean sources of
non-renewable energy, the need has emerged to develop alternative and clean sources of
energy.

Methane generation is considered as one of the clean sources of energy generated from the
degradation of organic matter existed in the waste sludge. Due to its high production rate,
high content of organic matter, and high disposal cost, the waste sludge is considered a
suitable feedstock for the anaerobic digestion process.

The anaerobic digestion of waste sludge not only serves as a disposal and treatment method
but also provides a considerable amount of methane [63]. For this reason, the concerns on
how to improve the AD process have increased over the last two decades.

Therefore, numerous studies have been conducted to overcome the limitation of methane
generation and increase its production rate. Generally, three main techniques have been

applied in the literature to maximize methane production of waste sludge.
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The pretreatment of waste sludge has proved as an efficient way to improve methane
production rate. However, the high energy required for the pretreatment process is too high
to be recompensed by the additional methane production making this approach unfeasible for
the practical applications [64].

Co-digestion is another effective way to improve the production of methane. But, the
increased rate of methane by applying this way comes from the co-digester, not from the
efficient degradation of waste sludge [65]. For the above reasons, dosing external additives
such as trace metal oxides and zero-valent metals have been used to increase methane
production rate by increasing the degradation efficiency of organic matter of the waste sludge
itself [66]. This option seems to be the most applicable for the AD process due to the availably
and affordability of the trace additives and their crucial role in improving methane generation.
Therefore, numerous studies have been conducted on the enhancement of methane generation
using different additives.

It was previously reported that the metal oxides and zero-valent nanoparticles were the most
used additives in AD [67]. Recently, CuO [11], ZnO [12], TiO2, SiO2, Al>O3 [13], and CeO:
[14], and Fe3O4 [15] have been used in the AD. Results showed that the effect of metal oxides
on the performance of AD has varied where CuO, ZnO harmed the AD in which methane
production decreased by 15 % using 1.4 mg/L of CuO and 18 % using 120 mg/L of ZnO.
The reduction of methane production was attributed to the negative effect of CuO and ZnO
on hydrogentrophic and acetoclastic methanogenesis.

On the other hand, methane production was not affected by the addition of TiO2, SiO; and
Al>Os3 at varied dosages of 6, 30 and 150 mg/g TSS. In contrast to these results, Garcia et al.
[68] studied the effect of TiO2 and found 11 % increase in methane production compared to
the control reactor. Also, Casals et al. [15], used iron oxides (Fe3O4, 7 nm) with a dose of 100
ppm to be slowly dissolved for supplying the living microorganism with the needed iron ions
without causing any adverse effect.

The results showed that Fe3O4 greatly enhanced biogas and methane production by 180 %
and 234 %, respectively. However, Strella et al. [69], investigated the effect of iron oxide
(Fe203, 10-100 nm) with a dose of 1500 mg/L. The results showed the negative effect of
Fe;O3 on the methanogens activities and this in disagreement with the results of FesO4

obtained by Casals.
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Considering the above results of iron oxides (Fe2O3 and Fe3Os), iron oxide should be added
with low dosages or with the optimal dosage to avoid any negative effect on anaerobes.
Generally, most of metal oxides were not preferred or had no significant effect in enhancing
methane production. Besides the metal oxides, zero valent nanoparticles such as Fe’, Cu® and
Ag® have been widely applied in the AD [67]. Obviously, zero valent iron was one of the
most used zero valent nanoparticles in the AD [70].

The extensive application of zero-valent iron is ascribed to the following reasons:

First, the reduction/oxidation cycle of Fe?" and Fe’" could speed up the electron flow
generated from the oxidation of acetate to hydrogenotrophic methanogenesis, proving its role
in improving the methane production mechanism.

Second, the ability of Fe” to act as an electron donor makes it a suitable additive for the AD
process [71, 72]. Along with the immediate release of electrons from the core of zero-valent
iron, zero-valent iron oxidizes in the anoxic conditions, leading to produce H> to serve as an

electron source to accelerate the conversion of CO2 to CH4 as presented in the following

equations.
Fel +2H" -» Fe?' + H, (1)
CO2+4H; -» CH4 + 2H20 (2)

Third, it has been proved that the addition of Fe’ in the AD reactors plays as a buffering
substance for maintaining the pH value within the optimal range thereby, increasing the
alkalinity to improve the AD process as described in the following equations [67, 73].

4Fe’ + 8H" + CO; ~» 4Fe*" + CH4 + 2H,0 3)
Fe’ + 2H,0 -» Fe** + Hy+ 20H" 4)

Fourth, iron is well known as an essential nutrient that stimulates the microbial activates and
supports their metabolisms during the AD process [66]. For the above reasons, Fe’ is a more

attractive candidate for the AD process.
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Several studies investigated the influence of micro and nano Fe® on the AD process. Su et al.
[74], used 0.1 wt % of Fe’ during the AD of waste activated sludge which lasted for 17 days.
Their results showed the positive effect of Fe® on the AD process, where biogas and methane
improved by 30.4 % and 40.4%, respectively. However, several studies have shown that the
use of Fe’ in the AD reactors harmed methanogens and methane production. Yang et al. [75],
investigated the effect of Fe® (5511 nm) on methanogens and their results have shown a
decrease of 20 % and more in methane production at a dose of 1 mM and above. It was
attributed to the fast hydrogen production and released iron ions due to the rapid corrosion
of Fe’. For this reason, several studies have used a second metal to be doped on the surface
of Fe® to reduce the dissolution rate of Fe’ and slowly supply the microorganism with the

required iron ions.

For instance, Amen et al. [76], investigated the effect of Cu/Fe’ nanoparticles on biogas and
methane production. Their results showed that Cu doping on the surface of Fe’ greatly
improved biogas and methane production. Despite the extensive application of nanomaterials
in AD, the use of Mg/Fe” nanoparticles have not been reported yet, highlighting the novelty
of the present study. Therefore, the objective of the present study was to investigate the effect
of Fe’ coated with Mg(OH), shell ( Mg/Fe® coating ratios: 0.05, 0.5, and 1) on biogas and

methane production.
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4.2. Batch experiments

Batch experiments were conducted to investigate the effect of Fe® and Fe® coated with
Mg(OH). on methane production through an anaerobic digestion process of waste sludge.
All factors that affect the operation process of anaerobic digestion, including the coating ratio
of Mg(OH), to Fe®, Mg/Fe® dosage, Mg/Fe® dosing time, pH, and bacterial growth, were
investigated using batch experiment mode.

The detailed operation conditions of the batch experiments were presented in chapter 2,
section 2.6.2. After that, a semi-continuous system was operated for long-term investigation
and to simulate the real application of the anaerobic digesters in the presence of Mg/Fe°
nanoparticles. The detailed operation conditions of the semi-continuous system were

presented in chapter 2, section 2.6.3.
4.3. Characterization of bare and coated Fe°
4.3.1. Morphological structure of bare and coated/Fe’ nanoparticles

The surface structure of Fe’ before and after coating with Mg(OH): shell was illustrated in
Fig. 4-1. It was clear that the bare Fe’ nanoparticles appeared aggregated with a chain-like
structure of the spherical particles as shown in Fig. 4-1a. Correspondingly, the coated Fe’
particles with a coating ration of 0.05 appeared with less aggregation than the bare Fe®
particles. The Mg(OH); shell appeared around the particles. But still, the coating ratio of 0.05
was not enough to produce completely separated particles with covering the whole surface
of Fe? to control and preserve the reactivity.

Additionally, the Mg(OH). coating ratio of 0.5 showed the particles separated with a
remarkable coating layer on the surface of Fe” as shown in Fig. 4-1c. The image confirmed
that the coating ratio of 0.5 was enough to coat the particles to organize and slow the
corrosion reaction of Fe’. Increasing the coating ratio of Mg(OH): up to 1 resulted in forming
a thick layer around the Fe particles as shown in Fig. 4-1d. Therefore, among different
coating ratios of Mg(OH): shell to Fe®, the ratio of 0.5 was considered the best coating ratio
to produce separated and coated particles with a reasonable coating layer. Moreover, the ratio
of 0.5 was the best in terms of showing a high performance of Mg Fe nanoparticles in the

anaerobic digestion reactors for high methane production rate.
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Fig. 4-1. TEM images of a) bare-Fe?, b), ¢) and d) coated Fe® with Mg (OH), shell with different coating
ratios [Mg/Fe®]%%, [Mg/Fe’]% 3, [Mg/Fe’]', respectively.

4.3.2. Surface composition of bare and coated Fe” nanoparticles

XRD analysis was conducted to examine the crystallinity and surface composition of the
prepared Fe’ and Mg/Fe® nanoparticles. X-ray diffractogram of Fe’ showed the formation of
Fe? with its major peaks at 20 of 35.5°, 44.8°(sharp), and 82.16°. Also, X-ray diffractogram
of Mg(OH), (which synthesized to coat the Fe’ particles) confirmed the formation of
Mg(OH), with its major peck at 20 of 38°. Three different coating ratios of Mg(OH), were
used to coat the Fe® particles and their X-ray diffractograms are shown in Fig. 4-2 as well. At
a coating ratio of 0.05 %, the XRD pattern was identical to the bare/Fe” pattern with a slight
decrease in the main peck of Fe® at 20 of 44.8°.

