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ABSTRACT

Hydrothermal carbonisation (HTC) could form the basis for rendering human faecal
wastes safe whilst at the same time generating a carbon-rich material (hydrochar) and
providing prospects for the recovery of energy. The work presented here has an objective
of the search for optimal conditions for the HTC conversion of human faecal waste.

Primary sewage sludge (PSS) and synthetic faeces (SF), of various moisture contents, were
used as feedstocks to investigate the kinetics of decomposition of solids during HTC over
a range of reaction times and temperatures. Decomposition was found to follow first-order
kinetics, and the corresponding activation energies were obtained. Temperature was of
primary importance to influence solid decomposition. Higher temperatures resulted in
higher solids conversion to hydrochar. The energy contents of the hydrochars from PSS
carbonised at 140-200°C for 4 h ranged from 21.5 to 23.1 MJ kg ™. Moisture content was
found to affect the HTC process and feedstocks, with higher initial moisture contents
resulted in lower hydrochar yields.

The effect of reaction conditions on the characteristics of the hydrochar, liquid and gas
products from HTC of faecal material, and the conditions leading to optimal hydrochar
characteristics were investigated using a Response Surface Methodology (RSM). Models
were developed here which could aid in the identification of reaction conditions to tailor
such products for specific end uses. The results showed that the amount of carbon retained
in hydrochars decreased as temperature and time increased, with carbon retentions of 64—
77% at 140 and 160°C, and 50-62% at 180 and 200°C. Increasing temperature and
reaction time increased the energy content of the hydrochar from 17-19 MJ kg™ but
reduced its energy yield from 88 to 68%. HTC at 200°C for 240 min resulted in
hydrochars suitable for fuel, while carbonation at 160°C for 60 min produced hydrochars
appropriate for carbon storage when applied to the soil. Theoretical estimates of methane
yields resulting from subsequent anaerobic digestion (AD) of the liquid by-products are
presented, with the highest yields obtained following carbonisation at 180°C for 30 min. In
general, HTC at 180°C for 60 min and 200°C for 30 min resulted in hydrochars having
optimal characteristics, and also for obtaining optimal methane yields. Maillard reaction
products were identified in the liquid fractions following carbonisations at the higher
temperatures. It was also found that the TOC, COD and BOD of the liquid products
following HTC increased as the reaction temperature and time were increased and that
these would require further treatment before being discharged. The results indicated that
the gaseous phase following HTC contained carbon dioxide, nitrogen dioxide, nitric oxide,
ammonia, and hydrogen sulphide indicating that additional treatment would be required
before discharge to the atmosphere.

In order to identify the optimum conditions leading to greater filterability of slurry resulted
from HTC, the effects of reaction temperature and time on the filterability of PSS and SF
slurries were investigated and optimised using RSM. It was shown that filterability
improved as the reaction temperature and time at which the solids were carbonised was
increased, with the best filtration results being achieved at the highest temperature (200°C)
and longest treatment time (240 min) employed here. The specific cake resistance to
filtration of the carbonised slurries was found to vary between 5.43 x 10* and 2.05 x 10*
m kg for cold filtration of PSS, 1.11 x 10" and 3.49 x 10" m kg for cold filtration of
SF, and 3.01 x 10" and 3.86 x 10'® m kg for hot filtration of SF, and decreased with
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increasing reaction temperature and time for carbonisation. There was no significant
difference in specific resistance between cold and hot filtration of SF. The RSM models
employed here were found to yield predictions that were close to the experimental results
obtained, and should prove useful in designing and optimising HTC filtration systems for
generating solids for a wide variety of end uses.

Mass and energy balances of a semi-continuous HTC of faecal waste at 200°C and a
reaction time of 30 min were conducted and based on recovering steam from the process
as well energy from the solid fuel (hydrochar) and methane from digestion of the liquid
by-product. The effect of the feedstock solids content and the quantity of feed on the mass
and energy balances were investigated. Preheating the feed to 100°C using heat recovered
from the process was found to significantly reduce the energy input to the reactor by about
59%, and decreased the heat loss from the reactor by between 50-60%. For feedstocks
containing 15-25% solids (for all feed rates), energy recycled from the flashing off of
steam and combustion of the hydrochar would be sufficient for preheating the feed,
operating the reactor and drying the wet hydrochar without the need for any external
sources of energy. Alternatively, for a feedstock containing 25% solids for all feed rates,
energy recycled for the flashing off of steam and combustion of the methane provides
sufficient energy to operate the entire process with an excess energy of about 19-21%,
which could be used for other purposes.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Poor sanitation remains a global challenge particularly in developing countries with high
population growth rates. It is estimated that between 0.6 to 1 billion tons of human faeces
are generated each year (Schouw et al., 2002; Sobsey, 2006). In developing countries, over
90% of sewage is discharged untreated (Esrey, 2000; Langergraber and Muellegger, 2005).
Faecal pollution of drinking water results in the deaths of almost 2.2 million children
annually (WHO/UNICEF/WSSCC, 2000). In addition, sewage sludge from sewage
treatment plants still contains pathogenic bacteria that are harmful to human life when
applied to agricultural land (Jepsen et al., 1997; Sahlstrom et al., 2004). It has been
suggested that improved sanitation can reduce faecal associated diseases worldwide by
32% (WHO, 2004).

The discharge of biomass related materials rich in organic compounds in river sediments
are degraded into low molecular weight compounds by methanogens (Rees, 1980; Gujier
and Zehnder, 1983; Christophersen et al., 1996), which produce methane via anaerobic
digestion. In general, 20% of methane released into the atmosphere is understood to
originate in natural wetlands and rivers (Khalil and Rasmussen, 1994), and is considered
to be the second key greenhouse gas (GHG) following carbon dioxide. According to the
intergovernmental panel on climate change (IPCC, 2001), the global warming potential of
methane over 100 years relative to carbon dioxide is 23 times higher (Rutz and Janssen,
2007). It is therefore essential to reduce the emission of methane that naturally occurs
during self-decomposition of biomass related materials rich in organic compounds.
Biomass is reported to be an important source of renewable energy (Demirbas, 2001;
Bridgewater, 2003). It is estimated that biomass could provide about 25% of global energy
requirements (Briens et al., 2008). However, biomass such as human faeces has lower

energy density and needs to be converted to sustainable products of high value.

Over the years various techniques have been used towards this pursuit: biochemical
processing namely anaerobic digestion (Olsen and Larsen, 1987; Spuhler, 2011a), aerobic

digestion or composting (Vinneras et al., 2003; Niwagaba et al., 2009; Spuhler, 2011b);
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and thermochemical conversion such as incineration (Niwagaba et al., 2006). However,
these approaches have limitations which make their universal adoption unfavourable. For
example, anaerobic digestion takes weeks for complete conversion and requires a bulky
reactor (Spuhler, 2011a), and complete pathogen destruction is not achieved (Jepsen et al.,
1997; Sahlstrom et al., 2004). Simple composting takes a long time and is potentially more
unsafe due to the risk of handling initially unsterile faeces (Vinneras et al., 2003), survival
of pathogens in the end compost (Peasy, 2000), and high risks of GHG emissions (Beck-
Friis et al., 2001). Incineration can produce toxic air pollutants (Ketlogetswe et al., 2004;
Ernsting and Smolker, 2009); and is expensive for small-scale operation (Shukla, 2000).
Other thermochemical processes such as combustion, gasification and dry pyrolysis are
limited to dry biomass feedstock, require high energy input (Rajvanshi, 1986; Libera et al.,
2011), and generate potentially toxic GHG (Fortuna et al., 1997; Ratafia-Brown et al.,
2002; FOE, 2009).

The increasing growing global population, especially in developing countries and the
demand for improved sanitation to break the cycle of infection by microbial pathogens
drive the need to remodel existing methods for treating faecal biomass that is viable in
developed as well as developing countries. Also, the increasing regulatory constraints on
disposal and treatment options have brought about new scrutiny to the existing sewage
treatment methods widely established in developed countries. Moreover, the global
concern of climate change emphasises the need for maintaining a reduction of the carbon

footprint.

Hydrothermal carbonisation (HTC), a thermochemical process represents one possible
means of processing faecal biomass (human waste) within the constraints mentioned
above. HTC has been shown to be effective for converting biomass with higher moisture
contents into carbonaceous solids (biological char) commonly referred to as ‘hydrochar’,
aqueous and gaseous products in a pressured and oxygen-free reactor at moderate
temperature (Libra et al., 2011). It requires comparably mild reaction conditions, and only
takes minutes or hours (Titirici et al., 2007; Titirici and Antonietti, 2010; Libra et al.,
2011). HTC does not require a dry feedstock, which make it especially suitable for
naturally wet biomass. The process temperature employed results in the destruction of
pathogens. The HTC process is self-contained and hence emission of greenhouse gas
(GHG) is minimised or prevented (Bridle et al., 1990; Cantrell et al., 2007), and indeed

can contribute to GHG mitigation, especially if the solid hydrochar is then put into the
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ground as a means of carbon sequestration (Antal and Gronli, 2003). HTC reactors are
extremely simple and easily scalable (Cantrell et al., 2007; Titirici et al., 2007; Libra et al.,
2011).

These advantages of HTC make it an extensive field of research as it has attracted interest
for various biomass applications in recent times, in an attempt to seek out mitigation for
carbon footprint, GHG gas emissions, and energy recovery from organic waste. This is the
motivation for this study: it aims to render human faeces safe whilst at the same time
recovering energy from it and maintaining a low carbon footprint. The work will focus on
converting human faeces into useful products using the hydrothermal carbonisation
method. The research will consist of laboratory experiments with a batch unit as well as
investigations on a pilot HTC plant; and also develop new models that can be useful for
designing and optimising HTC systems for human faecal waste management; where the
reaction conditions may be varied depending on the operation objectives and the desired
application of the resulting products.

1.2 Problem Statement

Studies which outline the usefulness of the HTC process, reactions, products
characteristics and applications have been reported. However, there seems to be a dearth
of detailed research which looks into how to implement the overarching technological

advantage of HTC to human faecal sludge.

Chemical reactions in HTC process generally include hydrolysis, dehydration,
decarboxylation, condensation, polymerisation, and aromatization (Petersen et al., 2008;
Sevilla and Fuertes, 2009a; Funke and Ziegler, 2010); and the detailed nature of these
reactions mainly depends of the type of biomass feed (Funke and Ziegler, 2010). However,
the reaction Kkinetics of biomass HTC are not well understood yet. A small nhumber of
studies have reported dry pyrolysis rates using thermogravimetric analysis (TGA)
(Ledakowicz and Stolarek, 2002; Antal and Gronli, 2003; Biagini et al., 2009; Harun et al.,
2009; Ro et al., 2009; Sadawi et al., 2010), at extremely high decomposition temperatures
(up to 900°C) which is above that desired for HTC. However, there appears to be no
general agreement relating to the pyrolysis Kinetics of biomass decomposition from these
TGA analyses. A Kinetic study into human faeces HTC would provide information useful

for simulation, optimisation and design of HTC systems for waste treatment.
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The products of biomass HTC are the hydrochar, aqueous products and a very small
amount of gases. The hydrochar, which is the main product, has O/C ratios and higher
calorific value comparable to that of low rank coal (Demir et al., 2008; Heilmann et al.,
2010) so can be used as fuel. Hydrochar also has higher H/C and O/C ratios than “biocoal”,
which generally refers to solids resulting from pyrolysis (van Krevelen, 1993). Other uses
of the hydrochar may include adding it to soil to improve soil fertility and carbon
sequestration (Antal and Gronli, 2003; Titirici et al., 2007), biofuel production by
transesterification (Levine et al., 2013), and gasification for syngas production (Castello et
al., 2014). These options require different ratios of O/C for optimum conditions, giving
rise to different reaction temperatures and time requirements during HTC, which has not
yet been fully investigated.

The potential of methane production from wastewater substrates following biomass HTC
has been reported by few studies (Ramke et al., 2009; Chandra et al., 2012). The optimised
process conditions leading to improve methane yield is not yet known. The aqueous
product is reported to contain organic compounds such as furans, phenol, acetic acid,
levulinic acid, aromatics, aldehydes, other soluble organic compounds (Sevilla and Fuertes,
2009a; Luo et al., 2010; Ro et al., 2010; Berge et al., 2011; Shen at al., 2011; Wang et al.,
2012). Formation of difficult to treat coloured liquid products formed through Maillard
reaction between amino acids and reducing sugars during hydrothermal treatment of
sludges have been reported (Miyata et al., 1996; Penaud et al., 1999). The Maillard
reaction is influenced by many factors including temperature, reaction time, pH, water
activity. However, the optimum conditions leading to the reduction of Maillard products

has not yet been fully elucidated.

After HTC, the carbonised slurry needs to be dewatered to separate the hydrochar from the
liquid product, unless the solids and liquid are to be treated the same way, as in the Cambi
process (STOWA, 2006; Shea, 2009). Dewatering the carbonised solids is required for all
the different solid treatment options; if the solids are to be treated separately from the
liquid, where anaerobic digestion is the preferred treatment. Although there has been
extensive previous work on biomass carbonisation, the issue of how the solids are
recovered has hitherto not received attention. Ramke et al. (2009) studied the dewatering
properties of various organic wastes (municipal waste, agricultural residues, etc) following
HTC; however, they did not quantify the resistance in a way suitable for design
optimisation and therefore it is difficult to identify the conditions for best filterability.
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Hence, a more comprehensive study into HTC-slurry dewaterability is required in order to
identify the optimum conditions and to determine the filterability properties of the
dewatered products. This will facilitate proper design and scale-up of filtration systems
which may operate at different conditions of temperature and time, depending on the
required solids to be produced.

Biomass HTC is known to be an exothermic process (Titirici et al., 2007; Funke and
Zigler, 2010; Berge et al., 2011; Libra et al., 2011). It is claimed that up to 20% of the
energy contained in the biomass is released as heat during the HTC process (Titirici et al.,
2007); whilst about 60—90% of the gross calorific value of the feedstock is available in the
hydrochar (Ramke et al., 2009). Ideally, the amount of energy released during the process
must be utilised in the HTC plant to minimise the additional energy needed after the
process is started. This is the motivation of this work: sterilising the faecal waste and at the
same time recovering energy from it. However, energy is required to heat the faecal waste
which typically contains about 90% water to reach the reaction temperature, and also to
dry the hydrochar. Hence, a complete assessment of the energetic efficiency of the HTC
plant for human faecal waste treatment is required. This will involve mass and energy
balances of the process; taking into consideration energy input to the process, energy

recovery from the process and products, and heat losses during the process.

1.3 Research Objectives

1.3.1  General objective

This research aims at remodelling the present techniques for hygienically processing
human faecal waste that is feasible in developed as well as developing countries. The idea
is to transform faecal matter into a highly combustible solid through a process combining
hydrothermal carbonisation (HTC) of faecal sludge followed by combustion of the
carbonised residue to provide the heat needed during the reaction stage, and to compare
with the alternative of just using the liquid from the HTC for energy production (from
methane) and putting the hydrochar into the ground for carbon sequestration. The overall
energy balance will answer these questions, and both sequestration and energy are key
factors to the process. This involves gaining understanding of the physical, chemical and
transport properties of human faeces, and also the conversion Kinetics of faeces via HTC
based on the thermodynamic properties of the process; as well as the influence of the

operating parameters on the product and process characteristics.
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The research assessed the operational efficiency of the HTC system in order to ascertain

the sustainability of the process for faecal waste treatment.

1.3.2

Specific objectives

The specific objectives and approaches of this research were to:

1.

1.4

Determine the Kinetics and parameters to ascertain the reaction order relating to
HTC of human faecal waste and use these data to develop a model to link the
formation of the solids (hydrochar) particles with the reaction rate kinetics. The
effect of feedstock moisture content on the hydrochar formation will be studied.
Optimise the operating conditions for human faeces HTC by investigating the effect
of reaction temperature and time on hydrochar, liquid and gaseous product
characteristics, as well as the potential for methane production from the liquid
product.

Study the effect of operating conditions on filterability of human faecal sludge
following hydrothermal carbonisation by optimising the reaction temperature and
time for greater filterability.

Assess energetic efficiency of the HTC system for human faecal waste treatment to
ascertain the sustainability and affordability of the technique in small and large scale
semi-continuous operations. The potential to use the heat generated during the
reaction stage, heat recovery from combustion of the hydrochar, and that from
methane produced from anaerobic digestion of liquid phase as well the energy
recovery from the vapour phase will be evaluated.

Design, build and operate a pilot HTC plant basing on a combination of optimised
results of the laboratory study and energetic efficiency models established that will

incorporate safe disposal, recycling and application of the products.

Research Questions

In order to achieve the objectives of the research, it is essential to answer the following

questions:

What are the reaction kinetics of human faeces by hydrothermal carbonisation?

2. What is the effect of feedstock moisture content (solid loading) on hydrochar

formation or hydrothermal carbonisation?
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3. What is the effect of operation conditions (reaction temperature, retention time) on
product (hydrochar, liquid and gas) characteristics?

4. Doesthe HTC process sterilise the material?

5. What is the best reaction temperature and time for improved digestibility of the
processed wastewater (liquid product) for maximum methane yield?

6. What are the optimum operation conditions for greater filterability of the HTC
slurry?

7. What is the optimum scale of operation (in terms of overall energy utilisation and
number of users) to make the HTC system economically feasible?

1.5 Thesis Outline

There are a total of nine chapters which make up this Thesis. Chapter 1 (the present
chapter) gives an introduction which provides a background to the study as well as a
problem statement highlighting the need for this work. In addition, it gives the aims and

relevance of the study.

Chapter 2 reviews the physiochemical and rheological properties of human faeces. The
review will cover the underlying principles of hydrothermal carbonisation, together with
the relevant features of the technology; for example, the chemistry, reaction mechanisms
and process energetics. The chapter will then survey the influence of HTC process
conditions (especially, temperature and time) on the process and product characteristics,
and cover aspects of sludge dewatering relevant to the study. The impact of the HTC

process on carbon cycle and sequestration will be reviewed.

Chapter 3 explains different types of materials analyses and characterisations by using
different principles: CHN Elemental Analyser, Scanning Electron Microscope (SEM) and
Energy Dispersed X-ray Spectroscope (EDS), Thermogravimetric Analysis (TGA), Bomb
Calorimeter, and Differential Scanning Calorimeter (DSC), Gas Chromatography-Mass
Spectroscopy (GC-MS), and Mass Spectroscopy (MS) analyses. In addition, Biological
Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Organic Carbon
(TOC), Volatile Fatty Acids (VFA), Ammoniacal Nitrogen (NH4-N), pH, total solids (TS)
volatile solids (VS), fixed solids (FS) in all liquid products from different operating
conditions are investigated and explained. Also, bacteriological analyses are carried out
for liquid products under different conditions.
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Chapter 4 presents the methodology for experiments, optimisation and modelling set-up.
The hydrothermal carbonisation method used in this study is explained in detail for
sewage sludge and synthetic faeces formulation HTC. Different methods of cold and hot
filtration are explained. Also, a method is described to calculate the specific cake
resistance to filtration. An investigation is made using response surface methodology
(RSM) model to investigate the optimal operating conditions for hydrochar energy
characteristics, methane potential from liquid products, and slurry filterability. A model
assessing the energetic efficiency and the optimise scale of operation of the HTC system is
investigated.

Chapter 5 presents a study on reaction Kkinetics of human faecal waste hydrothermal
carbonisation. The aim of this chapter is to gain insight into the reaction Kkinetics of
hydrochar production from primary sewage sludge and faecal simulant by hydrothermal
carbonisation, taking into consideration the influence of reaction temperature and time on
hydrochar production. It examines the effect of feedstock moisture content on hydrochar
production and the extent of carbonisation.

In order to understand the reaction kinetics of the HTC process for human faecal waste

conversion, a kinetic model is developed to fit the experimental data.

In Chapter 6, the influence of the operating conditions (such as reaction temperature and
time) on the elemental and energetic characteristics of the hydrochar as well as the
indicator compounds present in the liquid by-product are investigated. It presents a
framework for optimising maximum methane yield from the liquid by-product, and
maximum energetic values from the hydrochar via RSM; and investigates the interaction

effects among these operating conditions.

Chapter 7 presents a framework that can be used for investigating the influence of
operating conditions on carbonised slurry filterability where heating of sewage sludge is
considered to improve filterability. A RSM using a Central Composite Rotatable Design
(CCRD) is used to study the effect of process conditions on filterability and the interaction
effects among these operating conditions. The experimental volume is fitted to a
developed model in order to study filterability properties of the HTC slurry at the

operating conditions
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In Chapter 8, detailed assessment of the energetic efficiency of the HTC system for
human faecal waste is investigated. The chapter takes into consideration heat generated
during the reaction, heat recovery and reused from the products and process, and heat
losses during the process to develop a framework to determine the economic sustainability
of the system for continuous operation.

Chapter 9, the final chapter gives a summary of the research, and highlights possible
areas of research which could be a follow up of this research or other studies which could
be significant to the field of human faeces hydrothermal carbonisation.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Overview

This chapter reviews the underlying principles of hydrothermal carbonisation (HTC),
considering the relevant features of the technology, such as process conditions, chemistry
and reaction mechanisms, and influence of process parameters on process and product
characteristics. The physiochemical and rheological properties of human faeces, which is
the model feedstock, is reviewed. The impact of the HTC process on carbon cycle and
sequestration is reviewed. The chapter covers aspects of slurry dewatering that is relevant
to the study. The technological comparison of the HTC process to other biomass
conversion routes is covered as well as a review of the process energetics of the HTC
system that are relevant for the research.

2.2  Hydrothermal Carbonisation

Hydrothermal carbonisation (HTC) is a thermochemical process for converting biomass
with higher moisture content into carbonaceous solids (biological coal) commonly referred
to as ‘hydrochar’, aqueous and gaseous products in a pressured and oxygen-free reactor at
moderate temperature (Titirici et al., 2007; Peterson et al., 2008; Libra et al., 2011). A
conceptual illustration of the HTC process is shown in Figure 2.1, given by Peterson et al.
(2008). HTC of biomass was first carried out years ago. It was developed as early as the
first decades of the twentieth century by Friedrich Bergius; for natural coalification from
cellulose (Bergius, 1913), followed by carbonisation of biomass sources in the presence of
water at temperatures between 150-350°C to produce coal (Berl and Schmidt, 1932).
However, the significance of HTC for biomass conversion received little attention after the
initial discovery, until lately hydrothermal degradation of organic matter and synthesis of
basic chemicals (Bobleter et al., 1976; Bonn et al., 1983) as well as liquid and gaseous
fuels (Overend et al., 1985) gained scientific interest. Recently, the technique has been
discovered as an important method for the production of various carbonaceous solid
products, and as means of CO, sequestration. Wang et al. (2001) used HTC for the
synthesis of uniform carbon spheres using sugar or glucose as precursors under mild
conditions (< 200°C) at the beginning of the new century. In their study Titirici et al. (2007)
suggested the use of char produced by HTC as a means of carbon storage from the
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atmosphere and to improve soil fertility as have been prompted by “terra preta” (termed
“black earth”) for improved fertility of the soil over unmodified soil of the surrounding
area (Kleiner, 2009). Lately, similar studies were carried out into using the hydrochar for
soil-quality upgrading (Rillig et al., 2010; Ro et al., 2010), and using it as energy source
(Libra et al., 2011).

Typical biomolecules:

Example feedstocks:
« Agricultural &
forest wastes Feed preparation:
* Energy crops & grinding, pres-
algae sing, maceration,
* Food process- pumping, etc.
ing & municipal
wastes

Fuels & fertilizers:
S TNAGE

E> Pressure let- E> = Hydrogen
down & * "Bio-crude"
separation N
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Figure 2.1 — Conceptual representation of hydrothermal processes (Peterson et al., 2008)

Although HTC of biomass has received great attention in recent times, the majority of the
researchers use plant biomass; usually called lignocellulosic biomass — since components
of plant biomass comprises mainly lignin, cellulose and hemicellulose. This may be due to
the fact that plant biomass is easy to handle with less degree of management and/or
treatment to meet environmental requirements. Figure 2.1 gives a graphical representation
of the HTC process, presented by Peterson et al. (2008) in their review into sub- and
supercritical water technologies. A review of Funke and Ziegler (2010), and Libra et al.
(2011) provided a thorough review of the impact of feedstock, mechanisms of reaction and
products to provide insights into the process engineering. In a different study, Yu et al.
(2008; 2010) carried out work into the ability of HTC to create novel nano- and micro-size

carbon particles with distinct properties and applications. Other similar works on these
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have also been undertaken and reported (Sevilla and Fuertes, 2009a; Titirici and Antonietti,
2010). This area is of limited interest in respect to this study. A review by Meyer et al.
(2011) delves into the different techniques of char production and their effect on the
climate, which has limited interest to this research but is important in a wider context. The
possible conversion methods for biomass upgrading to biofuels are given in Figure 2.2.
Although many of the literature studies used feedstock different from that to be used in this
study, and are not directly related to the aims of this study, they all offer beneficial data
concerning the range of operating temperatures and pressures for HTC process, and as
such do give a wider perspective to the research.

Anaerobic Digestion

Hydrothermal Conversion y
(Catalytic)

\ 4

Heat and Power

9
)
2]
A 4

Supercritical Water

Gasification
Wet Biomass >
Hydrothermal Conversion Solid/Liquid
(Non-Catalytic) ” Product
CO: Extraction »| Lipids Transportation
v Fuel
Drying Fermentation »| Alcohols
Chemicals
: Pellets/ -
Mechanical Treatment > Briquettes N
q Chemicals
So|vo|ysis > LIqUId/SOIId :
Product A
\ 4 Combustion
Dry Biomass P>

Torrecfaction Solid Fuel |1
Carbonisation Product

\ 4

Pyrolysis »| Pyrolysis Oil K
Gasification - —
Direct/Indirect (Syn) Gas ransportation
fuel
Extraction I
Oil Pressing | Lipids

Figure 2.2 — Potential Conversion routes for biomass upgrading to biofuels (adapted from
Knezevi¢, 2009)
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2.2.1 HTC of sewage sludge and wastewater solids

Literature on hydrothermal treatment of sewage sludge and wastewater solids has been
reported, although limited compared with that on lignocellulosic biomass. For example,
VVon Roll (1960) reported a process for removing water from heated raw or activated
sludge. Logan and Albertson (1971), similarly reported a process in which the sewage
sludge was heated under pressure; and the water decanted followed by centrifugation or
filtration of the remaining sludge. However, their work did not extend to quantification of
important filterability numerical parameters such as filtration resistance. Catallo and
Comeaux (2008) studied reductive hydrothermal treatment of sewage sludge and analysed
the volatile and semi-volatile chemical mixtures generated. However, the effect of process
conditions on the chemical mixtures and typical wastewater parameters were not reported.
Namioka et al. (2008) undertook studies to enable them predict the relationship between
the operating conditions and steam input during hydrothermal treatment of sewage sludge.
Their work, however, did not extend to recovering of energy from the process; which is
one of the motivations of this study. Qiao et al. (2010) studied reductive hydrothermal
treatment of sewage sludge followed by Upflow Anaerobic Sludge Blanket (UASB) with
an objective to improve anaerobic digestion of the sludge. Their work, however, did not
extend to hydrothermal conditions leading to improved methane yield. Yanagida at al.
(2010) presented a model to predict the viscosity of sewage sludge following HTC over a

range of conditions, but did not extend to dewatering of the end product.

Berge et al. (2011) has carried out HTC of anaerobic digested sludge. In their work they
compared various municipal waste materials. The main aim of this work was determining
the impact of HTC process on the solid yield and product characteristics. However, their
work included little information on the process energetics except that they did report the
heat of reaction and calorific value, which were not based on optimised results. Cao et al.
(2011) looked at producing char from swine manure for use as soil improvement to
enhance soil fertility, and investigated the changes to the chemical composition of swine
manure under different carbonisation conditions, and found the hydrochars produced to
have increase content of aromatic carbons; and thus included little information on the
processed wastewater characteristics and energetic aspects of the hydrochar. Other studies
of HTC using feedstocks of presumed similarities with sewage sludge but not faecal paste
include distiller’s dry grains with solubles (Schendel et al., 2011), anaerobically digested

maize sludge (Mumme et al.,, 2011). These articles studied the effect of variables of
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temperature, time and solids concentration on hydrochar yield and characteristics.
Prawisudha et al. (2012) studied the production of coal alternative fuel from municipal
solid waste (MSW) using hydrothermal treatment, and the results showed that the heating
value of the MSW after hydrothermal treatment was slightly higher than the raw MSW.
Although the objectives of these researchers differ from those of this study, there are some

similarities that provide useful information.

The application of hydrothermal systems to produce fuels at commercial scale is also
available that uses the Sludge To Oil Reactor System (STORS) for production of liquid
product (STOWA, 2006b); whilst the SlurryCarb™ by Enertech has been in commercial
operation in Japan and California (Enertech, 2010). Because these are commercial systems
literature information are focused on general principles, which are of little concern. Again,
simple and affordable Thermal Hydrolysis Process (THP) plants are not available making
the existing technique restricted to developed countries; currently mainly as add on to
existing capital plant, e.g. to anaerobic digestion plant. There will however, be links
between the THP of sewage sludge and MSW with this project, as well as with the

equipment used.

2.2.2  Process conditions

Operational conditions of HTC differ in different works. Significant hydrolysis of
biomacromolecules start at 180°C; for example, hemicellulose decomposes between 180°C
and 200°C, lignin between 180°C and 220°C, and cellulose above 220°C (Bobleter, 1994).
Practical operational conditions of HTC are in the temperature range of 180-250°C (Funke
and Ziegler, 2010). Typical reaction times vary from a few minutes to several hours (see
Table 2.1). In the HTC process, the crude biomass must be in aqueous suspension
throughout the reaction under saturated pressure up to 2 MPa to produce very little gas (1—
5%), whilst most organics remain as or are converted to solid (Libra et al., 2011). Higher
temperature up to about 300°C, very high pressures (12—-20 MPa), and with the application
of catalysts produces more liquid hydrocarbons and more gas. Hydrothermal treatment at
such conditions is called hydrothermal liquefaction (Behrendt et al., 2008; Yokoyama,
2008); however, most liquefaction processes are carried out using organic solvents instead
of water (Behrendt et al., 2008), and in alkaline medium (Venderbosch and Sander, 2000).
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The pH-value during the HTC process is acidic (below 7) due to the organic acid by-

products (Antal et al., 1990; Bobleter, 1994, Berge et al., 2011).