Moreover, Mg(OH), or MgO peaks were not observed at a coating ratio of 0.05 % implied
that the coating ratio of 0.05 % of Mg(OH), was not enough to cover the surface of Fe’
particles.
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Correspondingly, the XRD pattern at a coating ratio of 0.5 % showed many peaks refer to the

presence of Mg(OH), and MgO, and Mg(Fe*"),0a, confirming the formation of Mg(OH),

shell on the surface of Fe’ particles as observed by the TEM image. Increasing the coating

ratio to 1% resulted in increasing the peaks of Mg and Mg(OH), with obtaining a pattern like

the Mg(OH); pattern.
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Fig. 4-2. XRD patterns of Fe’, Mg(OH)., and coated-Fe® [Mg/Fe?]%%; [Mg/Fe’]%S; [Mg/Fe?]
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The surface composition of Fe® and the coated/Fe” was also examined by energy dispersive
X-ray analysis (EDX) coupled with TEM. The EDX spectrum of bare-Fe’ showed the
presence of iron as the main component on the particle’s surface. Also, the elemental mapping
analysis of the bare/Fe’ showed an extreme distribution of the metallic iron in the

transmission electron micrograph image.

Besides, EDX of the coated-Fe® with magnesium at different coating ratios of 0.05, 0.5 and
1% was investigated. The EDX spectrum of the coated-Fe at a coating ratio of 0.05
(Mg/Fe®:0.05) did not show Mg in the EDX spectrum nor mapping analysis, indicating that
the ratio of 0.05 was not enough to accomplish the coating process of Fe’. In contrast, the
EDX spectrum at a coating ratio of 0.5 (Mg/Fe®:0.5) showed a broad peak of Mg at
approximately 2.2 keV, confirming the adsorption of Mg nanoparticles on the surface of Fe.
Moreover, the Elemental mapping analysis of the coated-Fe’ (Mg/Fe®:0.5) showed the
distribution of Mg nanoparticles in the transmission electron micrograph image as shown in

Fig. 4-3b.

The EDX spectrum of the coated-Fe’ at a coating ratio of 1 (Mg/Fe’: 1) exhibited a higher
Mg peck compared to other low coating ratios and the elemental mapping analysis showed
an extreme distribution of Mg nanoparticles on the surface of Fe’ particles. Hence, the EDX
was quantitatively representative, and the results showed a good correlation with the variation

in three different coating ratios.

77



Application of coated/Fe® for energy (methane) generation

i —

7500
Element | Weight %
& 6000
o Fek 100
L 4500
>
3000 Fe
=]
[
— 1500 Fe Fe
0
0 2 4 6 8 10

Energy (KeV) (a)

78



Application of coated/Fe® for energy (methane) generation

Element | Weight %
~ 2000
g Mg K 0.75
~— 1500 oK 0.51
2 Fe
K] FK 98.74
£ 1000
=
500 Fe
O Mg Fe
o Al LA
0 2 4 6 8 10

Energy (KeV) (b)

15000
Element | Weight %
12500 | | v
& 10000 || oK 48.44
O
NS FK 72.74
> 7500
g 5000
= 2500 Fe
O Mg A Fe
0 A
0 2 4 6 8 10
Energy (KeV) (C)

Fig. 4-3. TEM-EDX analysis of (a) bare-Fe?; (b) coated-Fe® [Mg/Fe]%3; (¢) coated-Fe® [Mg/Fe]'.
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4.4, Effect of Fe® on biogas and methane generation

To investigate the effect of Fe’ nanoparticles on biogas and methane production, experiments
were conducted using different dosages of Fe’ varied between 3 to 139 mg/g VS. The results
shown in Fig.4-4 showed the slight effect of Fe nanoparticles on both biogas and methane
production. According to the findings shown in Fig.4-4 b, methane generation was slightly
increased from 255.4 to 257.5 mL/gVS when the dosage of Fe® raised from 3 to 14 mg/g VS.
But, when the dosage of Fe’ increased from 14 to 139 mg/g VS, methane production was
adversely affected. These results were based on experiments performed three times to detect
the effect of Fe” nanoparticles on methane generation. However, all tests confirmed the weak-
positive effect of Fe® nanoparticles at low concentrations and the negative effect at high

concentrations.

In the literature, trace elements including iron, nickel, and cobalt were used as an additive to
improve the performance of anaerobic reactors. As discussed in the introduction section, Fe’
is one of the most efficient elements that can serve as a nutrient and electron donor to enhance
the efficiency of the anaerobic reactors. However, Fe® nanoparticles used in this study had no
effect or negative effect (at dosages higher than 14 mg/g VS) on methane production. It was
reported that, with high dosages, Fe® nanoparticles inactivate bacterial growth rate, especially
during the log and lag phases [77]. Several inactivation mechanisms have been proposed,
including cell membrane/wall disruption, cell structure damage, and cell function

interference [78].

Bacterial inactivation by Fe® nanoparticles is higher under anaerobic or semi-anaerobic
conditions compared to aerobic conditions, which could increase the adverse effect of Fe® on
the anaerobic digestion process [79]. Besides that, Fe’ with small particle size is highly
reactive and releases H> within a short time, which could cause a significant H> shock to AD
as described in eq. 4. [80]. In addition, the accumulation of iron ions (Fe** and Fe*") released

by the rapid corrosion reaction of Fe” may affect methanogens activities.
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Therefore, the modification of Fe’ nanoparticles has become necessary to slowly provide the
microorganisms with the needed iron ions and utilize the tremendous benefits of Fe’ in
improving the AD process, which synthesized based on the optimized synthesis conditions
in our previous research [30]. To do that, Fe® particles were coated using Mg(OH): following
the thermal deposition method. Mg(OH). was deposited on the surface of Fe’ particles to
overcome the drawbacks of Fe® particles and make them suitable for stimulating the

anaerobic digestion process.
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Fig.4-4. Effect of Fe® dosages on biogas and methane production after 45 days of fermentation
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4.5. Effect of Mg(OH)2 on biogas and methane generation

Mg(OH),, which was used for Fe’ coating, was also applied in the anerobic digesters to figure
out its role in accelerating methane production. Mg(OH), nanoparticles were added into
anaerobic digesters with various dosages ranged between 3 to 140 mg/gVS. Results showed
that the addition of Mg(OH), nanoparticles did not contribute in improving biogas production
as displayed in Fig. 4-5.

For methane gas production the addition of Mg(OH)> nanoparticles
contributed a little in enhancing methane production. As shown in Fig. 4-5 b, methane
production was enhanced by 13 % with respect to control at a dose of 140 mg of

Mg(OH)/gVS.

Noticeably, the addition of Fe and Mg(OH): separately in the anaerobic digesters did not
contribute significantly to improve methane production. However, when the Fe’
nanoparticles were coated with Mg(OH), and added into anaerobic digesters, a considerable
increase in biogas and methane production was noticed as shown in section 4.6.

The reason behind this increment was due to the synergistic effect of Mg(OH); shell and Fe°

as discussed in section 4.6.
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Fig.4-5. Effect of Mg?* dosages on biogas and methane production over 45 days of fermentation
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4.6. Effect of coated/Fe® on methane production; coating ratios and dosages

The Fe® nanoparticles were coated with Mg(OH): shell to overcome the limitations of
applying Fe’ in the anaerobic digesters. In this regard, the particles coated with three different
coating ratios (0.05, 0.5, and 100), and each investigated at various dosages (5 - 250 mg/g
VS) to demonstrate the optimum coating ratio of Fe to Mg and acquiring the optimum dosage
to be added in bioreactors. Fig.4-6a and Fig.4-7a show cumulative biogas and methane
production over 55 days of fermentation, respectively, with adding various dosages of
Mg/Fe® nanoparticles synthesized at a low coating ratio of 5% (Mg/Fe®:0.05). The effect of
Mg/Fe®:0.05 nanoparticles on biogas and methane production was similar to that effect
obtained by bare-Fe’, indicating that the low coating ratio of 5% of Mg(OH), was not enough
to control and slow the reaction kinetic of Fe’ in the anaerobic digesters. On the other hand,
Mg/Fe’:0.5 nanoparticles synthesized at a coating ratio of 50 % showed a great performance
in improving the production rate of biogas and methane as shown in Fig.4-6 b and Fig.4-7 b,

respectively.