Table 2.1 — A number of works investigating HTC of different feedstock under various

process conditions

Feedstock

Temperature Reaction Catalyst Added Hydrochar Carbonin Reference

(°C) Time Yield (~%) Char (~%)

Paper residues 260-320 0.5-2h Not any 29-35 NR Reynolds et al. (1997)
Rabbit food 200-350 NR Not any 33-48 NR Goto et al. (2004)
Starch 160 12 h AgNO; NR NR Yu et al., 2004
Wood biomass 184 589 15-60min  Ca(OH), 41-73 NR  Karagoz etal. (2004)
(sawdust)
Wood biomass . KOH, NaoH,
(sawdust) 280 15 min K,COs, Na, COs 4-42 NR Karagoz et al. (2005)
Wood biomass, —»q, 15min  Notany 41-60 NR  Karagoz etal. (2005)
cellulose, lignin
Glucose 160-200 30 min Tellurium NR NR Qian et al. (2006)
Walnutshells 200300 6omin  oh KoM 0-98  23-102° Lui etal. (2006)

2 3
Fructose 120-180 0.5-2h Not any NR NR Yao et al. (2007)
Refuse derived
biomass (paper, -
cardboard, 300-375 NR NaOH mom  angs e

Williams (2007)
wood, and
plastic)
Pentoses 180 24 h Not any NR 69 Titirici et al. (2008)
Hexoses 180 24 h Not any NR 64-66  Titirici et al. (2008)
. q Ca(OH)z,

Pine wood 280-340  10-60 min Ba(OH),, FeSO, NR 48-76  Xuand Lad (2008)

L Demir-Caken et al.
Glucose 190 16 h Acrylic acid NR NR (2009)
Cellulose 230250  2-4h Not any M5 7173 (S;gég:)a”d Fuertes
Pine wood 300 NR Not any 40-70 36-56 Liu etal. (2010)
Tropical peat 150-380 30 min Not any 53-98 58-78 Mursito et al. (2010)

. Citric or Oxalic .

Microalgae 200-203 0.5-2h acid 28-46 45-73  Heilmann et al. (2010)
Lobolly pine 200-260 5 min Not any NR 55-72  Yan etal. (2010)
wood
b%%%”y pine 180-230 5min  Citric acid, LiCl NR NR Lynam et al. (2011)
Anaerobic
digestion waste 250 20 h Not any 47 28 Berge et al. (2011)
Mixed
municipal solid 250 20 h Not any 63 34 Berge et al. (2011)
waste
Food waste 250 20 h Not any 44 68 Berge et al. (2011)
Paper 250 20 h Not any 29 57 Berge et al. (2011)
Distiller’s grains 200 2h Not any 30-46 61-68 Heilmann et al. (2011)
Anaerobic
digested maize 190-270 2-10h Not any 36 —72 59-79 Mumme et al. (2011)
silage
Glucose 180 12 h Not any NR 65 Falco et al. (2011)
Sewage sludge 180-240  15-45min Not any 7-9 52-68 Zhao et al. (2014)

NR = not reported. * Reported as total carbon conversion {(carbon weight in agueous phase/carbon weight in

original sample) x 100}.
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At further increase in temperature and pressure, usually above 350°C and 20 MPa, and
with catalyst the supercritical state for water is reached forming mainly combustible
gaseous products. This gasification process is termed “hydrothermal gasification”
(Peterson et al., 2008; Yokoyama, 2008) or “hydrogasification” (Basu, 2010). The
hydrothermal routes which occur in hot-compressed water are illustrated in Figure 2.3.

370°C < > Gasification

300°C m— Liquefaction Carbonisation
200°C™ T Liquidisation Hydrolysis
Extraction
100°C
Boiling point

Figure 2.3 — Hydrothermal routes occurring in hot-compressed water (Yokoyama, 2008)

The summary in Table 2.1 shows that many researchers have developed different
frameworks for HTC, some at higher reaction temperatures and/or longer residence times
of the feed. The choice of the operating conditions should depend on the practical

implementation of the HTC system.

2.2.3  Reaction routes during hydrothermal carbonisation

HTC of biomass involves several complex reaction paths. Considerable literature
information on possible chemical reactions during HTC is available. However, only a few
studies have conducted detailed investigations into the reaction paths, examples include
the hydrolysis of cellulose. The reaction is known to be exothermic (Bergius, 1913;
Sunner, 1961; Titirici et al., 2007; Funke and Ziegler, 2011; Berge et al., 2011), which is
the result of a combination of dehydration and decarboxylation reactions (Peterson et al.,
2008; Sevilla and Fuertes, 2009a; Berge et al., 2011). So far, the complex reaction

mechanisms are however, not known. Reaction routes reported in the literature are from
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analogous network of different reaction paths, but are known to give essential information
about the reaction mechanisms. The mechanisms break down as follows: hydrolysis (or
decomposition), dehydration and decarboxylation, condensation polymerisation (or
recombination), and aromatisation. Although the mechanisms of these reactions paths
depend on the biomass structure, and thus the type of feedstock (Garrotte et al., 1999),
gaining an understanding into the general reaction mechanisms of biomass HTC is
important for this research.

2.2.3.1  Hydrolysis

Hydrolysis of cellulose during HTC generates different oligomers and glucose (Garrote et
al., 1999; Sasaki et al., 2000; Ogihara et al., 2005). The hydrolysis is catalysed by
hydronium (HsO") ions, which are produced from dissociation of water caused by heating
of the biomass in water (Kalinichev and Churakov, 1999). The oligomers and glucose
isomerise to produce fructose (Bobleter, 1994; Nagamori and Funazukuri, 2004) and these
monomers further decompose to form organic acids comprising acetic, lactic, propionic,
levulinic and formic acids (Antal et al., 1990; Bobleter, 1994), with the hydronium ions
formed from these acids acting as further catalysts for degradation in next reaction stages
(Sinag et al., 2003).

The resulting fragments further hydrolyse to form different soluble products, such as
erythrose, furans, 5-(hydroxymethyl) furfural (HMF) (Kuster, 1990; Luijkx et al., 1995;
Sasaki et al., 1998; Kabyemela et al., 1999; Sinag et al., 2003; Asghari and Yoshida, 2006;
Aida et al., 2007; Chheda et al., 2007). In general, the rate of biomass hydrolysis is
determined by the reaction temperature (Mok et al., 1992), and the transfer phenomena
within the matrix of the biomass (Shoji et al., 2005; Hashaikeh et al., 2007).

2.2.3.2  Dehydration and decarboxylation

Oxygen removal during HTC conditions occurs mainly by dehydration and
decarboxylation reactions. Dehydration during HTC lowers the molecular (H/C) and (O/C)
ratios, and causes elimination of hydroxyl groups as in the case of dehydration of glucose
to HMF or 1,6-anhydroglucose during hydrothermal degradation of glucose (Kabyemela et

al., 1999). The removal of each water molecule from the organic molecules releases
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energy exothermically. The dehydrated organic molecules combine to form a network of
different carbon compounds (Titirici et al., 2007).

The detailed reaction mechanisms of the decarboxylation reactions are not mostly known.
However, the hydrothermal treatment is reported to cause a partial elimination of carboxyl
groups (Blazso et al., 1986; Lau et al., 1987; Schafer, 1972). At temperatures above 150°C,
carbonyl and carboxyl groups quickly degrade to produce CO and CO,, respectively
(Murray and Evans, 1972). Generation of CO; during HTC may also be due to
condensation reactions (Schafer, 1972), or from the decomposition of formic acid which is
produced in larger amounts during degradation of cellulose to produce CO, and H,O (Yu
and Savage, 1998; McCollom et al., 1999).

A number of studies under hydrothermal treatment indicate that at low reaction
temperatures, dehydration can be achieved without major decarboxylation (Berl and
Schmidt, 1932; Schuhmacher et al., 1960; Titirici et al., 2007). However, it is not known
whether biomass carbonisation can be achieved without decarboxylation taking place
(Funke and Ziegler, 2010). During HTC, significant decarboxylation occurs after
dehydration has taken place. Typical examples are HTC of glucose, cellulose, and starch
(Sevilla and Fuertes, 2009a, Sevilla and Fuertes, 2009b), as well as paper, food wastes and
mixed MSW (Berge et al., 2011). For the case of anaerobic digested (AD) waste, HTC is

observed to be mainly governed by the decarboxylation process (Berge et al., 2011).

2.2.3.3  Polymerisation and polycondensation

One of the main routes for the formation of hydrochar during HTC is condensation
polymerisation or polycondensation (Kruse and Gawlik, 2003), specially idol condensation
(Nelson et al., 1984; Kabyemela et al., 1999). The furfural-like compounds decompose to
produce acids/aldehydes and phenols (Ogihara et al., 2005), which subsequently
recombine to form soluble polymers by polymerization or condensation reactions (Asghari
and Yoshida, 2006). This may be induced by intermolecular dehydration or aldol
condensation to form soluble polymers (Tang and Bacon, 1964). A simplified reaction
route of glucose to carbon rich microspheres in hydrothermal treatment is given in Figure
2.4. This was modified by Kumar et al. (2011) from reaction pathways presented by
Titirici et al. (2008), Chuntanapum and Matsumura (2009), and Sevilla and Fuertes
(2009a).
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2.2.3.4 Aromatisation

Aromatic clusters are considered as the basic building block of the hydrochar (Baccile et
al., 2009). Experiments with HTC of cellulose show a burst in nucleation of carbon rich
microspheres as the concentration of aromatic groups in the aqueous solution reaches the
critical supersaturation point (Sevilla and Fuertes, 2009a). Analysis using **C-NMR shows
that aromaticity of carbon structures increase as reaction temperature and time are highly
increased (Sugimoto and Miki, 1997; Falco et al., 2011). Aromatisation of soluble
polymers resulting from the intermolecular dehydration or aldol condensation takes place
when the aromatic clusters in aqueous solution reach the critical super-saturation point,
which consequently precipitates as carbon rich microspheres (Sevilla and Fuertes, 2009a).
Table 2.2 gives a selection of reactions of biomass HTC from experimental estimations.

OH
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Figure 2.4 — Simplified reaction route of glucose during hydrothermal carbonization

reactions (Kumar et al., 2011)
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Table 2.2 — Selected reactions of hydrothermal carbonisations of biomass

Feedstock Temp. Time Reaction Reference
S (h
Cellulose (Cellulose — char + CO, + H,0)
310 64 CgHy05 = Cs5H,0g5 + 0.75 CO, + 3H,0 (2.1) Bergius (1913)
340 72 CgH1,05 = Cs3H3550037 + 0.70CO, + 3.2H,0 (2.2)  Schuhmacher et al.
(1960)
250 20 CgH1,05 = Cs5H400 5 + 0.75C0O, + 3H,0 (2.3) Bergeetal. (2011)
Carbohydrates NR  NR (Glucose — char + H,0) Titirici et al.
CeH1,06 — CgH,O, + 4H,0 (24) (2007)
AD Sewage (AD Waste — char + dissolved organics + CO,)
Slud
Sed 250 20 CHu770047NoaSo0r —* 0.40 CHy 670021 No0ssSon
+ 0.60 CH1 8§09 64Ng20S0.011 + 65X106 CO, (25) Berge et al. (2011)
Municipal (Mixed MSW — char + dissolved organics + CO,)
Solid Wast
MSW) 250 20 ChigoO10aNoorrSnoor = 0.74CH0:0nszNoorsSooms
+0.26 CH3.403.05N0.01980.0009 + 66X106 CO, (26) Berge et al. (2011)

NR = not reported. The reactions are stoichiometric approximated equations from elemental
analyses of biomass feedstock and products after HTC.

2.2.4  Kinetics and modelling of biomass HTC

2.2.4.1 Reaction kinetics of biomass HTC

Reactions in a hydrothermal medium involve a significant number of pathways. An
understanding of the reaction Kkinetics is therefore necessary since modelling of the process
of biomass HTC requires the kinetics of mass loss and hydrochar formation and/or
production. Different first-order Arrhenius Kinetics rates have been reported for the
degradation of cellulose in hydrothermal treatment (see Table 2.3). For example, Schwald
and Bobleter (1989) in their study of cotton cellulose degradation in the temperature range
between 215 to 274°C observed first-order Arrhenius kinetics with an activation energy of
129.1 kJ mol™. Sasaki et al. (2000; 2004) found a rapid increase of activation energies
from 146.0 to 548.0 kJ mol™* when the reaction temperature was above 370°C. Cantero et
al. (2013) in a similar study observed hydrolysis of cellulose in water with activation
energy of 154.4 kJ mol™ around the critical point (375°C), which increased to 430.3 kJ
mol™ above the critical point. Figure 2.5 shows the Arrhenius plot of first-order reaction
rates for decomposition of cellulose presented by Peterson et al. (2008) in their review,
with the data adapted from Schwald and Bobleter (1989), Adschiri et al. (1993),
Mochidzuki et al. (2000), and Sasaki et al. (2000).
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Although cellulose is the major component of plant biomass, and thus understanding of the
decomposition rate under hydrothermal medium is essential, complex biomass such as
faecal sludge may have a quite different composition; so studies that look into the kinetics
of its hydrothermal degradation are essential.
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Figure 2.5 — Arrhenius plot of natural logarithm of pseudo-first-order reaction rate versus

inverse temperature for cellulose decomposition (Peterson et al. 2008)

A number of studies have reported the kinetics of biomass dry pyrolysis using
thermogravimetric analysis (TGA). For example, Antal et al. (1998) reported an activation
energy of cellulose pyrolysis in the range between 228.0-238.0 kJ mol™. Activation
energies of pyrolysis of semisynthetic raw bacteria cellulose were found between 92.7-471
kJ mol™, and were observed to be first-order kinetics (Ledakowicz and Stolarek, 2002),
whilst that of swine solids and anaerobic lagoon sludge was observed to range between
92.0-161.0 kJ mol™ (Ro et al., 2009). Other studies have also reported the rate of

Table 2.3 — Reported activation energy of cellulose decomposition in hydrothermal medium

Feedstock Temperature Activation Energy Reference

(°C) (kJ mol™)
Cellulose 215-274 129.1 Schwald and Bobleter (1989)
Cellulose 200-400 165.0 Adschiri et al. (1993)
Cellulose 300 220.0 Mochidzuki et al. (2000)
Cellulose 290-400 146.0-548.0 Sasaki et al. (2000; 2004)
Cellulose 400 154.4-430.3 Cantero et al. (2013)
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decomposition of cellulose pyrolysis as first-order (Conesa et al., 2001; Antal and Gronli,
2003). However, pyrolysis rate determinations using TGA is carried out at severe
temperatures up to 900°C or higher, which is much higher than that preferred for HTC.
Also, there are disparities between most of the decomposition models relating to biomass
pyrolysis Kinetics using TGA analyses, which leaves room for further investigations into
biomass kinetic rates; especially in hydrothermal media.