Concerning dosage effect, when Mg/Fe?:0.5 nanoparticles were dosed from 5 to 25 mg/gVs$,
biogas production gradually increased, and any more dosages more than 25 mg/gVS did not
improve biogas/methane production. These results indicated that 25 mg/gVS of Mg/Fe:0.5
was the optimal dosage for increasing biogas and methane production. The cumulative biogas
yield enhanced by 6.3, 11.1, and 25.5 % at 5, 10 and 25 mg/gVS of Mg/Fe:0.5 nanoparticles,
respectively. Also, the cumulative methane yield enhanced by 10.9, 19.2, and 46.6% at 5, 10,
and 25 mg/gVS of Mg/Fe?:0.5 nanoparticles, respectively. It should be noted that at a dose
of 5 mg/gVS, methane improvement began from the first days of the experiment, while at 10
and 25 mg/gVS, a noticeable lag period of around 10 and 18 days was observed, respectively.
Despite the observed lag phase at a dose of 25 mg/gVS, methane production reached the
highest level at the end of the AD compared to all other cases. To avoid any lag phases and
increase the kinetic rate of methane production from the first days of AD, particle dosing time
factor was well studied and addressed in the next section. Besides that, Mg/Fe’:1
nanoparticles with a high coating ratio of 100% were investigated and exhibited less

performance in improving biogas and methane production
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compared to the coating ratio of 50%. The results indicated that biogas and methane
production enhanced by 9 and 17.9 with adding 28 mg/gVS of Mg/Fe’:1 as presented in
Fig.4-6¢ and Fig.4-7c, respectively. Anymore doses higher than 28 mg/gVS of Mg/Fe’:1
resulted in deteriorating biogas and methane generation. Overall, Mg/Fe® prepared at a
coating ratio of 50 % had the highest methane content, up to 46.6%, compared to other
coating ratios of 5% and 100%.

The improvement of methane production was attributed to the role of Mg(OH)> coating layer
in controlling and slowing the corrosion reaction of Fe’. The reasons behind this

improvement can be summarized in the following points:

First, H» is necessary for CO; conversion during methanogens process as shown in eq. 2.
[81], and the released H: from iron corrosion reaction might promote hydrogenotrophic

methanogenesis and homoacetogenesis bacteria [82].

However, the rapid corrosion of Fe® could affect the accumulation of Ha, which will adversely
affect the AD process [80]. Therefore, Coating of Fe® slowed the evolution rate of H, as
described in eq. 4. Doing so, H> was slowly supplied in the bioreactors and methanogenesis
activities were promoted. Second, the released electrons by the corrosion reaction of Fe’ are
necessary for methanogens to generate methane and reduce the protons to H» (Eq. 1), which

is subsequently utilized for CO; conversion (Eq. 2).

However, a moderate release of electrons is necessary to avoid the reductive decomposition
of the cell membrane [80]. Additionally, during the AD, the high iron’s corrosion leads to the
high electron’s accumulation, which will further affect the electron’s flow resulting from the
oxidation of acetate. Therefore, the coating process of Fe’ nanoparticles leads to mitigate
their reductive force by slowing the transfer rate of electrons, leading to improve the AD

mechanism and methane generation rate.
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4.7. Effect of dosing time of Mg/Fe®:0.5 nanoparticles

As shown in Fig.4-7b, the highest accumulative methane was observed in the reactor with 25
mg Mg/Fe®:0.5 per gVS. However, a long lag period of around 18 days was observed. To
speed up the digestion rate along with eradicating the possibility of having any lag phases,
Mg/Fe’:0.5 nanoparticles were added to the bioreactors at different times. A fixed dosage of
50 mg Mg/Fe®:0.5 per gVS, which was higher than the optimum dose of Mg/Fe:0.5 obtained
in Fig. 4-7b, was used to discover the best addition time of Mg/Fe®0.5 on the AD process.
Fig.4-8 a and b show the accumulative biogas and methane generated after 55 days of
fermentation, respectively.

The results indicated that the addition of Mg/Fe%:0.5 immediately at the beginning of the AD
resulted in inhibiting biogas and methane production with a lag period lasted for 55 days with
very low, and in some cases, no biogas and methane production. On the contrary, the addition
of Mg/Fe’:0.5 nanoparticles after 1, 3, 4, 5, 7, 10 and 15 days led to improve biogas
production by 16.5%, 10.8%, 15.2%, 16.6%, 23.2%, 25.4%, and 16.1% compared to the
control, respectively.

Also, methane further improved by delaying the addition time of Mg/Fe®:0.5 nanoparticles.
Methane improved by 21.5%, 18.3%, 24.7%, 26.1%, 38.0%, 38.7% and 27.3% compared to
the control when Mg/Fe?:0.5 were added after day 1, 3, 4, 5, 7, 10, and 15, respectively. These
results have proved the importance of the dosing time of Mg/Fe®:0.5 nanoparticles on biogas
and methane generation. It was reported that the addition of iron and iron-based nanoparticles
at the beginning of the AD could affect the acidifying bacteria. Thereby, methanogens phase
stars with a low concentration of VFAs. Therefore, methane generation will be lower when
the nanoparticles are added immediately at the beginning of AD [82]. Moreover, these results
are consistent with the obtained results by Chaithawiwat et al. [77], which proved that the

effect of nanoparticles on bacteria was growth phase dependent.
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Fig. 4-8. Effect of dosing time of coated-Fe (Mg/Fe®:0.5) on a) biogas and b) methane production.
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4.8. Effect of pH

The digester pH is a crucial parameter that influences the microbial activity and the stability
of the anaerobic digesters [83]. The optimum pH value for methanogenic activity has been
proved in the range of 6.6 to 7.8 [84]. Under the optimum pH value, anaerobes exhibit their
highest growth rate, which leads to achieving the highest degradation rate of organic matter.
During the AD, the pH value decreases at the early stage of AD due to the accumulation of
VFA. Moreover, several feedstocks have pH values lower than the optimum range (e.g., food
waste pH is lower than 4.5), which leads to slow the AD process using such feedstocks [85,
86].

It was reported that when methanogens were exposed to acidic pH (pH = 5.1) in a batch
experiment, their specific decay rate was increased ten times compared to that at pH 7.0 [87].
Therefore, the pH value must be maintained within the optimum range during the AD. In this
study, batch experiments were conducted by adjusting the initial pH of the used waste sludge
to four different values (3, 7, 9, and 12), to investigate the performance of the anaerobic
digesters under different pH values and to find out the role of the used nanoparticles (Fe’ and
Mg/Fe®:0.5) in maintaining the pH value within the optimum range during the AD process.
During the AD, the changes in pH values were monitored over 55 days in all reactors set at
different initial pH values, and the corresponding cumulative biogas/methane production was
measured. Fig4-9 a shows the changes in pH in three digesters, where the initial pH of each
was set at 3. The results showed that the addition of Fe® and Mg/Fe to the digesters, at a dose
of 18 mg/gVS, was brought the pH to be within the optimum range, whereas the control pH

remained less than three over the whole period.

This observation could be the main reason behind the inhibited biogas and methane
production in the control reactor when the initial pH was adjusted at 3 as shown in Fig 4-10.
On the other hand, the addition of Fe? or Mg/Fe® to the other digesters has neutralized the
pH, which resulted in stimulating methanogens for further biogas/methane production. Fig.
4-10 b, c, and d display the changes in pH of the reactors whose initial pH values were set at
7,9, and 12, respectively. The results showed that while the initial pH was above 7, the pH
of the digesters was in the desired range and the reactors which Mg/Fe’ was added had the
highest pH at all initial pH values.
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Moreover, as shown in Fig 4-10, the addition of MgFe® in the reactors resulted in increasing
the biogas and methane production rate at all initial pH values (3, 7, 9 and 12) compared to
that of Fe” and control reactors. These results illustrate one of the reasons behind the
improved methane production with the addition of Mg/Fe®. Evidently, both Fe® and MgFe®
served as buffering substances during the AD for neutralizing the pH value to be within the

optimum range by dissolution of Fe? as described in the following equations [67, 73].

4Fe® + CO, + 8H* - = 4Fe®* + CH, + 2H,0 (5)
Fe® + 2H,0 —» Fe?* + H, + 20H™ (6)
6
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Fig.4-9. Changes of pH values during the AD process of waste sludge at different initial pH values; a)
initial pH3, b) initial pH7, ¢) initial pH9, d) initial pH12
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demonstrating the role of Fe® and coated-Fe® (Mg/Fe?:0.5) in improving biogas and methane generation

under different initial pH values.
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4.9. Effect of coating process on the corrosion reaction of Fe®

The accumulation of iron ions during the AD process could negatively affect methanogen's
activities, especially at the beginning of AD. The addition of bare/Fe® particles largely
contributed in accumulating iron ions (Fe** and Fe?") in the anaerobic digesters due to its
high corrosion reaction. As shown in Fig. 4-11 a, b and c, ferrous, ferric, and total iron were
regularly analyzed in the reactors during the AD.

Results indicated that the addition of bare/Fe° considerably increased iron ions concentration
in the reactors compared to the control reactor. On the other hand, the addition of coated/Fe’
particles did not increase iron ions concentration in the reactors which was like that
concentrations in the control reactor. Tracing iron ions concentration indicates the crucial role

of the coating process in controlling and reducing corrosion reaction of Fe’ particles.
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Fig. 4-11. Effect of Mg(OH), coating shell on the released iron ions form the corrosion reaction of Fe® a)

Ferrous iron, b) Ferric iron, c¢) Total iron
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4.10. Semi-continuous system for biogas and methane generation

Fig.4-12 a and b show the daily and accumulative biogas measurements over 70 days in the
semi-continuous system. During the operation process, the system in the first 24 days was
operated as a batch mode without feeding or withdrawing the waste sludge. This period was
given before starting the semi-continuous operation to effectively establish the anaerobic

digestion process and stimulate methanogens bacteria.