2.2.4.2  Modelling of biomass HTC

Developing models in hydrothermal conversion processes help to compare experimental
results from different process conditions (Ruiz et al., 2013). Murray and White (1955)
have developed an empirical model that predicts the reaction order from TGA analysis
(weight loss versus temperature curves) as pseudo first-order. The temperature integral
approximation from TGA curves (weight loss versus temperature). Table 2.4, adapted
from Ruiz et al. (2013), presents some reported mathematical models that are utilised in
isothermal and non-isothermal hydrothermal treatments. A model for determining the
conversion of HTC is proposed by Ruyter (1982), (Eq. (2.9)) in Table 2.4, which describes
variables that defines reaction severity. The model is based on the assumption that the ratio
of decarboxylation to dehydration (r = mol CO2/mol H,0) is constant (Oden and Unnerstad,
1924), which according to Funke and Ziegler (2010), depends on pH, pressure, and feed at
only subcritical conditions. Overend and Chornet (1987), and Chornet and Overend (1991)
have proposed an empirical model that is regularly used for correlating the effect of
operational conditions (i.e. temperature, residence time, particle size, pH) in a pulping
process by first-order kinetics using the severity factor (Ro). The model has also been
applied for relating pretreatment severities in hydrothermal treatments (Pedersen and
Meyer, 2010; Yanagida et al. 2010; Aguedo et al., 2013; Prawisudha and Yoshikawa,
2013). Abatzoglou et al. (1992) defined severity factor as a single parameter used for
empirical interpretation of the effects of reaction temperature and time on hydrothermal
treatments carried out under different conditions. Thus, higher temperature and/or longer

residence times represent a high reaction severity.

Other models have also been developed for biomass HTC using statistical regression
analysis. For example, Heilmann et al. (2010) proposed a model that relates temperature,

residence time and feedstock solid content on carbon recovery in algae hydrochar.
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Table 2.4 — Models used in hydrothermal treatments (adapted from Ruiz et al., 2013)

Effect Model Variables Reference
The reaction rate —t (T—-170) tg IS reaction time (min),  Bergius (1913)
coefficient factor (P), is a R 10 T is temperature (°C),

relation between time and

170 is the reference

temperature for @7) temperature of HTC
determining the doubling P (which is not
will results with a systematically derived)
temperature rise of 10K.
Model that calculates the [ —In(1-c)] | ARy E o« =1-m.J/m, A is pre- Murray and
activation energy and n T2 = (EBr) " RT exponential factor (s %), White (1955)
kinetic parameters of B, is heating rate, E is
pyrolysis from TGA activation energy
studies (assuming that the (@8) (kI mol™), m, and m, are
reactions are first-order. current and initial sample

weight () respectively, R

is molar gas constant, T

is temperature (K)
Conversion (X) of HTC 02 _w(ofeed- Ot) tis reaction time (min),  Ruyter (1982)
using kinetic approach of X = 50.tg"“.exp T }Cfeea”® T is temperature (°C),
Arrhenius and fitted to Ofeeq IS OXygen content in
experimental data. 29) feedstock, Oy is oxygen
Completed conversion is 7 content at the end of the
reported to be achieved process, 6 is reference
when oxygen content of oxygen content after
the HTC-coal is 6% (wt). complete conversion.
Severity factor (R,), which . = 1T—100 q tg IS reaction time (min),  Overend and
is a simple means for o= fo eXp[ 14.75 ] t T is temperature (°C), Chornet (1987);
comparing experimental 100 is reference Chornet and
results from different temperature, and 14.75is  Overend (1991)
process temperature and (210)  an empirical parameter
time. related with activation

energy. Usually, the

results are represented as

a function of log (R,).
Model that relates viscosity u = 2.755 x 105 x RJ-825 W is viscosity (Pas) and  Yanagida et al.
to severity factor (R,) and Ry is the severity factor.  (2010)
viscosity of slurries from (2.12)
sewage sludge during
hydrothermal treatment.
Severity factor (Ry) ina logR, = 10g[Ro preating + Ro cooling] tr (min) is time needed Romani et al.
non-isothermal for the entire heating- (2011)

hydrothermal treatment,
which exclude both
temperature and reaction
time along heating and
cooling.

tmax T (t) — 100 tr T'(t) — 100
ot = [ [ TOZ10,, , [ IO =10
0

@ tmax @

(2.11)

cooling period, tyax
(min) is time needed to
achieved autohydrolysis
temperature, T(t) and
T’(t) are temperature
profiles in heating and
cooling, respectively, and
o is an empirical
parameter.




CHAPTER TWO: LITERATURE REVIEW 24

A model relating the effect of temperature, residence time and pH on hydrochar carbon
content and solid yield has been developed by Mumme et al. (2011) in their study into the
HTC of AD maize silage. Gan and Yuan (2013) in their study into corncob hydrothermal
conversion for bio-oil production proposed models for correlating the effect of temperature,
residence time, biomass solid content, and catalyst loading on bio-oil yield, carbon content
and carbon recovery. Their experimental results were in close agreement with the model
data, which confirmed the accuracy of their models for designing and optimising the
hydrothermal conversion of corncob for bio-oil.

The deficit in knowledge of the reported models are those that relate the effect of reaction
temperature and time on liquid product characteristics, methane production potential,
dewaterability of the HTC-slurry, and even hydrochar characteristics for complex biomass
such as faecal sludge; which will be investigated in this study.

2.2.5  Effect of operating parameters on biomass HTC

The operating parameters of HTC include reaction temperature, residence time, pressure,
biomass solid content, catalyst and pH used. The role water plays during the HTC process

will be discussed in addition to these process parameters.

2.2.5.1 Role of water during biomass HTC

Literature on reactions of biomass in water has been extensively studied and reported.
Water plays important roles during biomass HTC, and has been observed to speed up the
carbonisation process (Mok et al., 1992; Akiya and Savage, 2002). Hot water serves as a
reaction medium, polar solvent with some organic properties, and as a catalyst for creating
organic compounds due to its higher degree of ionisation at higher temperatures, thus
enabling hydrolysis, cleavage and ionic condensation (Siskin and Katritzky, 2001; Kritzer,
2004). Also, under HTC conditions there is a strong decrease of the dielectric constant of
water, with an increase in its self-diffusion coefficient (Marcus, 1999); consequently water
behaves as a polar solvent with some organic properties under these conditions (Akiya and
Savage, 2002; Kritzer, 2004). The amount of water contained in the biomass feedstock has
an influence on the product characteristics and distribution (Behar et al., 2003). Figure 2.6
shows the general hydrothermal condition on the phase diagram of water. In this research,
the effect of feedstock moisture content on hydrochar formation and extent of

carbonisation will be investigated.
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Figure 2.6 — Phase diagram of water showing the general HTC conditions (adapted from
Yokoyama et al., 2008)

2.2.5.2 Effect of temperature on HTC

Studies into the influence of reaction temperature on biomass HTC have been extensively
researched and reported. Temperature is found to be the key element that influences
product characteristics in HTC (Ruyter, 1982; Landais et al., 1994; Funke and Ziegler,
2010; Yan et al., 2010; Mumme et al., 2011). Reaction temperature has a strong effect on
hydrochar properties, exhibiting almost a linear relationship with carbon content; with
decreasing char yield as temperature increases (Hoekman et al., 2011; Heilmann et al.,
2011; Mumme et al., 2011). Temperature affects product composition from hydrothermal
liquefaction; with higher amounts of water soluble hydrocarbons obtained above 250°C for
15 min than 180°C for 15 min, which may be the result of decomposition of cellulose and
hemicellulose contained in the sawdust (Karagtz et al., 2004). The glucose content in
water-soluble component increased with temperature, which further decomposed to 5-
HMF at higher temperatures (Goto et al., 2004).

The rate of hydrolysis of biomass fragments is dependent on temperature (Hashaikeh et al.,
2007; Karayildirim et al., 2008). Hemicellulose hydrolysed at temperatures between 180°C
and 200°C, lignin in the range of 180°C and 220°C, and cellulose above 220°C (Bobleter,

1994). The rate of polymerisation also depends on temperature (Masselter et al., 1995).
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The amount of colloidal carbon particles increases with increasing temperature; but less
structural features of the original biomass feedstock remain (Titirici et al., 2007).

Various researchers have found temperature to be a key parameter influencing product
characteristics, which marks it for further investigation on faecal waste HTC, especially
for establishing an optimal operating condition.

2.2.5.3 Effect of residence time on HTC

Reaction time has been found to affect product characteristics (Landais et al., 1994). A
structure containing higher amounts of furan groups is observed for hydrothermally treated
carbohydrates at low residence times and low temperatures (below 200°C), whilst long
residence times (above 24 h) and higher temperatures (above 200°C) lead to an arene-rich
structure, which resulted from either condensed PAH structures or from three-membered
furanic units (Falco et al., 2011). A longer reaction time has been observed to significantly
increased hydrochar (HTC-coal) yield (Schuhmacher et al., 1960; Sevilla and Fuertes,
2009a), which is in contrast with lower yield obtained at longer residence times (Funke
and Ziegler, 2010; Hoekman et al., 2011). Heilmann et al. (2010) observed that reaction
time has no significant effect on HTC, and suggested the possibility of using lower
reaction times (<30 min) for continuous HTC processes. These contradicting reports make
it important to study the reaction time effect on hydrochar formation and its compositional

and energetic characteristics, which is an essential part of this study.

Conversion and bio-oil yield are observed to decrease at longer reaction times, which
could be due to secondary decomposition of the bio-oil or intermediate products to gas and
formation of chars by condensation, and repolymerisation (Karag6z et al., 2004; Xu and
Etcheverry, 2008). The influenced of reaction time on compounds found in bio-oil
products following HTC of sawdust are discussed extensively by Karagoz et al., (2004),
and found the composition of compounds in bio-oil to vary with residence time.
Hydrothermal treatment at a short reaction time of 1.5 h is observed to produce hydrochar
of significantly higher heating values identical to that of lignin (Inoue et al., 2002; 2008).
However, there are limited studies that look into the influence of reaction time on faecal
waste HTC, and how it affects slurry separation, potential methane production, liquid

product characteristics and product distribution.
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2.2.5.4  Effect of pressure on HTC

Pressure is self-generating, and increases autogenously during HTC. Hydration and
decarboxylation reactions, which are the overall primary mechanisms in HTC, are
depressed at higher reaction pressures (Funke and Ziegler, 2010). However, this effect has
been observed to have little influence on HTC and natural coalification (Wright, 1980;
Landais et al., 1994; Crelling et al., 2006).

2.2.5.5 Effect of pH and catalyst on HTC

Reactions within HTC pathways are pH dependent. Many studies observed the pH-value
during the HTC process to be acidic due to the organic acid by-products and/or
intermediates such as acetic, formic, lactic and levulinic acids being formed (Antal et al.,
1990; Kuster, 1990; Bobleter, 1994; Wallman, 1995; Yan et al., 2010; Berge et al., 2011).
The reaction mechanism of cellulose in water is observed to be significantly affected by
the water pH (Bobleter, 1994). Xiang et al. (2004) studied the kinetics of glucose
decomposition in dilute acid mixtures and observed that at lower ambient pH (1.5)
solutions increased glucose decomposition. Mumme et al. (2011) added citric acid to a
digestate feedstock and observed a significant positive impact regression of pH on the char
yields; and concluded that feedstock pH played a significant role in HTC, with low pH
affecting carbonisation. Lynam et al. (2011) observed a maximum in higher heating value
(HHV) when acetic acid was added per gram of biomass, and a 30% increase in HHV and
greater mass reduction compared with pretreatment with no additives when a mixture of
acetic acid and LiCl were added to loblolly pine feedstock solution. Heilmann et al.
(2010), however, did not find this effect with metal salt additives, citric and oxalic acids
for HTC of microalgae. Alkaline conditions often result in products with high H/C ratio
(Venderbosch and Sander, 2000), which in addition to catalyst produces more liquid
hydrocarbons and gas (Behrendt et al., 2008; Yokoyama, 2008); typically in hydrothermal

liguefaction.

This research does not look into the addition of acid catalyst to the faecal feedstock;
however, the effect of reaction time on pH of the processed wastewater will be

investigated at different temperatures.
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2.25.6 Effect of feedstock solid content on HTC

Feedstock moisture content affects the conversion efficiency and product characteristics in
HTC. It is observed that biomass containing high moisture content results in high carbon
loss per unit mass of feedstock to the liquid phase (Libra et al., 2011). The carbon loss to
the liquid products lowers the hydrochar yield, which results in a liquid product containing
higher content of chemical oxygen demand (COD) (Wallman, 1995; Inoue et al., 2002;
Libra et al., 2011). Feedstock having a higher water concentration is observed leading to a
larger fraction of solid precipitation for the production of HMF during hydrothermal
treatment of cellulose (Kuster, 1990). This is as a result of the higher monomer
concentration in the liquid phase that enhances the chance of a polymerisation process
(Venderbosch and Sander, 2000). Peterson et al. (2008) in their review reported practical
implications of HTC solid loading to range in excess of 15-20% (wt); and further
explained that feedstock with higher moisture content will require high cost of heating the
material to the required temperature, heat loses, and pumping costs for moving the water

through the plant, which will make the process uneconomical.

The objectives of most of these researchers differ from those of this study, but there are
some similarities that provide useful information. Little effort has been made to study the
effect of solid loading on hydrochar formation and energy values, especially for HTC of

faecal waste, which leaves it for further investigation.

2.2.6  Impact of HTC-char on carbon cycle, GHG emissions and soil improvement

A study by Weaver et al. (2007) reported that in order to sustain 90% global carbon
emissions reduction by 2050, a direct capture of CO, from the air, in addition to
subsequent sequestration is required. According to Woolf (2008), production and
sequestration of biochar is one potential way for large scale removal of CO, from the
atmosphere. Other studies show that adding biochar or hydrochar to soil may lessen the
emission of other GHGs such as CH,4 from soils besides CO; reduction (Rondon et al.,
2005; Spokas et al.,, 2009a, 2009b; Van Zwieten et al., 2009; Schimmelpfennig and
Kammann, 2011). Libra et al. (2011) reported that the CH,4 sink activity possibly will
increase after application of char to soils. In their review, they mentioned that gas
transport in the soil may influence the changes in the CH, fluxes caused by the char

amendment. Reduction of nitrous oxide emissions following application of biochar to soil
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has been reported (Rondon et al., 2005; Lehmann, 2007; Libra et al., 2011; Kammann et
al., 2012), with reductions up to 50% observed (Rondon et al., 2005). Lehmann et al.
(2007) attributed these low NO, emissions to better aeration (i.e. less frequent rate of

anaerobic conditions) and also the possibility of greater C stability.

The effects of hydrochar on nitrous oxide emissions from soil hitherto have not been
investigated compared with biochar. Nonetheless, the few studies suggest that further
investigations are required to provide a framework for NO, emissions after hydrochar
application to soil (Rellig et al., 2010; Ha, 2011; Kammann et al., 2012).

Measuring and quantifying the potential of hydrochar for GHG emissions and/or removal
from the atmosphere will not be investigated in this research. Instead, carbon sequestration
potential of the hydrochar by means of carbon storage factor (CSF) will be examined. CSF
is the fraction of carbon which remains unoxidised following biological decomposition.
CSF is defined by Barlaz (1998) as mass of carbon remaining in the solid after biological
decomposition in a landfill per unit dry mass of carbon remaining (sequestered) within

solid material ensuing biological decomposition in landfills.

2.2.6.1  Carbon sequestration potential of hydrochar

Approximately half of the carbon removed from the atmosphere through photosynthesis
remains in the biomass (Lehmann, 2007). Biomass is oxygen-rich material that oxidises in
short term during degradation to release carbon dioxide into the atmosphere (Woolf, 2008).
Many studies have reported that if biochar is not used energetically but added to soil, it
can improve the stability of the soil whilst sequestering carbon from the atmosphere
(Sombroek et al., 2003; Lehmann, 2006), removing about 20% of the carbon (Lehmann,
2007; Teichmann, 2014). It is advocated that applying biochar on only 10% of the world’s
crop land could store 29 billion tons of CO, equivalents compensating for almost all
emissions from fossil fuel burning (Streck, 2009). Titirici et al. (2007) also suggested that
HTC-char or hydrochar can be used as means of carbon storage from the atmosphere and
to improve soil fertility. However, literature information relating the effect of operating

parameters on the amount of carbon stored in hydrochars is not yet available.
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2.2.6.2  Stability of HTC-char in soil

The amount of carbon stored in soils worldwide is approximately 1,100 to 1,600
petagrams (one petagram is one billion metric tons), which is more than twice the carbon
in the atmosphere (750 to 780 petagrams) or 560 to 610 petagrams in living plants or
biomass (Rice, 2002; Chan, 2008; Garnaut, 2008; Rattan, 2008). The distribution of the
natural carbon cycle is shown in Figure 2.7. According to Watson et al. (2000), a large
amount of carbon can be stored in soils, up to 50-300 tonnes per hectare, which
corresponds to 180-1100 tonnes of CO,, which varies depending on the soil layer (either

above- or below-ground).

@ Atmosphere
J',f © [ 70 |

Fossil fuel combustion
& industrial processas

i I it Vegatal I:.rnn-t:

4,000 | i\ T
Fossil fuels ’ la & land-use mmaphge
L = [ l

Soils

)

Sedimentary'rocks
(100,000,000

Surface Ocean

KEY

Carbon fluxes Tl
Sediments

[L1%0 ]

= il thér afmasphove, gigelonnes carbon por e
@ — gul of he slmosphens, pigalannas caovbon par yai
@ — geadn cirgulalion, gigatonnas carbon par paar
Gigatonnes carbon stored

Figure 2.7 — Carbon forms as part of the natural carbon cycle (CO2CRC, 2011)

Hydrochar has a less aromatic structure and a higher proportion of labile carbon, and will
therefore decompose faster than dry pyrolysis biochar but more slowly than uncarbonised
biomass (Cao et al., 2011; Berge et al., 2013). However, whether hydrochar is suitable for
storing carbon is largely influenced by the distribution of carbon in the HTC products as
well as the stability of the char in soils (Lehmann et al., 2009). Also, it has been reported
that hydrochar stability may be affected by the type of biomass the char is made of, the

type of soil the char is added to, and environmental conditions the char is exposed to
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(Libra et al.,, 2011; Berge at al., 2013). Hence quantification of the stability of
biochar/hydrochar in soil is essential. It is reported that long-term stability of
biochar/hydrochar can be deduced from char properties such as aromaticity or O/C ratios
(Spokas; 2010; Hammes and Schmidt, 2009; Schimmelpfennig and Glaser, 2012). Lower
molar O/C ratios result in a more stable char, with ratios lower than 0.2 having a minimum
half-life of 1000 years, whilst ratios greater 0.6 will possess a half-life of less than 100
years (Spokas, 2010).

Although several methods have attempted to mimic the decomposition processes of
hydrochar there are still significant uncertainties and difficulties in determining the
stability of the hydrochar present in soils. The deficit in knowledge, especially is on the
influence of the HTC operating parameters (such as temperature and time) on hydrochar
stability and carbon storage in soils, and would be investigated in this work. This will

provide useful data on the possible applications of the HTC products from faecal sludge.

2.2.6.3  Potential of HTC-char for soil fertility improvement

Application of hydrochar to soil may improve the fertility of the soil (Titirici et al., 2007;
Rillig et al., 2010; Ro et al., 2010), as have been driven by “terra preta” (termed “black
earth”) for improved fertility of the soil over unmodified soil of the surrounding area
(Kleiner, 2009). Adding biochar or hydrochar to soil increases the Cation Exchange
Capacity (CEC) (Glaser et al., 2002; Cheng et al., 2006; Liang et al., 2006), and attracts
earthworm activity (Chan et al., 2008; van Zwieten et al., 2010). It will also enhance the
water holding ability (WHC), hydraulic conductivity and aeration of soil (Glaser et al.,
2002; Oguntunde et al., 2008); and reduce leaching of pollutants from agricultural soils
(Lehmann et al., 2006). The ability of char to reduce pollutant leaching may be the result
of the strong adsorption affinity of biochar for soluble nutrients such as phosphate (Beaton
et al., 1960), ionic solutes (Radovic et al., 2001), ammonium (Lehmann et al., 2002), and
nitrate (Mizuta et al., 2004). Due to the lower production temperature of hydrochar, more
plant available nutrients may be retained in the hydrochar or in the agueous products

(Libra et al., 2011), which will improve soil fertility when added to soil.

It is reported that drying the hydrochar in an oven significantly reduces its WHC as
compared with hydrochars that had been dewatered by only pressing (Kammann, 2010).

Although fully drying some hydrochars may make them hydrophobic, it will be difficult to



CHAPTER TWO: LITERATURE REVIEW 32

apply hydrochar as wet to soil without undergoing fungal degradation (Libra et al. (2011).
Hence, designing efficient but cheap filtration system following hydrothermal treatment
that could dewater the hydrochar to minimum moisture content will be essential if the
hydrochar is to be added to soil or to be used as fuel. The potential agricultural
applications of hydrochar as fertilizer will not be investigated in this research, albeit
reported use of biochar (char from pyrolysis) in agricultural soils.

2.2.7  Slurry dewatering following HTC

Slurry dewatering is an essential process following HTC to separate the carbonised solids
(hydrochar) from the liquid products if the liquid stream is to be treated separately from
the hydrochar. However, the issue of how the solid products are recovered has hitherto not
received attention compared to information available on the HTC process. Few studies
have reported dewaterability of sewage sludge following hydrothermal treatment. For
example, methods for removing water from heated raw and activated sludge have been
reported at temperatures between 175-230°C and treatment times in the range of 2 and 4 h
(Von Roll, 1960) and 177-204°C for 15-60 min (Logan and Albertson, 1971) under
pressure. In both processes, the water is decanted followed by centrifugation or filtration
of the remaining sludge, with Logan and Albertson (1971) obtaining a dry cake having
solids content of 35-75%. These studies are useful and provide technical information on
heated sludge dewatering. However, limited information was reported on the temperature
at which the sludge was dewatered and the optimum conditions leading to greater
dewaterability. Also, important filterability numerical parameters such as the filtration

resistance were not reported.

Yukseler et al. (2007) proposed a model for filterability of sludge by adapting models
originally formulated to describe the fouling of membranes. Although the reported study
provided useful general information on filtration, the slurry used was not thermally treated
and its filtration characteristics would be markedly different from that of thermally treated
sludges. Ramke et al. (2009) studied the dewatering properties of various organic wastes
(municipal waste, agricultural residues, straw, sugar beet pulp, etc) following HTC at
180°C over 12 h using a cylinder press under constant pressure of 15 bars (1500 kPa), and
found the total mass of filtrate from carbonised materials to be much greater than that of
the non-carbonised feedstock. This was consequence of solubilisation of the carbon in the

HTC process. They did not quantify the resistance in a way suitable for design
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optimisation and therefore it is difficult to identify the conditions leading for best

filterability.

Studies into hydrothermal dewatering of low rank coals have been reported. For example,
Favas and Jackson (2003) found only process temperature to have a significant effect on
intra-particle porosity of dewatered lower rank coals and found greater dewaterability at
higher temperatures. Mursito et al. (2010), in their study, found the equilibrium moisture
content of the hydrothermally dewatered peat to range between 2.3-17.6% (wt) compared
with 90% (wt) for the raw peat; and at the same time the calorific value increased from
1729029209 kJ kg™ compared with 14561 kJ kg™ for the raw peat. Yu et al. (2012) in a
similar work found greater increasing amount of solid concentration from 53.7-62.1%
following hydrothermal dewatering of brown coals, and improved dewatering at 320°C.
However, details of the dewatering mechanism were not provided in these studies, and

filterability parameters such as filtrate volume and filtration resistance were not provided.

Table 2.5 — Specific resistance to filtration of non-thermally treated sewage sludges

Material Specific Resistance (m kg™) Reference
Raw sludge 10-30 x 10" Coackley and Wilson (1971); USEPA
(1987)
Raw sludge after 3-10 x 10* Coackley and Wilson (1971)
coagulation
] 13 Coackley and Wilson (1971); Barnes

Activated sludge 4-12x10 et al. (1981)

. 13 Coackley and Wilson (1971); Barnes
Digested sludge 3-30x 10 et al. (1981)
oo AR 3-10 x 10" Barnes et al. (1981)
sludge
Conditioned digested 220 x 10 Coackley and Wilson (1971); Barnes
sludge et al. (1981)
Wastewater sludge 5.19 x 10 Berktay (1998)

Dewaterability properties of wastewater and various sewage sludges are extensively
reported in the literature. Typical values of specific cake resistance to filtration reported
for non-thermally treated wastewater and sewage sludges are presented in Table 2.5.
These data will be useful for comparison with the experimental results from

hydrothermally treated sludges to be investigated in this work.
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2.2.8
Literature information on overall energy efficiency of HTC process is limited. Bergius

Energetics of HTC process

(1913) in his earlier work on artificial coalification found HTC to be an exothermic
process and reported a heat of reaction of —1.8 MJ kg™. Libra et al. (2011) gave some
attention in their review providing heat of reaction estimates from Higher Heating Values
(HHV) of cellulose, and noticed HTC reactions to be exothermic.

Table 2.6 — Reported values of heat of reaction of biomass HTC

Feedstock Temperature Time Heat of Reaction Reference
(C) (h) (MJ kg™)
Cellulose 310 64 -1.8 Bergius (1913)
Cellulose 250 20 -1.6 Berge et al. (2011)
Cellulose 240-260 10 ~1.07t0o-1.08  Funke and Ziegler (2011)
Cellulose + (Acetic 260 10 —-0.86 Funke and Ziegler (2011)
acid)
Peat 210-400 35 -0.5t0-4.3 Oden and Unnerstad (1924)
Peat 280-300 N/S ~1.7t0-3.4 Terres (1952)
Peat 220 <0.3 0to-0.2 Sunner (1961)
(£0.02 to 0.03)
Lignite 165-310 1 0Oto-2.1 Kdnnecke and Leibnitz
(1995)
Glucose N/S N/S -5.8° Titirici et al. (2007)
Glucose 240 10 -1.06 Funke and Ziegler (2011)
Different biomass 180 12 —4.3t0-5.7 Ramke et al. (2010)
Wood 200-260 0.08 0.3t00.6 Yan et al. (2010)
(£0.72 t0 0.92)
Wood 240 10 -0.76 Funke and Ziegler (2011)
AD waste 250 20 -0.75 Berge et al. (2011)
Food 250 20 -1.19 Berge et al. (2011)
Paper 250 20 -0.68 Berge et al. (2011)
Mixed MSW 250 20 -2.62 Berge et al. (2011)

? Based on theoretical reaction equation for dehydration, no experimental estimation.
N/S = not specified.

Berge et al. (2011) obtained a heat of reaction for AD sewage sludge as —0.75 MJ kg™,
with values between —0.68 and —2.62 MJ kg™ obtained for other municipal waste materials.
Other reported heat of reaction values of biomass HTC are presented in Table 2.6.
According to Titirici et al. (2007), about 20% of the energy in the biomass is released as
heat during the HTC process. Ideally, the amount of energy generated must be reused

during the HTC process so that little or no additional energy is needed after the start of the
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process. However, the question is: will this energy generated be technically sufficient to
sustain the HTC process? Practicably, recovering additional energy from the process will
be crucial in order to sustain the process.

Table 2.7 — Reported calorific (heating) values of hydrochars

Feedstock Temperature Time HHV Reference

(S (-MJ kg™)
Loblolly pine 200-260 5 min 21.1-26.6 Yan et al. (2009)
Microalgae 203 2h 30.5-31.6  Heilmann et al. (2010)
Lignocellulosic 200 17 h 24.4 Heilmann et al. (2010)
prairie grass
AD waste 250 20 h 13.7° Berge et al. (2011)
Food waste 250 20 h 29.1° Berge et al. (2011)
Mixed MSW 250 20 h 20.0° Berge et al. (2011)
Waste paper 250 20 23.9° Berge et al. (2011)
AD maize silage 190-270 2-10h 25.4-35.7  Mumme et al. (2011)
Wood 210 4 22.9-30.1 Stemann and Ziegler (2011)
Wood 200-260 5 21.6-26.4  Rezaetal. (2012)
Algae NR NR 20.6-28.4  Levineetal. (2013)
Loblolly pine 200-230 1-5 21.4-22.4  Yanetal. (2014)
Barley straw 280-400 15 26.8-35.5  Zhuetal. (2014)
Dewatered 180-240 15-45 min  18.3-20.2 Zhao et al. (2014)

activated sludge
% unit in dry basis (db). NR = not reported.

Namioka et al. (2008) presented a model simulating batch-type hydrothermal treatment of
sewage sludge that predicts the relationship between the operating conditions and steam
input. Vessel preheating and increasing filling fraction allowed steam input to be optimised,
and found the heat capacity of the reactor to be much larger than the heat loss. In a similar
study, Prawisudha and Yoshikawa (2013) presented a reactor model to calculate the energy
requirement and an integrated parameter of reaction severity for batch hydrothermal
treatment of MSW. Their model predicted the optimum operating conditions to achieve the
standard condition of refuse derived fuel from high chlorine content MSW. These studies
provide a framework for calculating the energy requirement of a batch hydrothermal
treatment process, but do not cover aspects of energy recovering and reuse from the

process and the products.
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Ramke et al. (2010) found that approximately 60-90% of the of the biomass energy
remains in the hydrochar. According to Demir et al. (2008), hydrochars have ratios of H/C
and O/C and calorific values comparable to coal and so can be used as fuel. Table 2.7
presents some reported higher heating (calorific) values (HHV) of hydrochar. The reported
studies in the literature are conscious of the need for an economic and energetic evaluation
of the HTC process, which are crucial for process optimisation and commercialisation of
this technology, yet little information is available. For example, Stemann and Ziegler
(2011) described the energetic efficiency of a pilot scale semi-continuous HTC of wood
biomass. Their model suggested adequate heat of reaction to heat the biomass and water to
205°C, and provides essential information into energy recovery and heat generation. Zhao
et al. (2014) investigated recycling of energy from dewatered activated sewage sludge by
producing solid biofuel using a batch HTC system, and found energy recovery from the
hydrochar of about 40% if the temperature of the HTC process is 200°C.

Both studies provide useful information about the economic and energetic efficiency of the
HTC process. However, details into heat losses during the HTC process and the optimum
scale of operation required further investigation; as the heat generation and recovery may
depend on the amount of feedstock and products. Also, the potential of producing biogas
from the liquid waste via anaerobic digestion as source of energy recovery to power the
HTC plant was not investigated. This would prove useful in HTC systems where the
objective is different from fully carbonising the waste material; as may be in the case of
sewage sludge treatment, in which the desired form of the resulting sterilised solids may be

for disposal to agricultural land or digestion.