The operation conditions of the semi-continuous reactors were well explained in chapter 2,
section 2.6.3. In the first ten days, biogas production in R1 (control reactor) was quite like
R2 (25 mg of Mg/Fe/gV'S were added). On day 15, the difference in biogas production in R1
and R2 was clear, where the production curves began to diverge from each other. The semi-
continues operation started on day 24" by feeding of 0.1425 gVS/L.d and discharging the

very same amount every day.

The addition of Mg/Fe® particles into R2 improved biogas production two times with respect
to the control. Fig. 4-13 a and b displays the daily and accumulative methane measurements
in the semi-continuous system. The addition of Mg/Fe® particles into R2 greatly enhanced
methane production rate in the system. This could be ascribed to role of Mg/Fe® particles in
enhancing the bacterial growth rate as described in Fig.4-14. Bacterial growth was measured
three times during the operation of the semi-continuous system on day 20, 40, and 52. Results
showed that the addition of Mg/Fe® particles significantly increased the bacterial growth by
672.7%, 279.999%, and 318.5% on day 20, 40, and 52, respectively.

96



Application of coated/Fe® for energy (methane) generation

60

—e— Control (a)
50

——25 mg (Mg/Fe®: 0.5)/gVS

40

30

20

Daily biogas (ml/gVS)

10

0 10 20 30 40 50 60 70
Time (day)

600

(b)

500 ——control

400 —&—25 mg (Mg/Fe®: 0.5)/gVS

300

Accumulative biogas (ml/gVS)

0 10 20 30 40 50 60 70
Time (day)

Fig. 4-12. Daily and cumulative biogas measurements in the semi-continuous reactors, showing the

effect of Mg/Fe® nanoparticles on biogas production in the semi-continuous system.
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Fig. 4-13. Daily and cumulative methane measurements in the semi-continuous reactors, showing the

effect of Mg/Fe nanoparticles on methane production in the semi-continuous system
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Fig. 4-14. Effect Mg/Fe’ nanoparticles on the bacterial growth in the semi-continuous system for biogas

and methane generation.

4.11. Kinetic analysis and prediction of biomethane production

Modified Gompertz equation (Eq. 4-1) was used to model methane production profiles
obtained from the experimental measurements. The model was used mainly to determine
methane production potential, maximum methane production rate and lag phase for each

operating condition.

Y = Aexp{—exp [(um =) (21— t) + 1]} (4-1)

Where Y is the accumulative methane production at time t (ml/gVS), A is methane
production potential (ml/gVS), um is the maximum methane production (ml/gVVS/d), A is the
lag phase (day), e is equal to exp (1), and t is the digestion period (day) [88]. Gompertz’s
parameters were estimated by solving the nonlinear forms and best fitting with experimental

measurements using SPSS.
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All kinetic parameters obtained concerning the effect of coating ratios and dosages of
coated/Fe® on methane production are presented in Table 4-1. The results suggested that the
AD of waste sludge at the optimum conditions (optimum dosage: 25 mg/gVs ; optimum
coating ratio: Mg/Fe®:0.5) experienced higher methane production. At these optimum
conditions, methane production potential was 335.3 ml/gVS, whereas it was only 227.02
ml/gVS in the control reactor. Also, the daily maximum methane production was 16
ml/gVS/d, which was two times higher than the control.

In addition, the dosing time of coated/Fe® was investigated using high dosage (50 mg/gVS)
higher than the optimum dosage (25mg/gVS) to clearly demonstrate the effect of dosing time

on the AD process.

The modeled results in Table 4-2 showed that the late addition of coated/Fe® gave higher
methane production rate. The methane production potential was 283.6 ml/gVS when the
coated/Fe? nanoparticles were added in the digesters on day 4 (methanogenic stage), while it
was only 14 ml/gVS when they added immediately at the beginning of AD (acidogenic stage).
The results suggested methanogenic stage, which is the fourth stage of AD, as the best stage
of dosing the coated/Fe® in the digesters.

The addition of coated/Fe® on day 4 increased the daily maximum methane production to
11.07 ml/gVvS/d compared to 0.66, and 9.73 ml/gVS/d when the particles were added
immediately on day 0 and day 1, respectively.

In the semi-continuous system, as shown in Table 4-3, all parameters from modified
Gompertz model including biogas/methane production potential and biogas/methane daily
maximum production were almost two times higher than the control reactor by the addition
of 25 mg/gVS of coated/Fe®. Additionally, the predicted biogas and methane yields were
well-fitted with the experimental profiles.

Therefore, the results were in excellent agreement with the obtained experimental data with
a low difference range between the predicted and expediential values from (0.00-0.04%),
suggesting that the modified Gompertz model could be used to predict methane values

accurately.
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Table 4-1 Kinetic parameters from the modified Gompertz model obtained based on the experimental data after 45-day of digestion at different

concentrations of Mg/Fe® nanoparticles.

Coated Fe® with Mg(OH). Parameters from modified Gompertz model  R? Yore (MI/QVS)  Yep(Ml/gVS) %A

Coating ratio  Dosage (mg/gVS) A (ml/gVS)  pm (ml/gVS/d) A (d)

0 227.0 8.11 6.1 0.999 2217 225.4 0.01%

5 232.2 8.20 7.0 0.999  226.0 229.2 0.01%

Mg/Fe®: 50 10 228.3 8.4 7.1 0.999 2233 226.7 0.01%
25 230.3 8.53 6.9 0.999 2254 228.2 0.01%

50 218.0 8.48 7.8 0.998 2140 218.3 0.02%

250 298.6 4.77 16.3 0.995 177.7 177.4 0.00%

0 227.02 8.11 6.1 0.999 2217 225.4 0.01%

5 253.9 9.19 6.2 0.999 2474 250.3 0.01%

Mg/Fe%50% 10 265.6 12.11 9.7 0.999 2629 268.6 0.02%
25 335.3 16 18 0999 3278 330.6 0.00%

50 14.04 0.66 0.0 0.964 140 15 0.07%

250 58.01 5.27 7.3 0.997 580 59.38 0.02%

172.2 7.24 4.4 0.995 167.7 173.7 0.03%

1785 7.27 4 0.996 173.4 178.4 0.02%

Mg/Fe®100 % 183.4 7.29 4.2 0.996 177.4 182.4 0.02%
14 180.0 7.46 3.9 0.995 175.3 180.4 0.02%

28 204.9 8.07 3.1 0.991 198.1 204.7 0.03%

140 621.0 7.89 22 0.993 181.9 179.9 0.01%

A: methane production potential, p,,,: maximum methane production, A: lag phase, Ypre: predicted methane values, Yexp: experimental methane values, %A:
difference between predicted and experimental values.

101



Application of coated/Fe® for energy (methane) generation

Table 4-2 Kinetic parameters from the modified Gompertz model obtained based on the experimental data after 45-day of digestion at different dosing
time of Mg/Fe® nanoparticles.

Coated Fe® with Mg(OH), nanoparticles Parameters from modified Gompertz model  R? Yore (MI/GVS)  Yep (MIigVS) %A

Coating ratio Dosage Dosing time (d) A (ml/gVS)  pm (ml/gVS/d) A (d)
Control 227.0 8.11 6.1 0999 221.7 225.4 0.01%
0 14 0.66 0.04 0.964 14.01 15.00 0.07%
1 292.6 9.73 12.6 0.999 275.8 274.2 0.00%
3 268.34 9.58 115 0.998 257.8 263.3 0.02%

Mg/Fe®:50 % 50 (mg/gVs) 4 283.9 11.07 10.0 0998 2775 280.9 0.01%
5 284.8 12.37 10.3 1 280.9 284.2 0.01%
7 312.9 13.32 12.4 0.999 306.8 307.7 0.00%
10 318.4 11.7 8.1 1 310.4 312.9 0.00%
15 291.9 10.98 9.2 0.997 284.6 287.0 0.00%

A: methane production potential, p,,,: maximum methane production, A: lag phase, Ypre: predicted methane values, Yexp: experimental methane values, %A:
difference between predicted and experimental values.

Table 4-3 kinetic parameters from the modified Gompertz model obtained based on the experimental data after 67-day of digestion using the semi-
continuous system

Coated Fe? with Mg(OH), Parameters from modified Gompertz model ~ R? Yoe (MIGVS)  Yexp (MIIGVS) %A

Coating ratio  Dosage (mg/gVS) A (ml/gVS)  pm (Ml/gVS/d) A (d)

0 328.4 5.1 3.4 0.993 273.2 280.9 0.02% Biogas
Mg/Fe®: 5 9% 693.8 11.2 12.3 0.997 543.1 547.9 0.00%
5%
0 224.9 4.6 6.1 0.991 205.2 215.0 0.04% CHa
25 564.7 10.5 14 0.998 470.3 479.4 0.01%

A: methane production potential, u,,,: maximum methane production, A: lag phase, Ypre: predicted methane values, Yexp: experimental methane values, %A:
difference between predicted and experimental values.
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4.12. Conclusions

e The bare/Fe? particles were successfully coated using Mg(OH). as a coating layer by
following thermal deposition method.

e The bare and coated Fe® particles fully characterized using different techniques and the
results confirmed the coating process of Fe® particles.

e The coated Fe particles with Mg(OH)., synthesized at different coating ratios 5, 50, and
100% of Mg to Fe®) were applied in the anaerobic digesters to increase methane generation
from waste sludge.