2.2.9  Technological comparison of HTC process

Hydrothermal carbonisation of biomass is an advantageous process not only as compared
to traditional biochemical treatments, but to other thermochemical processes. HTC takes
only minutes or hours, instead of days or months required for biochemical processes
(Titirici et al., 2007; Libra et al., 2011). The relatively high process temperatures destroy
pathogens and potentially organic contaminants such as pharmaceutically active
compounds (Bridle et al., 1990; Cantrell et al., 2007; Sutterlin et al., 2007) that cannot be
converted biochemically. Beneficial solid, liquid, and gaseous end-products can be
produced (Seki, 2006); for example, more efficient nutrient recovery in the products

(Cantrell et al., 2007). Importantly, in contrast to other biomass thermochemical
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techniques that require dry biomass, HTC is a highly efficient ‘wet' process that avoids
energy intensive and complicated drying before or during the process (Titirici et al., 2007;
Libra et al., 2011). The process is self-contained, generates little fugitive gas emissions
(Cantrell et al., 2007), and thus contributes to GHG mitigation, and odour prevention
(Antal and Gronli, 2003) from waste treatment. Furthermore, the use of the solids
(hydrochar) for agricultural purposes may contribute to soil improvement and climate
change mitigation as the CO; in the hydrochar is bound in the soil (Titirici et al., 2007;
Lehmann and Joseph, 2009). In addition, reactors for HTC can be sized to suit the
intended application making them more compact (Cantrell et al., 2007; Libra et al., 2011),
and a relatively cheap and easily scalable process (Titirici et al., 2007).

The above merits of HTC summarised from literature reports make the process the most
relevant technique for treating human faeces in a self-sustainable manner and this forms
the core of this research. An optimised experimental design into HTC of human faeces
with the following aims: moderate energetics, safety, economy, simplicity, social and
environmental affordability, low manufacturing and operational costs and good aesthetics

for faecal waste treatment is required.

2.3 Human Faeces Characteristics
2.3.1  Physicochemical characteristics

The composition of human excreta (faeces and urine) have been fairly widely studied and
reported due to its importance in the treatment process. Lentner et al. (1981) in their study
of body fluids composition found faeces to contain mostly water, bacteria, nutrients and
food residues; whilst Feachem et al. (1983) also noted that faeces contain large
concentrations of pathogenic viruses, cysts of protozoa and eggs of helminths. Wignarajah
et al. (2006) gave the general composition of human faeces on their study in simulated
human feces for testing human waste processing technologies in space systems, which is
presented in Table 2.8, where it is compared with that of primary sewage sludge. Wydeven
and Golub (1991) similarly gave data on the composition of human faeces and found that
faecal matter generally contains the following: fats (10-20%), dead bacteria (~30 %),
protein (2-3%), inorganic matter (10-20%), undigested roughage and dried digested juices

(~30%). Guyton and Hall (2000) as well noted faecal matter to contain ~75% water and
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25% solid matter (Guyton & Hall, 2000), which is confirmed in Lentner’s work (Lentner,
1981).

Urine mainly consists of water, about 93-96% (Vinneras et al., 2006), and large amounts
of water-soluble plant nutrients (Jonsson et al., 2004). Faeces and urine are mostly mixed
together in most toilet systems; for example, flush toilets, whilst in urine diverting toilets

the urine is collected in a separate container (Vinneras et al., 2006).

Table 2.8 — Major components of human faeces and primary sewage sludge on chemical

composition
Constituents Approximate % Composition
Faeces® Primary sludge®
Water 65-85
Solids 15-35
Roughage 30
Carbohydrate (Fibre) 10-30 8-26
Non-viable or Bacteria Debris 10-30
Fat 5-25 8-26
Proteins 2-10 15-21
Nitrogenous Matter <2-3
Total nitrogen 3.2-3.8
Inorganic Material 10-20
Minerals (mainly K, Ca, and P) 5-8
Mineral content 15-25
Phosphorous 1.4-25

® Wignarajah et al. (2006). ® Yakovlev and Voronov (2002).

Although a knowledge of the composition of human faeces is essential for the treatment
process, the rate of generation of the faecal matter is also crucial for design and scale up of
the HTC system. The generation rates of faecal matter per person are collated in Table 2.9.
For the purpose of this study, an average generation rate of 400 g (wet basis) per person
per day will be adopted. This is because faecal excretion rate is noted to differ from
continents, countries and even individuals. For example, Feachem et al. (1983) reported
the generation rate in developed countries to be lower than that in developing countries,
whilst Wignarajah et al. (2006) found the amount and composition of food and water

consumed to affect the excretion rate.
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Table 2.9 — Amounts of human excreta rate compiled from literature

Faeces (g/person, day) Urine (kg/person, day) Reference
wet weight dry weight
185-470 N/S N/S Burkitt et al. (1972; 1974) °
104-225 N/S N/S Burkitt et al. (1972; 1974) ©
148-192 N/S N/S Goldsmith and Burkitt (1975) ¢
520 N/S N/S Cranston and Burkitt (1975) °
311-374 N/S N/S Tandon and Tandon (1975)
135-489 N/S N/S Balasegaram and Burkitt (1976) °
— 21-34 0.69-2.69 Lentner (1981) "
250350 N/S 1.0-1.30 Feachem et al. (1983) '
100200 N/S N/S Feachem et al. (1983)
130 — 520 N/S N/S Feachem et al. (1983)
520° N/S N/S Pieper (1987) '
95.5- 132 20.5-30 1.27-2.11 Wydeven and Golub (1991)
150° N/S 0.60-1.20 Del Porto and Steinfeld (1999) ™
120-400 N/S 0.6-1.2 Schouw et al .(2002) "
315° N/S N/S Gao et al. (2002) °
140 N/S 1.10-1.40 Winblad et al. (2004) °
140 N/S 1.50 Vinneras et al. (2006) ¢

NS = not specified. * Not explicitly stated as wet weight. P Uganda; ¢ United Kingdom;
4 USA:; © Kenya; " India; ¢ Malaysia; " Switzerland; ' Adults; ' Europe and North
Americans; * Developing countries; ' Germany; ™ USA; " Thailand; ° China; ? Sweden;
9 Sweden. The superscripts indicates the locations the study were conducted.

2.3.2 Rheological properties of human faeces

The rheology of sewage sludge has been quite extensively studied and reported (Campbell
and Crescuolo, 1982; Lotitio et al., 1997; Sozanski et al., 1997; Baudez et al., 2004;
Wignarajah et al., 2006). Seyssiecq et al. (2003) similarly give a detail review of the area
providing a good introduction to the models used to characterise rheological behaviour,
equipment and results obtained by others; although it does not present basic concepts of

the field, which is required before being able to fully understand the work involved.

Faeces or swage sludges are reported to have a non-Newtonian behaviour, which breaks
down when sludge is at a critical dilution, exhibiting a Newtonian response (Spinosa and
Lotito, 2003). Most studies into the behaviour of sewage sludge find it to be thixotropic
(Campbell and Crescuolo, 1982; Seyssiecq et al., 2003); that is, it shows time dependent
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behaviour which differs when it is pre-sheared, although in their study Chaari et al (2003)
found the effect of shearing to cause fragmentation of flocculated material.

Noticeably, the rheology of sludges described in the literature relate to standard
wastewater sludges that are created from the cumulated discharge of numerous households.
These contain high propertions of water as they contain water for washing, laundry, etc,
which does not represent the true characteristics of faecal sludge. However, rheological
characteristics depend on the type of material to use. The data presented in Table 2.10 on
difference sewage are given by Strauss et al. (1997) from their work looking into sludge
from on-site sanitation (termed “High-strength”) in comparison to sludge derived from

other sources.

Table 2.10 — Differences in faecal sludges (adapted from Strauss et al., 1997)

“High-strength” “Low-strength” Sewage
sludge

Highly conc., mostly fresh  FS of low conc.;
Characterisation FS: stored for days/weeks usually stored for -
only several years

Total Solids >3.5% <3% <1%

Although a study of the rheological properties of faeces or sludges are not directly related
to the aims of this study, the information from these studies is relevant for selecting or
designing the appropriate equipment for transporting and handling the faecal sludge
through the HTC system.

2.4  Concluding Remarks

Conventional methods of faecal sludge management are environmentally acceptable,
expensive for many countries and have limitations that make their universal adoption
unfavourable. Hydrothermal carbonisation represents one possible means of processing
human faecal waste within the constraints of traditional waste management methods. The
major product of hydrothermal carbonisation is a coal-like solid (hydrochar), and side-

products mainly water (with more water soluble organic compounds) and a small amount
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of gas (comprised mainly of CO,). The moderate temperature requirement, the flexibility
in the treatment time and the simplicity of hydrothermal reactor make the process the ideal
technique for managing human faecal waste in a self-sustainable manner in developing
countries as well as in developed countries. However, full implementation of the process
requires an understanding of the process and assessment of its products utilisation, energy

and economic efficiency as well as environmental affordability.

Converting human faecal waste into sustainable products via hydrothermal carbonisation
requires gaining understanding of the physical, chemical and transport properties of
human faeces, and the thermodynamics of the process. Although the detailed reactions
occurring during hydrothermal carbonisation are unknown, significant reaction pathways
that have been identified include hydrolysis, dehydration, decarboxylation, condensation
polymerisation, and aromatisation. The decomposition of cellulose in hydrothermal
medium has been modelled to follow that of pseudo first-order reaction kinetics. However,
development of a reaction kinetic model that accounts for conversion kinetics of faeces via
hydrothermal carbonisation, as well as the influence of the operating parameters on the
product and process characteristics for practical applications for simulation, optimisation
and design on operational strategies are essential for further technical development and

implementation.

For commercial-scale application of the hydrothermal carbonisation for human faecal
waste treatment, energetic and economic assessment of the process is important in order to
ascertain the operational feasibility of the technology. Consideration should be given to
energy recovery from the process and products, optimisation of the dewatering process for
obtaining the driest solids, and the optimal scale of operation of the system. Effective
design of the process that meets the optimal scale of operation for simplicity and moderate
operation cost is a key to commercial-scale operation of the hydrothermal carbonisation

system for human faecal waste management.
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CHAPTER THREE

MATERIAL CHARACTERISATION AND ANALYSIS

3.1 Overview

This chapter explains methods used for feedstock and products characterisation and
analysis in order to investigate the physicochemical properties of the products following
hydrothermal carbonisation as compared with that of the starting waste. Proximate
analysis (moisture, volatile matter, ash and fixed carbon), calorific values, elemental
analysis and surface morphology of the hydrochars and feedstock solid were performed
using Thermogravimetric Analyser (TGA), Bomb Calorimeter, CHN Elemental Analyser,
Scanning Electron Microscope (SEM) and Energy Dispersed X-ray Spectroscope (EDS),
respectively. Bacteriological analyses of the processed wastewater (liquid products) were
carried out using the spread count plate method and the total coliform fermentation
technique. Organic compounds, Biological Oxygen Demand (BOD), Chemical Oxygen
Demand (COD), Total Organic Carbon (TOC), Volatile Fatty Acids (VFA), Ammoniacal
Nitrogen (NH4-N), and pH of the liquid products were determined using Gas
Chromatography-Mass Spectroscopy (GC-MS), BOD analyser, COD analyser, TOC
analyser, UV Spectrophotometer, and pH meter, respectively. Total solids (TS), volatile
solids (VS) and fixed solids (FS) in the processed wastewater were analysed using the
oven drying method. Compounds in the vapour-phase were analysed using Mass
Spectrometer (MS). For all the products, analyses were performed under various processed
conditions.

3.2 Raw Materials

3.2.1 Synthetic faeces

Synthetic faeces (SF) was prepared using the formulation proposed by Wignarajah et al.
(2006). The solids comprised (by mass) cellulose (37.5%), yeast (37.5%), peanut oil
(20%), KCI (4%), Ca(H2PO.), (1%) (all purchased from Sigma-Aldrich, UK), and tap
water — which constituted 75-95% (wt.) of the SF depending on the type of test.

3.2.2 Primary sewage sludge

Primary sewage sludge (PSS), was collected from Wanlip Sewage Treatment Works
(Leicestershire, UK) in an enclosed container. PSS primarily comprises faecal matter
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removed by settlement and typically contained 4.0—4.3% (wt.) solids as received. The

sludge was kept in a cold room throughout the experiments. Table 3.1 contains the

physical and chemical characteristics associated with the PSS feedstock.

Table 3.1 — Characteristics of initial primary sewage sludge feedstock

Parameter Unit Feedstock
Dried Raw Filtrate
Proximate analyses
Moisture (residual) o 8.17
0 8.73°¢
27.54
. 68.56
Volatile matter % db 70.34 ©
. 3.90
Fixed carbon ® % db 533 ¢
. 1 16.33 £0.09
Calorific value (HHV) MJ kg 18.01 + 0.68 °
Ultimate analyses
% 37.63+£1.60
Carbon (C) 43.00 £0.27 °
% 5.79+0.26
Hydrogen (H) 6.53 £ 0.03 °
% 51.30 +1.69
Oxygen (0) * 46.64 £0.20 °
. % 5.29+0.17
NIEEEN () 382+0.05°
TOC gL™ 15.07 +0.39 2.08 +0.18
217+0.61°
CcCOD gL™ 32.30+0.15 6.60 + 0.07
36.60 £ 1.27 ¢
BOD gL™ 23.94+3.08  4.67+0.80
7.01+£0.30°¢
VEA gL™ 8.50 £0.02 3.41£0.01
NH;-N gL™ ND 0.54 £0.001

2100 — (Moisture + ash + volatile matter); details explained in Section 3.4.

® Calculated as difference between 100 and total C/H/N. db = dry basis.
¢ PSS feedstock used for kinetics study having solid loading of 4%, which was sampled on

a different date.
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3.3 Bacteriological Analysis

Before further analyses were carried out and to ensure all bacteria were dead for safe
handling of products, the liquid products (processed wastewater) were bacteriologically
examined for heterotrophic bacteria and faecal coliform using Standard Methods 9215 C
(Spread Plate Method) and 9221 B (Total Coliform Fermentation Technique), respectively
(APHA, 2005). Only processed wastewater from ‘“heat-up time” (0-min) tests were
analysed. “Heat-up time” is the time required to heat the reactor and contents before the
reaction temperature is reached. The results obtained were to determine if further tests on
other carbonised materials were necessary. Exactly 0.9 ml of phosphate buffer saline
solution (PBS) was pipetted into a cuvette near a flame and 0.1 ml of the filtrate water
added to the 0.9 ml PBS near flame, and mixed via a test mixer. A total of 6 samples were
made for the test in a ratio of 1:10 (undiluted), and then the following dilutions made: 10:1,
10:2, 10:3, 10:4, 10:5, and 10:6. Exactly 0.1 ml of each sample above was pipetted into
cuvettes containing 0.9 ml PBS. Duplicates were made for each sample above (i.e. 0.1 ml
sample and 0.9 ml PBS mixtures); and 0.1 ml of each sample added into separate
numbered plates to give a total of 14 plates. Approximately 15 ml Agar was added to each
dish, gently mixed and allowed to settle for 10 min. The plates were then turned upside
down and incubated at 37°C for 24 hrs. The number of colony forming organisms was

counted manually, and again, bottles inspected for the formation of acids and gases in vial.

Table 3.2 — Bacteriological analysis of HTC liquid product from heating-up reaction

Bacteria Counts Total Coliform Faecal Coliform

Liquid Product

(CFU/100 L) (CFU/100 L) (CFU/100 L)
140°C ND ND ND
170°C ND ND ND
190°C ND ND ND
200°C ND ND ND

Number of samples per test = 2; ND = not detected (i.e. no gas produced or no growth
detected)

As shown in Table 3.2, there were no detections of bacteria and faecal coliforms. This
indicated that all pathogenic bacteria were killed by the relatively higher reaction
temperature, even during heat-up period. This is reasonable as the required autoclave

temperature for pathogen die-off is 121°C for 15-20 minutes.
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3.4 Proximate Analysis of Feedstock and Hydrochar

Feedstock and hydrochar dried in an oven at 55°C for 24 h were analysed for residual
moisture, ash and volatile matter using a thermogravimetric analyser (TA Instruments
Q5000IR, UK), according to ASTM method D7582-10 (ASTM, 2010). The dried
hydrochar samples were ground with mortar and pestle, and sieved to particle size less
than 250 um. For moisture content, about 30 mg of solid samples were placed in crucibles
without covers and heated at 107 + 3°C for 1 h. Nitrogen gas of 99.5% purity was used as
drying gas to purge the system at a flow rate of 20 mL/min (i.e. 0.4 to 1.4 furnace volume
changes per minute). The residual moisture content of the solids (defined in Table 10.7 in
Appendix-A) is calculated using Eg. (3.1).

_ W-B

MC = =2 x 100 (3.1)
w

where MC is the percent moisture content in solids analysed, W is the mass of sample
analysed (mg), and B is the mass of sample after drying at 107°C (mg).

For Volatile matter (defined in Table 10.7 in Appendix-A), the crucibles containing the
specimens were covered manually in the TGA carousel, and the crucibles reweighed.
Volatile components in the furnace were purged with 99.5% nitrogen gas at a flow rate of
about 1.4 furnace volume per minute. The furnace temperature was raised from 107°C to
950 * 10°C within a period of 26-30 min. The TGA weighed the covered crucibles at
regular intervals while the furnace temperature was raised. The crucibles were held at 950
+ 10°C for 7 min, and the weights of the crucibles were used for calculating the volatile

matter of the solids according to Eq. (3.2).

VM =25x 100 (3.2)
w
where VM s the percent volatile matter in the samples, and C is the mass of samples after
heating at 950°C (mg).

For Ash content (defined in Table 10.7 in Appendix-A), the TGA was cooled from 950°C
to 500 + 10°C in 1 h, and then the crucible covers were manually removed. The furnace
gas was change to oxygen at a flow rate of 0.4 furnace volume per minute. The
temperature was then raised to 750 + 10°C within 1 h and the samples were heated at 750

+ 10°C for 2 h. The ash in the samples was calculated using Eq. (3.3).
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A, =25%%100 (3.3)
w

where A, is the percent ash in the solid sample, G, is the mass of crucible and ash residue
(mg), G is the mass of empty crucible (mg). Percent fixed carbon, FC (defined in Table

10.7 in Appendix-A), in the solid sample is calculated as follows:

FC = 100 — (MC + VM + A,.) (3.4)

The values of ash, volatile matter and fixed carbon were converted to dry basis (db)
according to Eq. (3.5).

VM, A,., or FC (db) = VM, A,_, or FC X (10;‘1‘;%) (3.5)

3.5 Feedstock and Hydrochar Elemental Analysis

Elemental composition of carbon (C), hydrogen (H), nitrogen of feedstock and hydrochar
dried in an oven at 55°C for 24 h were analysed using a CHN Analyser (CE-440 Elemental
Analyser, Exeter Analytical Inc., UK), according to ASTM method D5373-08 (ASTM,
2008). During the analysis, the weighed samples between 1.92-3.77 mg were combusted
in pure oxygen under static conditions. Helium was used to carry the combustion products
through the analytical system to the atmosphere, as well as for purging the instrument. The
products of combustion were passed over suitable reagents in the combustion tube to
assure complete oxidation and removal of undesirable by-products such as sulphur,
phosphorous, and halogen gases. Oxides of nitrogen were converted to molecular nitrogen
(N2). Signal outputs read water concentration, and carbon dioxide as hydrogen (H) and
carbon (C) respectively. Nitrogen (N) concentration was then read from the remaining gas
consisting only of helium and nitrogen; and oxygen (O) was calculated by subtracting the

compositions of C, H, and N from 100.

Carbon storage factor (CSF), which is the fraction of carbon that remains unoxidised
following biological decomposition is calculated using an equation proposed by Barlaz
(1998) as follows (see Table 10.7 in Appendix-A):

L %Cchar %Char yield
CSF = Carbon remaining in char after HTC _ 100 X ( 100 mo)
Mass of dry feedstock mo—(mo % %MOiSt“refeedstock)

100

(3.6)

where m, is the mass of feedstock solids.
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Carbon recovery in the hydrochar, He,.. (defined in Table 10.7 in Appendix-A), was

determined as follows:

%C
2=char » char mass

(%) Hepep = —220 x 100 (3.7)

%Cfeedstock
—_— oL X
100 Mo

3.6 Feedstock Solids and Hydrochar Calorific Value Analysis

Calorific values or higher heating values (HHV) of feedstock and hydrochar dried in an
oven at 55°C for 24 h were analysed using a bomb calorimeter (CAL2K, Digital Data
Systems, South Africa). About 0.3 g of the dried solids (with particle size less 250 pm)
were placed in a crucible and transferred to the calorimeter. Conducting cotton wire was
fitted to the firing wire; and the crucible placed in the bomb vessel and sealed. The vessel
was filled with oxygen up to 3000 kPa using a CAL2K filling station, and placed in the
chamber. The sample was burnt in the vessel and the energy released by the combustion

(i.e. the temperature rise) was proportionally measured as the calorific value.

Energy densification, E4 (defined in Table 10.7 in Appendix-A), was calculated by using

the following equation, as:

4= HHV char
HHV¢eedstock

(3.8)

Energy yield (%), which is the energy remaining in the hydrochar in relation to that of the

original feedstock, was calculated as follows (see Table 10.7 in Appendix-A):
Ey, = Eq X %Char yield (3.9)

where E, is the energy yield (%).

3.7 Scanning Electron Microscope Analysis of Hydrochar

Scanning electron microscope (SEM) images of hydrochar following HTC at different
operation carbonisations were analysed using a high resolution field emission gun
scanning electron microscope (LEO1530 VP, Carl Zeiss Microscopy, Germany). The
working distance (WD) was between 14-15 mm, with magnification from 100-250 X at a
voltage (ETH) of 5 kV. The image size was 1024 pixels with resolution of 512 and 50

pixels. SEM images of the feedstock solids were taken using the same settings in order to
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compare the effect of the HTC operating parameters on the surface morphology of the
hydrochars. SEM images of dried PSS feedstock is shown in Figure 3.1.
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Figure 3.1 — Scanning electron microscope (SEM) images of dried PSS feedstock

3.7.1 Energy dispersed X-ray spectroscopy (EDS) analysis of hydrochar

Elements in the surface of the hydrochar were analysed following the SEM analysis by
EDS (X-Max 80 mm? Detector, Oxford Instruments, UK) using a microanalysis software
(Aztec EDS/EBSD, Oxford Instruments, UK) having a Truemap capability. The WD was
8.5 and target voltage (EHT) of 20 kV. An aperture of 60 um with beam current of 2.0 nA
was used. A report of elemental composition from EDS analysis of dried feedstock is

shown in Figure 3.2.
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Figure 3.2 — Elemental composition of dried PSS feedstock solids from EDS
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3.8  Analysis of Compounds in Liquid Products using GC-MS

Water soluble organic compounds in the processed wastewater were identified directly
after filtration using a GC-MS (HP5890, Hewlett Packard, USA) equipped with a mass
selective detector (MSD) (HP5973, Hewlett Packard, USA). The liquid samples were
routed through a DB-1MS column (25 m x 0.32 mm id, J&W Scientific). The inlet
temperature was set at 150°C, and the septum purge flow was 5.0 ml/min, with helium
carrier flow at 1.5 ml/min. The initial oven temperature was 60°C. After 2 min, the
temperature was increased at a rate of 15°C/min until 90°C, and then increased at a rate of
8°C/min until a final temperature of 300°C was achieved (following modified methods by
Karagoz et al. (2005) and Wang et al. (2012). The MSD source temperature was 230°C
and MSD quad temperature was 150°C. Mass range was between 19-300 amu, and the
total runtime was 30.25 minutes. The compounds were identified using the NIST 2008
Library.

ST PR THC: ARG D

Figure 3.3 — TIC of liquid product sample from HTC at 200°C for 240 min
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Total ion chromatograph (TIC) of the sample from carbonization at 200°C for 240 min is
shown in Figure 3.3. More peaks indicating more compounds were found in
chromatographs of liquids from higher temperatures and longer residence times (See
Figures 10.1 to 10.5 in Appendix A for TIC of other samples).

3.9 Biological Oxygen Demand Analysis of Liquid Products

Biological oxygen demand (BOD) of the processed wastewater and feedstock was
analysed using the titrimetric method for the initial tests at different HTC temperatures,
and by the respirometric method for investigating the effect of HTC temperature and

residence time on the liquid products characteristics.

3.9.1 Titrimetric method

BOD was analysed according to Standard Methods 5210 B — 5-Day BOD Test, termed
BODs (APHA, 2005). Samples were diluted to a ratio of 1:100, and 5 ml of this added to
995 ml BOD dilution water (blank). A seed consisting of 1 ml Sewage Works Final
Effluent was added to each sample since the high temperature may obviously Kill all
bacteria. Exactly 1 ml of allyl thiourea was added to the 1000 ml (1 L) mixture, and gently
oscillated to mix. Two BOD bottles (one labelled “Day 5 and the other “Day 1) used for
each sample were initially rinsed with a small amount of the diluted mixture, with the
stopper replaced. After emptying, the bottles were filled to overflow and the stoppers
replaced whilst making sure all trapped air was dislodged. The “Day 5” bottles were
placed in an incubator at 20 + 5°C for 5 days. For the “Day 1” bottles, 2 ml of 50%
manganese sulphate solution was added to the bottom of the bottle, whilst 2 ml of alkaline
iodide Azide solution was added to the top. The stoppers were replaced and the bottles
inverted several times to mix, forming brown precipitates. The precipitate was allowed to
settle half way down the bottle, and again inverted several times to re-mix the sample. The
precipitates was allowed to settle two thirds down the bottle, and the stopper removed and
4 ml of 50% H,SO, added into the sample. The stopper was replaced and the bottle
inverted several times to dissolve all the precipitates liberating iodine. The iodine solution
obtained was titrated against N/80 sodium thiosulphate solution until the iodine solution
turns to a pale yellow. At this point, a few drops of starch indicator were added changing
the colour to blue/black. The titration continued until the colour changed to colourless, and

then the titration volume reading recorded.
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The same procedure was followed for all the “Day 5” samples. The BOD of the samples
was then calculated in mg L™ following Eq. (3.9).

(B1-B5)(Vp)
Vp+1

BODs, mg L™ 0, = =X |(D1 - D5) - (

)| Vs(vp + 1) (3.10)

where Fgr is the factor for N/80 sodium thiosulphate (0.9975), D1 is the titre volume of
sodium thiosulphate for sample day 1 (ml), D5 is the titre volume of sodium thiosulphate
for sample day 5 (ml), B1 is the titre volume of sodium thiosulphate for blank day 1 (ml),
B5 is the titre volume of sodium thiosulphate for blank day 5 (ml), Vs is the volume of
seed added to respective sample (ml), and Vp is the volume of dilution water added to 1
volume of sample (ml) defined as follows:

__ Volume of BOD dilution water

Vp =

(3.11)

1 Volume of sample taken

3.9.2  Respirometric technique

BODs was measured respirometrically using a BOD analyser (BODTrak 1l, HACH, USA)
according to the HACH Standard Method procedure. Samples of the processed wastewater
and the PSS feedstock were diluted to a ratio of 2.11. That is, approximately 45 ml of
sample was measured into a graduated cylinder. A nutrient buffer (containing magnesium
sulphate, potassium phosphate monobasic, potassium phosphate dibasic and demineralised
water) was added to the solution followed by 10 ml of seed solution (Sewage Works Final
Effluent). It was then diluted to 95 ml with deionised water and transferred to the
BODTrak Il bottle. A magnetic stirring bar was placed in the bottle, sealed with a cup, and
2 pellets of potassium hydroxide added to the seal cup. The BODTrak Il bottles (3 bottles
for each test) were put on the BODTrack Il chassis and the appropriate tube connected to
the sample bottles and the cups were tightened. The instrument was placed in an incubator
at 20 + 1°C, switched on and set to run for 5 days. Constant stirring in the bottles supplied
additional oxygen to the samples and provided greater bacteria exposure, which resulted in
faster respiration and consumption of oxygen. As the bacteria consumed oxygen in the
sample, the pressure in the bottle headspace dropped, and the pressure change correlating

directly to BOD was measured.
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The corrected BOD results was first calculated by multiplying the measured BOD results
(instrument reading) by the dilution factor, and the final BOD value calculated using Eq.
(3.12).

BODs(mg L) = BSS — [BSB x (“j—:)] (3.12)

where BSS is the corrected BOD of the seeded sample (mg L™), BSB is the corrected
BOD of the seed blank (mg L™), and Vj is the volume of seed in the seed blank.

3.10 Chemical Oxygen Demand Analysis

Chemical oxygen demand (COD) was determined using COD analyser (Palintest 8000,
Palintest Ltd, UK), in relation to Standard Methods 5220 D — Closed Reflux Colorimetric
Method (APHA, 2005). Processed wastewater samples were diluted by ratio 1:10.
Duplicate portions of 0.2 ml each were added to 10 ml Palintest standard digestion solution
in borosilicate culture tubes containing sulphuric acid (84%), potassium dichromate (1%),
and silver sulphate (1%); and covered tightly. The culture tubes containing the standard-
sample mixtures, including the blank solution were heated to 150 + 2°C for 2 h to oxidise
the organic matter in the samples; and allowed to cool to room temperature slowly to avoid
precipitate formation. The tubes were shaken to mix the contents and the COD measured

in triplicate against a standard blank solution at a wavelength of 570 nm.

3.11 Total Organic Carbon Analysis

Total organic carbon (TOC) was analysed using a TOC Analyser (DC-190, Rosemount
Dohrmann, USA), in line with Standard Methods 5310 B — High Temperature Combustion
Method (APHA, 2005). The liquid product samples obtained following filtration with a 10
pm filter medium were further filtered with a Whatman filter paper in order to obtain
uniform distribution of suspended and colloidal solids in the liquid samples. The samples
were diluted to a ratio of 1:10, and a 50 pL aliquot injected into the reaction organic
carbon (OC) chamber of the instrument. The chamber was heated at 680°C to vaporise
water, and the organic carbon oxidized to CO; and H,O. The CO, from the oxidation of
OC was transported in the carrier-gas streams and measured by the analyser. Inorganic
carbon (IC) was measured by injecting 50 pL of sample into the IC chamber of the
analyser where it was acidified with 20% phosphoric acid. Under acidic conditions, all

inorganic carbon was converted to CO,, which was transferred to the detector and
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measured. TOC was calculated by subtracting the IC (if detected) from OC. Triplicate

measurements were made, and the average and standard deviations calculated.