e In the batch test experiments, the coated/Fe® improved biogas and methane production by
25% and 46.6%, respectively at the optimum coating ratio of Mg/Fe%0.5 and at the
optimum dosage of 25 mg/gVs.

e Due to its high reactivity, which could be indicated by the high corrosion reaction, the
addition of bare/Fe® particles in anaerobic digesters did not improve biogas/methane
generation.

e Mg(OH). nanoparticles contributed a little in improving methane production (13 %),
confirming that the increased methane production by Mg/Fe® was mainly due to
synergistic effect of Mg(OH). shell in controlling the reactivity of Fe°.

e The coating of bare/Fe° particles with Mg(OH). slowed down their corrosion reaction in
aqueous conditions, which was indicated by the sharp decrease of the released iron ions
(Fe?* and Fe3*), making the coated/Fe® particles excellent additives for enhancing methane
production during the anaerobic digestion process.

e The investigations from this project proved that the coated/Fe® enhanced the production
of biogas and methane by increasing bacterial growth rate and serving as a buffering agent
in the reactors.

e Long-term investigation of methane generation was implemented using lab-scale semi-
continuous system and the results showed the great performance of Mg/Fe® nanoparticles

in improving biogas and methane generation
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¢ In the semi-continuous system, the maximum methane production was 10.5 ml/gVS/d by
the addition of 25 mg/gVS of Mg/Fe®:0.5, whereas it was only 4.6 ml/gVS/d in the control

reactor.

e The values of Methane production potential (A) and maximum methane production rate
(um) were two times higher by the addition of Mg/Fe® nanoparticles at the optimum

dosage (25mg/gVS) with an excellent regression of R?=0.999).

e The range of differences of in predicted and experimental yields were 0.00%-0.007%,
suggesting that the modified Gompertz model could be used to predict the BMP profile

accurately.
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Chapter 5:Application of Fe® particles for wastewater
treatment and formation of aerobic granules

Waste sludge considerably discharged to the local wastewater treatment plants. It was
reported that the cost of sludge management, which includes both treatment and disposal,
could be as high as 60% of overall wastewater treatment costs [89]. Therefore, the reduction
in sludge production reduces the cost of wastewater treatment. [90-92]. Aerobic granulation
technology is a new approach that can be used to convert the waste sludge to aerobic granules,
which will further be used to treat the contaminated water. However, the long time needed
for full granulation is the main limitation of this technology, making it not applicable for
wastewater treatment applications [93, 94]. Therefore, this research aimed to investigate the
role of Fe® particles in accelerating the formation of aerobic granules and contaminants

removal from wastewater using a sequencing batch reactor system (SBRS).

5.1. Introduction

Microbial granulation which is based on either aerobic or anaerobic technologies represents
a pragmatic opportunity in biological wastewater treatment. Conventional anaerobic
techniques such as Upward Sludge Blanket (USB) and Expanded Granular Sludge Bed
(EGSB) have been increasingly employed in wastewater treatment for almost three decades
[95-99]. However, most of the anaerobic sludge systems are insufficient for complete
decomposition of organic compounds or inefficient at removing nutrients in addition to the

formation of secondary pollution.

Hence, the need has emerged to develop alternative biodegradation technologies. Aerobic
granulation is one of the most promising technologies in the biological treatment of
wastewater which focused the attention of many researchers over the last 10 years [100].
Because of the elevated microbial concentration as well as the superior settling ability,
aerobic granules have promising potential in various applications in municipal and industrial

wastewater treatment [101, 102].
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Aerobic granulation technique has superior performance compared to conventional activated
sludge (CAS) in which COD completely could be removed by the formed aerobic granules.
More importantly, the formation of aerobic granules decreases the production of seed sludge
due to the formation of denser and heavier granules. It was reported that the cost of sludge
management, which includes both treatment and disposal, could be as high as 60% of overall
wastewater treatment costs_[89]. Therefore, the reduction in sludge production reduces the
cost of wastewater treatment. [90-92].Whilst aerobic sludge is widely adopted for organic
compounds degradation and nutrients removal from a range of wastewater. However, it still
has some drawbacks such as poor mobility and the long time needed for full granulation,

which is not feasible for wastewater treatment applications [93, 94].

Granulation process within the aerobic sludge is mostly achieved through two main stages;
starting with the formation of the grown bacterial aggregates via the bio-seed of the sludge,
followed by the adhesion of such aggregates by the microbial extracellular polymeric
substances (EPSs) to form an initial granular structure [103, 104]. Meanwhile, several factors
are known to influence the start-up of the granulation process such as the loading rate of
chemical oxygen demand (COD) as an indicator of wastewater microbial strength (high-
strength: 1000-1500 mg/L-COD, low-strength:150-300 mg/L-COD) [105, 106]. Additionally,
the presence of the divalent cations such as Ca**, Mg?" and Mn?* has a dual effect on the
aerobic granulation: 1) functional cohesion by connecting EPSs cells into the three-
dimensional structure of the granules and 2) neutralization effect by the cations charge

resulting in accelerated granulation [107-109].

It has previously been reported that granulation time was reduced by almost 44% in the
presence of divalent cations to form aerobic granules with more compact and dense structure
[110]. Iron ions were also studied as possible accelerators of aerobic granular sludge (AGS).
Yilmaz et al. investigated the effect of 1 and 10 mg/L ferrous ions concentration on the
formation of AGS [94]. Additionally, it was reported that low Fe** (2 mg/L) concentration
was favorable for the granulation process and the bacterial growth in aerobic activated sludge
[111, 112]. Meanwhile, iron is an abundant metal low cost material and an essential trace

element (< 1 mg/L) for the growth of almost all microbial organisms [94, 113].
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Owing to its high redox potential and the significant catalytic effect, zero-valent iron (Fe®)
increasingly employed for treating contaminants [30, 44, 114, 115]. Moreover, Fe® can serve
as an electron donor for better reductive degradation of pollutants by microorganisms [116].
Fe’ has great advantages when it comes to the improvement in the settling ability of the
granules within the aerobic sludge [104]. Comparing with other divalent ions, the addition of
Fe’ into aerobic reactors is beneficial in terms of operation and maintenance costs [104, 108].
In a previous study, the time needed for full granulation was reduced by nearly 33% when
Fe? was added to the aerobic sludge reactor [104]. Moreover, a stable microbial structure was
formed via Fe’ addition into anaerobic sludge which resulted in accelerative nitrobenzene
(NB) degradation [117]. However, these studies were used micro scale zero valent iron
(mFe®) which is less effective than nano scale zero valent iron. Fe® has several advantages
such as the smaller particle size and higher specific surface area than that of mFe’. Thereby,
Fe? could offer a great performance in terms of contaminates removal and microbial growth
rate. Nevertheless, no work has been reported demonstrating the use of Fe’ in the aerobic

sludge reactors.

Therefore, the objective of this study was to investigate the effect of Fe® on the formation of
aerobic granules in terms of the settling rate as well as the microbial community growth.
Sludge volume index was considered as an indicator of the start-up of the granulation process
within the aerobic reactors. Moreover, this study amid to evaluate the removal efficiency of
the total organic matter, ammonia, nitrate, nitrite, and phosphorus by the formed aerobic
granules and demonstrate the role of Fe’ in these process. Extraction and analysis of
extracellular polymeric substances (EPSs) was undertaken to evaluate the growth of bacteria.
Furthermore, the bacterial community structure was explored based on new generation
sequencing (NGS) technology. For morphology investigation of the formed granules, bright
field microscopy (BFM) analysis was employed. The present work could have a significant
contribution in terms of improving understanding of biological treatment of wastewater based

on integrating Fe® in aerobic granulation reactors
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5.2. Operation conditions of sequencing batch reactor system (SBRS)

Experiments were conducted using two symmetrical lab-scale Sequencing Batch Reactors
(SBRs) as shown in Fig.5-1. The reactors had an internal diameter of 12 cm and a length of
60 cm, giving a working volume of 5 L. Both reactors were operated in successive cycles (4
cycles per day) and each cycle lasted for 6 h. Each cycle consisted five successive phases:
(1) 60 min static feeding, (2) 283 min aerobic reaction, (3) 2 min settling, (4) 15 min

decanting the treated water.

The third phase of settling was 1 h at the first day of experiment and gradually reduced to
two minutes to promote the formation of aerobic granules. Decreasing the settling time was
slowly performed within 23 days to avoid wash-out of biomass from the reactors. The
remaining cycle time was conveyed to the aeration phase. Air was introduced via a diffuser

tube aerator at the bottom of the reactor during the aeration phase.

The reactors were operated automatically using three digital timers. These digital timers were
used to run the devices of the rectors at specific times. During the operation time pH was
monitored without adjusting. The reactors were operated at room temperature 25 = 3 °C. The
Fe’ particles were added to the influent wastewater tank with at 10 mg/L as shown in Fig.5-

1.
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Fig. 5-1. Sequencing Batch Reactor system (SBRS) for wastewater treatment and aerobic granulation

process
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5.3. Assessment of the granulation process in the SBRs

This work was performed over 60 days to assess the formation process of aerobic granules
using two sequencing batch reactors. The formation of aerobic granules was monitored by
measuring the SVI, MLSS and MLVSS. The formation of aerobic granules supposed to be
completed when the ratio of SVI30/SVIS exceeds 90% and the granules clearly get formed
in the reactors [94]. On the 52%¢ day, the ratio of SVIs/SVIsoreached 100% and the granules
were clearly seen in SBR1 and SBR2.

Fig.5-4 shows the formed granules in the reactors on day 60. The granules in SBR2 were
slightly heavier and denser than that granules in SBR, implying that the addition of Fe” had
a slight effect on the formation of aerobic granules. For the formation time of granules, the
addition of Fe’ in SBR2 accelerated the formation of granules 15 days before that ones in
SBR1 as shown in Fig.5-5. In addition, the MLSS and MLVSS were measured in SBR1 and
SBR2 to evaluate the biomass content and the formation of aerobic granules in the reactors.
During the first five days, the reactors had different concentrations of MLSS and MLVSS.

Therefore, the very same concentration of MLSS set in the reactors on day 7.

It was noticed that the settling time of sludge in reactors highly correlated to the
concentration of MLSS and MLVSS. When the settling time was decreased in the reactors,
the MLSS and MLVSS decreased as well. When the settling time was decreased to two min,
the sludge content has become stable in the reactors and the MLSS concentration started to

increase due to the elevated microbial growth as shown in Fig.5-3.

The MLSS concentration in the effluent was relatively low and was not exceeded 200 mg L
I at the end of the study. The MLSS and MLVSS concentrations play an important role in
determining the performance of the SBRs towards the removal of contaminants [118].

MLSS and MLVSS consist the microorganisms that are necessary and responsible for the
formationof aerobic granules and contaminants removal. Therefore, MLSS concentration

should be as high as possible in the reactors.
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As shown in Fig.5-3 MLSS concentration was slightly higher in SBR2 with respect to SBR1
after the addition of Fe’, suggesting that Fe’ particles contributed to increase the
concentration of MLSS through the adsorption on the EPS, improving cell accumulation
[119]. The results of granule size and size distribution in SBR1 and SBR2 were presented in
Table 1. There were three populations of seed sludge granules including mean d (0.1) [small],
mean d (0.5) [midsize] and mean d (0.9) [large]. The large granule size population was higher
than the small and midsize population in both reactors and the average granule size was

increased during the operation of the SBRs.

Moreover, the average granule size in the SBR2 was slightly higher than that size in SBR1
and that was only observed after the addition of Fe’. For example, on day 37, 43 and 60, the
average particle size in the SBR1 was 71.1, 67.2 and 548.8 um, respectively, and was 90.8,
109.0 and 553.1 um, in SBR2, respectively.

In addition, the light microscopy images were taken on day 55", the images showed the
filamentous bacteria in both reactors. The images showed that the filamentous bacteria in the
SBR2 were surrounded by black Fe® particles. Yilmaz et al. [94], found the same structure
when they used Fe’" and Fe*" as an additives in the SBR. This could interpret the increased
EPSs content in SBR2 as Fe® particles serve as

a carrier or nuclei for the new generated cells.

113



140
120
100
80
60
40
20

SVI (mLg?)

140
120
100
80
60
40
20

SVI (mLg?)

Application of Fe® for sludge and wastewater treatment

—==SVI;inR1 =@=SVI;,inR1

(a)

10

20 30 40 50 60
Time (day)

—#=SVI; inR2 =@=SVI|;, in R2

(b)

10

20 30 40 50 60
Time (day)

Fig. 5- 2. Variation in sludge volume index after 5 and 30 min of settling during the entire study (a)

SBR1 and (b) SBR2.
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Fig. 5-4. Images of the formed granules in SBR1 and SBR2.
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Fig. 5-5. Shows the granulation time of waste sludge in SBR1 and SBR2.
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5.4. Extracellular polymeric substance (EPS)

EPSs are the metabolic products play a major role in forming the aerobic granules and help
to estimate bacterial growth rate [101, 120]. EPSs are mainly composed of carbohydrates and
protein substance that accumulate and embed the bacteria in a protective mucilage [120]. It
was reported that the generated EPSs in the reactors help to accelerate the granulation process
[101]. In this study, EPS content was measured on day 12, 30, 44 and 52. On day 12, almost
the same concentrations of carbohydrate and protein were detected in the reactors as shown
in Fig.5-6a and b. Whilst, on day 30, carbohydrate and protein concentrations which extracted
from the precipitate and supernatant (SMP) were increased in the reactors compared with
that concentrations on day 12. Moreover, the carbohydrate and protein concentrations
increased more in SBR2 with respect to SBR1. Therefore, EPS content was greater in SBR2
which attributed to the addition of Fe particles.

Accordingly, Fe® particle had a positive effect on the production of EPSs. The addition of Fe®
particles increased the EPS content through charge neutralization and double-layer
compression. It has been reported that [107, 121], divalent ions such as Mg and Ca*'
improve the microbial diversity and granulation process respectively. Similarly, Fe*" ions
produced by the corrosion reaction of Fe’ interact with EPSs components by creating direct
bonds with protein on the surface of bacteria, forming important molecules for the growth of
negatively charged bacteria. Therefore, iron ions generated from the corrosion Fe® particles
have a key role in improving cell aggregation due to the interaction with EPSs, implying that

the iron ions contribute effectively for enhancing the granulation process.
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SBR2, and (b) protein concentration in SBR1 & SBR2.
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5.5. Bacterial community structure

In total 38 orders were commonly found in activated sludge from 14 WWTPs
including Sphingobacteriales, Anaerolineales, Rhodocyclales, Burkholderiales, Rhizobiales
, Xanthomonadales, Verrucomicrobiales, Clostridiales, Planctomycetales, Myxococcales,
etc. which accounted for 96 to 99% of the classified sequences [107, 121, 122]. Among them,
Rhizobiales, Clostridiales, Sphingobacteriales, Actinomycetales, Burkholderiales and
Xanthomonadales were found in our seed sludge by 14.7%, 11.1%, 8.1%, 7.6%, 5.3% and
4.9%, respectively, as shown in Table 5-1. Glycosphingolipid (GSL) -producing bacteria,
namely Sphingomonadales, Rhizobiales and Sphingobacteriia were reported in membrane
biofouling. GSL protects bacteria from a

dverse environmental conditions such as extreme pH, temperature, salinity and high pressure

[123].

Rhizobiales were the most numerically dominate group during the entire study, and the
percentage of Rhizobiales increased from 14.7% in seed sludge to 23.9% in SBR1 and 25%
in SBR2 in a short period.

The high shear force and short settling time applied in AGS reactors probably led to this
increase. Xanthomonadales were the second dominate order in SBR1 and SBR2 with 12%
and 13.5% whereas these group of bacteria were only 4.9% in the seed sludge.

Xanthomonadales are well known EPS producing bacteria [124].

Previous study demonstrated that suggested that the high shear force may select for bacteria
with superior attachment ability and those that produce very sticky polysaccharides [123].
Sphingobacteriales, Burkholderiales, Rhodocyclales, Actinomycetales and Rhizobiales were
found the fundamental organisms responsible for biofilm formation in other study [125].
Thus, the presence of Actinomycetales and Burkholderiales ranging from 8.8% to 4.9%

throughout the study can be explained by their ability to form biofilm.
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Seed Sludge SBR1 SBR2

Order % Order % Order %
Rhizobiales 14.7 Rhizobiales 23.9 Rhizobiales 25.1
Clostridiales 11.1 Xanthomonadales 12.0 Xanthomonadales 13.5
Sphingobacteriales 8.1 Actinomycetales 8.8 Bacteria unclassified 9.9
Actinomycetales 7.6 Bacteria unclassified 6.4  Actinomycetales 7.5
Bacteria_unclassified 7.5 Clostridiales 6.2  Burkholderiales 4.9
Burkholderiales 53 Burkholderiales 5.1  Clostridiales 3.6
Xanthomonadales 4.9 Sphingobacteriales 1.2 Sphingobacteriales 1.2

Table 5-1. Microbial population in the used seed sludge, SBR1, and SBR2 at the end of the study.

Members of Clostridiales are responsible for the processes of hydrolysis and fermentation of
organic matter during anaerobic digestion in UASBs treating wastewater, and they display
an ability to become part of heterogeneous biofilms [126].

Clostridiales were detected as high as 11.1% in the seed sludge but decreased to 6.3% in
SBR1 and 3.7% in SBR2.

The microbial community results demonstrated that the AGS operation conditions especially
low settling time have the impact on the microbial diversity and population but, the addition

of ZVI1 did not dramatically affect them.
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5.6. Performance of the SBRs in contaminants removal
5.6.1. Phosphorus removal

Fig.5-7. shows the results of phosphate removal by analyzing the effluent of SBR1 and SBR2.
The results showed that the reactors exhibited an excellent performance of phosphate
removal especially after the formation of granules. It is the biological removal phosphate
which gradually enhanced in both reactors with the time due do the elevated bacterial growth
and the formation of aerobic granules. It was proved that the precipitation of phosphorus as
inorganic phosphate (Caz(PO4)2 and MgHPOys) is the maim removal mechanism of phosphate
using aerobic granulation technology. It was observed that about 45% of the total phosphate
removal using aerobic technology occurred by the direct precipitation within the aerobic

granules [127].

Besides, phosphate precipitation within the EPS could be one of the biological removal
pathways of phosphate. It was reported that about 17.6 % of the total removal of phosphate
was by the accumulation of phosphorus within the EPS [128]. Moreover, the concentration
of Phosphate in the effluent of SBR2 was slightly lower than that in SBR1, which was
attributed to the chemical adsorption of PO4-P onto Fe® particles.

It has been reported that Fe’ is one of the most efficient adsorbents for the removal of
phosphate in aqueous solutions [25, 129]. Furthermore, Fe’ particles can stimulate the growth

of bacteria in the reactors which in turn improves their phosphate removal ability [104].
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Fig.5-7. Phosphate concentrations in the effluent of SBR1 and SBR2

5.6.2. Nitrogen removal

Fig. 5-9 illustrates ammonia concentration in the effluent of SBR1 and SBR2 during the
entire study. The removal of ammonia gradually increased, and a complete removal was
observed when the aerobic granules were totally formed in the reactors. It was observed that
the removal of ammonia was to some extent higher in SBR2 with respect to SBR1 which was
compatible with the elevated nitrate concentration in SBR2 as shown in Fig.5-8, indicating a
faster nitrification process in SBR2. The improved nitrification process in SBR2 could be
ascribed to the added Fe® particles. Nitrite concentration was always less than 1 mg L™ due
to the fast oxidation process in the reactors. However, the reactors had a slow denitrification
process as nitrate concentration increased in the effluent of the reactors. The reason could be
attributed to the facultative heterotrophic bacteria which consume nitrate only when oxygen
levels are depleted. Therefore, the biological reduction of nitrate (NO3) to nitrogen gas (N2 )
could not occurs under aerobic conditions. The pH value was monitored in the reactors and
effluent tanks. During the nitrification process, bacteria use the alkalinity as a source of
carbon [130]. Additionally, hydrogen ions and nitrous acid are produced during the oxidation

of ammonia to nitrite [131].
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Therefore, the nitrification process leads to a decrease in the pH value. In this study, despite
of the higher nitrification process in SBR2 pH in the effluent of the SBR2 was 8.1 which is
higher than pH value (7.7) in SBR1. The increased pH in SBR2 is attributed to the addition

of Fe® which increases pH value according to the following equation.

3Fe’+ 02+ 4H,0 — 60H + 3Fe’" + Ho (1)

Therefore, the addition of Fe® particles into the SBRs provide an alkaline medium which

could stimulate the nitrification process by the ammonia-oxidizing bacteria (AOB).

35 [=e=SBRT,NO:-N  =*=SBRZNO.-N
SBR 1, NO:-N * SBR 2, NO:-N

NO,-N, NO,-N (mg L)
N
o

0 5 10 15 20 25 30 35 40 45 50 55
Time (day)

Fig. 5-8. Nitrate and nitrite concentrations in the effluent of SBR1 and SBR2.
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Fig. 5-10. COD concentrations in the effluent of SBR1 and SBR2
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5.6.3. COD removal

The performance of the SBRs in removing organic matter was assessed by monitoring the
COD concentration in the effluent of the reactors. The removal efficiency of COD in both
reactors reached 88.7 % on day 12 and kept increasing significantly which reached 100 % at
the end of the study as shown in Fig. 5-10.

The complete removal of COD was observed after the full formation of aerobic granules.
After the addition of Fe’ particles on day 24, a remarkable decrease in COD concentration
was observed in the SBR2 where COD removal improved in R2 by 15 % compared to SBR1.
The removal of COD remained better in R2 after the addition of Fe’ until the end of the study.

The removal of COD using aerobic granular technology occurs by the direct decomposition
by bacteria. Moreover, COD can be removed by the direct adsorption within the formed
granules in the form of inorganic carbon compounds such as CaCO3, NaCO3, MgCO3, KoCOs,
H>CO3, HCOs and COs.

It was reported that a large amounts of CaCO; were found inside the aerobic granules and
the crystalline form of CaCO; was the major mineral content in the aerobic granules [132].
These observations confirm the removal of carbon using aerobic granular technology as

inorganic forms.

In addition, Fe® was found in our previous report to be an efficient adsorbent to remove the
carbon from wastewater [133]. Moreover, the addition of Fe’ stimulated bacterial growth

which resulting in to improve the removal of COD by bacteria

125



Application of Fe® for sludge and wastewater treatment

5.7. Cycle study of the SBRs

To evaluate the performance of the operation stages or phases of the SBRs, a typical cycle
study was conducted on the day 50. Samples were taken from the middle of the reactors

throughout the cycle time.

The COD profiles in Fig. 5-11a and b. show the removal of COD during the four phases in
SBR1 and SBR2. It was observed that the removal of COD mostly occurred in the static
feeding phase (the first phase of operation). A complete COD removal was achieved in the
reaction or aeration phase and the removal efficiency reached 100 % at the decanting phase.
It was noticed that the removal of COD was faster in SBR2 during the cycle time as presented

in Fig.5-11a and b.

Concerning phosphate removal during the cycle in SBR1, 40 % of phosphate was removed
during the static feeding phase and increased to 60 % during the aeration/reaction phase and

further increase was observed in the decanting phase which reached 78%.

Interestingly, the removal efficiency of phosphate reached 66% during the static feeding
phase in SBR2 and increased to 81% during the aeration phase and finally reached 87%
during the discharging phase, confirming that the removal of phosphate was much higher in

SBR2 which may be attributed to the addition of Fe? particles.

The removal of ammonia reached 37% in the reactors during the static feeding phase. and
the highest removal of ammonia was achieved during the aeration/reaction phase where it

reached 57 % in the SBR1 and 77 % in the SBR2 during the aeration phase.

A complete removal of ammonia (100 %) was observed at the decanting phase in the effluent
of SBR2. On the other hand, ammonia removal was 92 % in the effluent of SBR1. The
ammonia cycle study proved that the removal of ammonia in the SBR2 was slightly higher

and faster than that of the SBR.
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Application of Fe® for sludge and wastewater treatment

5.8. Conclusions

¢ In this study, the wastewater was efficiently treated, and the waste sludge totally
converted to aerobic granules by developing two sequencing batch reactors.

e The removal of COD, NH4-N, and PO4-P increased with the time in the reactors,
and a complete removal was observed after the formation of aerobic granules.

e The addition of FeO to R2 on day 24th slightly enhanced the removal of COD,
POA4-P, and NH4-N by 8.12 %, 3.78%, and 7.1%, respectively.

e The addition of FeO into SBR2 significantly improved the generation of
Carbohydrate and Protein by microbes, the main components of EPS, by 42% and
23%, respectively.

e Microbial community analysis confirmed that the addition of Fe® into SBR2
stimulated some  bacterial types such as Rhizobiales and Xanthomonadales and
inhibited others such as Clostridiales, confirming that the effect of Fe® on the
bacterial growth was species dependent.

e The reactor which was augmented with Fe® had a start-up time of aerobic granulation

(45 days) that was notably less than that for a reactor without augmentation (60 days).
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Chapter 6: Conclusions and Recommendations

This chapter presents the significant findings obtained from three projects on water treatment

and energy generation. Additionally, the chapter displays the future research plan, expected

results, and impacts.

6.1. Major Findings and Recommendations

This thesis was grown based on the achieved research points and the new findings obtained

from the implemented projects. The main achieved points in each project are summarized as

follows:

In the first project which was related to the use of iron-based nanoparticles in water treatment

The Fe? particles were successfully synthesized, stabilized, characterized, and tested for
nitrate and phosphorus removal from contaminated water under different conditions.

The stabilization of Fe® particles significantly improved their characteristics, appearing
from the separated, and unaggregated particles.

The stabilization of Fe®, particularly with CMC, decreased the particle size from 100 to
10 nm.

The stabilization of Fe® particles using four different polymers significantly improved the
particle reactivity towards nitrate reduction as shown in following order; PVP/Fe® (238.9
mg/g) > PAA/Fe® (237.6 mg/g) > PSM/Fe® (233 mg/g) > CMC/Fe® (216 mg/g) > bare/Fe°
(133 mg/g). This is one of the significant conclusions in this project that demonstrated
PVP as an excellent polymer for Fe? stabilization, especially for reducible contaminants
such as nitrate.

The stabilization of Fe® particles, only with PAA, significantly enhanced phosphorus
removal as presented in the following order; PAA/Fe® (78 mg/g) > bare/Fe® (61 mg/g) >
PSM/Fe® (60 mg/g) > PVP/Fe® (58.4 mg/g) > CMC/Fe® (56.8 mg/g).

This is another good conclusion obtained from this project that presented PAA as an
excellent polymer for Fe? stabilization, especially for the adsorbable contaminants such
as phosphorus
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The results of this research confirmed PVP/Fe® as the best stabilized type of iron for nitrate
removal, but in case of phosphorus removal PAA was the best.

In general, when it comes to remove both nitrate and phosphorus, the stabilized PAA/Fe°
was the most efficient stabilized type of iron over the rest for simultaneous removal of
nitrate and phosphorus with excellent removal rate at a wide range of pH, implying that
PAA was the best polymer that improved both reduction and adsorption mechanisms of

FeO particles.

In the second project which was related to energy/methane generation

The bare/Fe® particles were successfully coated using Mg(OH). as a coating layer by
following thermal deposition method.

The bare and coated Fe® particles fully characterized using different techniques and the
results confirmed the coating process of Fe? particles.

The coated Fe? particles with Mg(OH)2, synthesized at different coating ratios 5, 50, and
100% of Mg to Fe®) were applied in the anaerobic digesters to increase methane generation
from waste sludge.

In the batch test experiments, the coated Fe® improved biogas and methane production by
25% and 46.6%, respectively at the optimum coating ratio of Mg to Fe (Mg/Fe?:0.5) and
at the optimum dosage (25 mg/gVs).

Due to its high reactivity, which could be indicated by the high corrosion reaction, the
addition of bare/Fe® particles in anaerobic digesters did not improve biogas/methane
generation.

The coating of bare/Fe® particles with Mg(OH)2 reduced their corrosion rate in aqueous
conditions, thereby decreased the released rate of iron ions and reduced the reductive force
of Fe? particles, making them suitable additive for enhancing methane production during
the anaerobic digestion process.

The investigations from this project proved that the coated/Fe® enhanced the production
of biogas and methane by increasing bacterial growth rate and serving as a buffering agent

in the reactors
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Long-term investigation of methane generation was implemented using lab-scale semi-
continuous system and the results proved the great performance of Mg/Fe® nanoparticles,
coated at the optimum coating ratio based on batch test results (Mg/Fe®:0.5), in improving
methane generation rate. Methane production was enhanced two times in the presence of
Mg/Fe® nanoparticles with respect to the control.

In the third project which was related to the use of Fe® nanoparticles in wastewater treatment

and granulation process of waste sludge.

The wastewater was treated, and the waste sludge totally converted to granules by
developing two sequencing batch reactors.

In the process, the reactors were simultaneously and automatically operated in a cyclic
mode for sixty days with adding 10 mg/L of Fe° particles to the wastewater influent tank
of reactor 2, whereas reactor 1 was operated as a control.

In this project, the removal efficiency of COD, ammonia and phosphate increased with
the time in the reactors, and almost complete removal was observed after the formation of
aerobic granules.

The addition of Fe® to reactor 2 on day 24" slightly increased the removal efficiency of
contaminants from wastewater and stimulated the production of Extracellular Polymeric
Substances (EPS), including protein and carbohydrate generation.

The addition of Fe® to reactor 2 accelerated the formation of aerobic granules 15 days.
The effect of FeP particles on bacterial species in the reactor was genera dependent, for
instance the addition of Fe? increased the growth of Rhizobiales and Xanthomonadales

and decreased Clostridiales.
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6.2. Future work

6.2.1. Purpose of proposed future research

v

v

Background of proposed research plan and Problem statement

Anaerobic digestion of waste activated sludge and other feedstocks is a promising
technology and an alternative path to the non-environmentally friendly resources.
Anaerobic digestion was, is and will be an efficient approach to convert organic matters
(COD) of waste activated sludge and many other resources to energy (CHa).

Anaerobic digestion of activated sludge or any other feedstock consists three straight
stages, first, hydrolysis of biological polymers with subsequent production of Hy, acetate,
and other VFAs; second, conversion of these VFAs to H, and acetate by syntrophic
bacteria under a low hydrogen partial pressure and finally conversion of acetate and H>
to methane.

The hydrolysis stage is recognized as the rate-limiting step in the anaerobic digestion.
Therefore, problems such as slow hydrolysis process of organic matter and lower energy
conversion efficiencies should be solved.

Lower energy conversion efficiencies and slow hydrolysis processes of anaerobic
digestion are the main obstruct to its actual application.

Purpose of proposed research

The title of the proposed research is

“Two Stage Anaerobic Digestion Reactor for Efficient and Continues Methane Generation”

The first purpose of the proposed research is to increase the production amount of
methane by increasing the utilization of organic matter in anaerobic digestion reactor.
The second purpose is to explore a new feedstock from the Crassulacean Acid
Metabolism plants (CAMP). The new feedstock of CAMP will be mixed with the
activated sludge to be used as a co-digestion feedstock. In this point of research, we are
aiming to select one of the CAMP to be used as a co-digestion due to the following
advantages of CAMP.

1. CAMP have low lignin content; lignin is a key inhibitor of the cellulolytic activity

for hydrolysis and the rate-limiting stage during the anaerobic digestion proses
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The low lignin content of CAMP will make the hydrolysis process faster and easier
than other plant species, therapy, improving the whole anerobic digestion process.

2. Furthermore, lignin and its derivatives can be highly toxic to methanogenic bacteria,
so the low lignin content of CAM species offers some potential and significant
advantages in terms of microbial conversion of plant biomass to biogas and other
high-value products.

3. CAMP possess a specialized mode of photosynthesis systems that allows the
stomata on the shoot surfaces to be closed during the day, thereby reducing water
loss with CO> uptake from the atmosphere occurring mainly at night. This feature
enable CAMP to grow relatively well in dry and poor-quality lands (deserts).
Therefore, vast areas could be cultivated with CAMP to be a potential feedstocks
for biogas and methane generation.

The third purpose is to accelerate the hydrolysis step of the anaerobic digestion using
special additives as trace elements necessary for the methanogenesis bacteria. Here, we
will investigate the effect of special necessary nanoparticles on the anaerobic digestion
process. The reason for using theses nanoparticles is to speed up the hydrolysis process,
increase the soluble content of carbohydrate and protein, and improve the overall
performance of the anaerobic digestion reactors.

The fourth purpose is to design a two-stage anaerobic reactor using different

microbiomes for each stage. The second stage which is fed with the liquid output stream

from the former stage targets CHs and CO2 generation. While the first stage aims to
produce Hz, CO», and volatile fatty acids species. The first stage will contain the
hydrolytic and fermentative microorganisms and the later stage will compose
methanogens and fermentative microorganisms. The advantage of this design will allow

H>-producing bacteria to work in the first stage and H2-consuming bacteria in the second

stage. It is preferable to keep Hz-producing bacteria separate from Hz-consuming

bacteria in the second reactor as the conversion of volatile fatty acids to H, and acetate

requires a low hydrogen partial pressure.
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Moreover, the production of volatile fatty acids and other acid types decreases pH value to

less than 5 which could inhibit methane production as it requires a neutral pH from 6.6 — 7.8.

Therefore, it is preferable to separate the acidogenic phase from the methanogenic phase.

Furthermore, hydrolysis and acidogenic phases of anaerobic digestion can be enhanced by

increasing the operating temperature; however, acetogenesis is adversely affected by high

operating temperatures. Therefore, it is preferable to separate the acidogenic and

methanogenic phases to optimize the temperature effect as described in Fig. 6-1.

e The fifth purpose is to develop and use a mathematical model to determine methane

production potential and the maximum methane production rate for a two-stage

anaerobic digestion reactor.

Acidogenic Phase
|

Biogas high
H, content

4 Sludge
v Sludge/CAMP

v Sludge/CAMP/trace
elements

Hydrogen Reactor

37 °C water bath

‘/\.-./

| Methanogenic PhaseI

NI IB%N

37 °C water bath

Biogas high
CHjy content

=== Digestate

A

Methane Reactor

Fig.6-1 Two Stage Anerobic Digestion Reactor for Efficient and Continues Methane Generation
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6.2.2. Proposed future research

The proposed plan is composed of several tasks as follows:
1. Review and preparation:
- Review latest developments in anerobic digestion via literature survey, purchase and

prepare essential materials for experimental works

2. Screening the potential of using CAMP as valuable feedstocks using the batch mode of
anaerobic digestion and propose the most effective types for later investigations using

two-stage anaerobic digestion mode.

3. Experimental setup and design of a two-stage anaerobic digestion reactor system for
efficient and continuous generation of methane and operate it using the optimized

mixture of activated sludge and CAMP.

4. Optimizing the reactor parameters such as temperature, pH, Hydraulic retention time
(HRT), Organic loading rate (OLR) and determine the kinetic of microorganisms based
on the HRT.

5. Discovering the role of adding special trace elements to the acidogenic phase and/or
methanogenic phase in accelerating the hydrolysis process, microorganism kinetic rate

and methane production.
6. Simulate and compare the results by developing a mathematical model.

7. Writing and submitting the research output to journals and conferences.
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6.2.3. Expected results and impacts

1. Discovering a new feedstock competes with typical feedstocks for anaerobic digestion

form Crassulacean Acid Metabolism plants.

2. Improving energy generation by separating the anaerobic digestion process, not only due

to the energy produced as hydrogen but also because of the higher methane content.

3. Accelerating the methane generation process by feeding the hydrolyzed output of stage
1 to stage 2.

4. Demonstrating the optimal operating conditions of a two-stage anaerobic digestion

reactor.

5. Improving the anaerobic digestion mechanism by adding special, cheap, and necessary

trace elements for methanogens.

6. Developing a mathematical model to describe and predict the maximum methane

production rate for a two-stage reactor.

7. The output of this work will offer solutions for the slow generation process of methane
using different feedstocks, in addition, to provide lab-scale continues system of methane
generation that could be applied on the large scale to effectively generate a clean source
of energy, contributing to solving one of the global problems using methane as an

alternative source of energy.
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