Carbon recovery in the liquid-phase, L;ye., (defined in Table 10.7 in Appendix-A) was

calculated using the following equation, as:

TOC X volume of filtrate

(%)Lcrec = % Croodstock 100 (3.13)
m, x —feedstock

100

3.12 Volatile Fatty Acids Analysis

Volatile organic acids or volatile fatty acids (VFA) in the processed wastewater and
feedstock were determined using a spectrophotometer (DR3900, HACH LANGE,
Germany) according to the colorimetric ferric hydroxamate method known as the
Montgomery method (Montgomery et al., 1962). The procedure was modified as follows:
0.4 ml of 10% sulphuric acid (H,SO,4) was added to a cuvette containing ethylene glycol,
which was followed by addition of 0.4 ml of the sample. The mixture was heated at 100°C
for 10 min, and then immediately cooled in cold water to about 20°C. After cooling, 0.4
ml of hydroxyl ammonium chloride was added to the mixture followed by addition of 0.4
ml sodium hydroxide (NaOH) and 2.0 ml of a solution containing 5% sulphuric acid and
5% iron (I11) chloride hexahydrate. The solution was allowed to stand for 3 min. The fatty
acids reacted with diols in the acidic medium, forming fatty acid esters, which were
reduced by the iron (I11) salts forming red coloured complexes that were measured at a

wavelength of 497 nm by the spectrophotomer.

3.13  Ammonium Nitrogen Analysis

Exactly 0.2 ml of the sample was added to a cuvette containing troclosene sodium and
sodium nitroprusside, and the reaction was allowed to stand for 15 min. Ammonium ions
react with hypochlorite ions and salicylate ions at pH 12.6 in the presence of the sodium
nitroprusside as a catalyst to form indophenol blue. The Ammonium nitrogen (NH4-N)
was measured at a wavelength of 550 nm using a spectrophotometer (DR3900, HACH

LANGE, Germany). All measurements were made in triplicate.
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3.14 Measurement of pH

The pH of the processed wastewater and feedstock filtrate were measured in triplicate
instrumentally using a pH meter (Accumet Basic-AB10, Fisher Scientific, UK), and the
average values and standard deviations calculated.

3.15 Analysis of Total, Fixed, and Volatile Solids in Liquid Products

Total solids (TS) were determined in line with Standard Methods 2540 B: Total Solids
Dried at 103-105°C (APHA, 2005). About 25 ml of each sample was measured into a
preweighed evaporating dish, and placed in an oven at 105+2°C for 1 hr to dry. The
samples taken from the oven were cooled in desiccator to room temperature, and then
weighed and recorded. The amount of total solids in mg L™ was calculated from the
difference in weight before and after the oven drying using Eq. (3.14).

TS (mg L1) = 28 x 1000 (3.14)

Sv

where Wr is the weight of dried residue after 105°C (g) and Sy is the sample volume (ml).
Percent total solids (defined in Table 10.7 in Appendix-A) was calculated using EPA
Method 1684 (USEPA, 2001) as follows:

TS (%) = "Vt—‘; x 100 (3.15)

According to Standard Methods 2540 E, fixed solids (FS) and volatile solids (VS) were
determined by igniting the residue from TS analysis to constant weight at 550°C (APHA,
2005). The dishes with the ashes were cool in a desiccator, weighed and the masses
recorded. The amounts of fixed and volatile solids in mg L™ were calculated from the
weight differences before and after ignition using Eqgs. (3.14) and (3.15). Definitions of FS
and VS are presented in Table 10.7 in Appendix-A.

WRr-Wg
Sy

VS (mgL™1) = x 1000 (3.16)

FS (mg L) = <2 x 1000 (3.17)
v

where W5 is the weight of residue after ignition at 550°C (g) and Ws is weight of sample
before drying (g).
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3.16 Analysis of Compounds in the Gas-Phase using MS

Gaseous products following HTC of PSS were analysed using a mass spectrometer
(GeneSys MS 200D, European Spectrometry Systems Ltd, UK). After HTC, the vessel
was cooled down to 25°C, and the gas in the head space of the reactor was vented directly
through the MS. In order to avoid solid particles and liquid entering the MS, a coalescing
gas filter (SS-FCE, GE-15K-FC-03, Swagelok, UK) was connected in between the reactor
and the MS to ensure that only the gaseous products were injected. The MS was calibrated
using standard CO, and N, gases (BOC, UK). During the analysis, a two stage capillary
inlet accepted gas samples at atmospheric pressure and transported the gas rapidly into the
MS lon Source. The capillary took 20 ml/min of gas from the sample, with about 0.3%
transferred to the lon Source. The compounds present were identified using the Balzers
Spectra Library. As shown in Figure 3.4, the position of the peak in the spectrum
represents the atomic mass and the intensity (peak height) represents the abundance of the

particular compound within the sample.
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Figure 3.4 — Scan bargraph of total ion current versus atomic mass of gases measured
from HTC at 200°C for: (a) 15 min; (b) 240 min

3.17 Heat of Reaction Measurement of Sewage Sludge HTC

The heat of reaction was measured using a heat flux differential scanning calorimeter
(DSC-Q10, TA Instruments, Crawley, UK). About 8 mg of PSS (4.3% solid content) was
heated in stainless steel high pressure capsules (TA Instruments, USA). PSS was used so
that the heat of reaction measured will be a true representation of that from a faecal waste
HTC process. Empty sealed pans were used as reference capsules. The experiments and
evaluation of the results followed 1SO11357-5:1999 and 1SO11357-1:2009 using the
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isothermal method (1SO, 1999; 2009). Each test run was conducted for 4 h, which is the
maximum temperature used in the study. The reaction time for complete reaction is
expected to be between 4 and 6 h (Funke and Ziegler, 2011). The reaction temperatures
used were 160°C, 180°C and 200°C. Three runs were performed for each reaction
temperature. Before conducting the heat of reaction measurements, the DSC was
calibrated using 10 mg of standard grade indium metal (LGC, UK). The nitrogen purge
gas flow was set at 0.5 bar (50 ml/min). The instrument cooler temperature was held at
40°C.

As described by ISO 11357-1:2009, the sample and reference capsules were reweighed
after each run to determine if there were changes in mass that could have disturbed the
instrument baseline or created additional thermal effect (ISO, 1999). The heat of reaction
during the isothermal stage is estimated by integrating the area between the peak and the
baseline. As proposed by Funke and Zigler (2011), in order to reduce the likely
uncertainty with the determination of the virtual baseline, the interval of integration (i.e.
the start and the end of the peak of a heat effect) was defined. The baseline, according to
1ISO11357-1:2009, is defined as the “part of DSC curve obtained outside any reaction or
transition zone(s) while the instrument is loaded with both the specimen in the specimen
crucible and the reference crucible. In this part of the recorded curve, the heat flow rate
difference between the specimen crucible and the reference crucible is approximately
constant” (ISO, 2009). A DSC curve from isothermal runs are presented in Figure 3.5. The

line falling slightly below the zero point indicated the reaction was exothermic.
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Figure 3.5 — DSC plot for heat of reaction of sewage sludge HTC for 4 h: (a) 180°C

before integration; (b) 200°C integrated curve
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3.18 Concluding Remarks

Characterisations and analyses of feedstock and products from HTC at different operating
conditions were performed using different methods. Hydrochar characterisations were
carried out using TGA, calorimeter, CHN elemental analyser, and SEM/EDS. The
processed wastewater (liquid product) was analysed for bacteria and faecal coliforms,
water soluble organic compounds, BOD, COD, TOC, VFA, NHs-N, total, volatile and
fixed solids, and pH. Compounds in the gas phase were measured using MS, whilst the
heat of reaction of the HTC process was measured using a DSC. There were no detections
of pathogenic bacteria in the processed wastewater, even during heat-up period that made
the treated material safe for handling and storage. EDS results showed the presents of
elements such as C, O, N, P, S in the dried feedstock. Chromatographs of liquids from
HTC at higher temperatures and longer residence times show the presence of more peaks
indicating more compounds were present in liquids from higher temperatures and longer

residence times. The DSC results show that the HTC process was an exothermic reaction.
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CHAPTER FOUR
EXPERIMENTAL AND MODELLING METHODOLOGY

4.1 Overview

This chapter presents the experimental and modelling methods used in the study. The first
section explains the experimental method that is used to investigate the reaction kinetics of
primary sewage sludge (PSS) and synthetic faeces (SF) hydrothermal carbonisation. A
method explaining the effect of feedstock moisture content (i.e. solid loading) on the solid
decomposition and/or hydrochar formation as well as the extent of carbonisation is studied
in this section. The next section explains the method that is used to study the effect of
HTC operating parameters (i.e. reaction temperature and residence time) on solid, liquid
and gaseous products characteristics; and that on the potential methane production from
the liquid product. A method investigating the optimal conditions leading to the most
improved energy characteristics of the hydrochar and maximum methane production using
a Response Surface Methodology (RSM) model is explained. The third is using the RSM
model to investigate the optimal operating conditions leading to greater filterability of the
HTC-slurry. The final section explains a method for investigating the energetic efficiency,
economic feasibility and sensibility study of the HTC system for human faecal waste

management.

4.2  Hydrothermal Carbonisation Methodology

4.2.1 Tests on kinetic analysis of hydrochar production

About 100 g of the PSS, as received, having 4% solid loading was subjected to HTC using
a 250 mL stainless steel batch reactor (BS1506-845B, UK) immersed in an oil heating
bath (B7 Phoenix Il, Thermo Scientific, UK) containing Shell Thermia oil B (Shell, UK).
Details of the PSS feedstock are explained in Section 3.2.2, and the physical and chemical
characteristics of the feedstock presented in Table 3.1. The PSS was periodically stirred
manually to prevent settling before filling the batch reactor. To ensure that the reaction
temperature was obtained quickly, the oil bath was heated to the required temperature
before immersion of the reactor with its contents. The HTC reactions were performed at
temperatures of 140, 170, 190, and 200°C separately for 0, 30, 50 min, 1, 1.5, 2, and 4 h.
The initial times taken for the reactor content to reach the actual reaction temperatures

were noted; and termed the “heat-up time”. These times ranged from 10 to 20 min. The



CHAPTER FOUR: EXPERIMENTAL AND MODELLING METHODOLOGY 59

reaction temperatures were measured using thermocouples fitted in the reactor veseel that
were connected to a digital temperature indicator. An illustration of the hydrothermal
batch reactor rig is shown in Figure 4.1. After the HTC experiment, the reactor was
removed from the heating bath, cooled to 25°C using ice chips and the gaseous products
vented. The hydrochar (solids) were separated (dewatered) from the liquid phase by
vacuum filtration (Whatman filter paper, nominally 11 pum pore size) to obtain a clear
liquid product. The dewatered hydrochar was dried in an oven at 55°C for 24 h to remove
any residual moisture, and the hydrochar yield after carbonisation was determined using
Eq. (4.1). The mild temperature was used to avoid further loss of volatile compounds;

which may occur during TGA analysis (Whitely et al., 2006).
Y ="tx100% (4.1)
mg

where Y is the hydrochar yield (% wt); m, is the solids present at reaction time t (g),
obtained after oven drying; m, is the initial mass of solids in the reactor at time, t = 0 (g).
Thermocouple

connectors Pressure Temperature
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Figure 4.1 — Schematic diagram laboratory scale hydrothermal batch reactor

Hydrochar production kinetics of the SF samples (see Section 3.2.1 for details of the
formulation) were carried out as above with 25% solid loading (75% moisture content) at
reaction temperatures of 140, 160, 180 and 200°C for 0, 30, 50 min, 1, 1.5, 2, 4 h; and
further 5 and 6 h at 140 and 160°C, as well as 4.5 h at 180°C. All experiments were in

triplicates.
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4.2.1.1 Kinetic data analysis

Figure 4.2 demonstrates the general steps used to calculate the reaction rate constants and
Arrhenius parameters. First-order reaction rate and Arrhenius equations were used to
model the decomposition kinetics of PSS and SF hydrothermal carbonisation. The mass of
initial reacting solids dependence on the reaction rate was expressed as a first-order
differential rate equation in Eq. (4.2), as

d
—r= A (4.2)

which separating and integrating produces
In(m;) = —ktg + In(my) (4.3)

where r is the reaction rate, m, is the mass of carbonised solids (hydrochar) at reaction
time (tg), m, is the initial mass of solids in the reactor at t; = 0, (on dry weight basis), k

is the reaction rate constant (min), and t is the reaction time (min).

( Weigh mass of B (Dry wet hydrochar in ove? a Calculate fraction of
carbonised solids and reweighed to obtain reactact remaining,
(hydrochar) after E>' mass of hydrochar at E>' m, — m,,

filtration, g reaction time (tr), m; (9) X= mg — My,

\_ J L J L G

( N\ [ )

Arrhenius Equation* Plot In(k) vs. 1/T (K™ Plot In(X) vs. tg,

'<: and find the slope and <: and find k from the slope

E . .
In(io) = — 2=+ In(A) intercept ‘I’ifntge SimEgint of the slight line plots
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é ~ )

Use the slope to
calculate activation
energy, E (kJ mol™) E>

Calculate Pre-exponential
factor, A (min™)
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A = exp (intercept)
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. ,

*R is the gas constant (8.314 J mol ™ K™*) and T is the reaction temperature (K).

Figure 4.2 — Flow chart of calculation steps for determining reaction kinetics of PSS and

SF hydrothermal carbonisation
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In terms of fraction of reactant remaining,

Mg —Moeo

X = (4.4)

mo—Meo

where X is the fraction of solids in the faecal waste remaining following HTC (i.e.
conversion = 1 — X), m, is the equilibrium mass of solids (or hydrochar) over long

reaction times or time, ¢ = oo.

ax _

> = —kX (4.5)

which has a solution of the form

X(tr) = exp(—ktg) (4.6)

4.2.2 Test on feedstock moisture effect on hydrochar formation

Carbonisations were performed using SF with solid contents of 5, 15 and 25% (wt.) (i.e.
95, 85 and 75% water content respectively) at various reaction times and 200°C (expected
best carbonisation temperature). Photographs of the carbonised solids before oven drying
were taken with a Canon digital camera (DS126061, Canon Inc., Japan) for visual
comparison with standard RGB colour strips. The calorific values or higher heating values
(HHVs) of the hydrochars were obtained using a bomb calorimeter (explained in detailed
in Section 3.6) to further analyse the effect of feedstock moisture content on carbonisation

extent. All experiments were in triplicate.

4.2.3 Tests on operating parameters effect on HTC products characteristics

About 150 g of the PSS, as received, containing 4.3% solid loading (i.e. 95.7% maoisture)
was subjected to HTC using a hydrothermal batch reactor, as explained in Section 4.2.1.
The physical and chemical characteristics associated with the PSS feedstock is shown in
Table 4.1. The operating conditions were as follows: 140°C for 240 min; 160°C for 60,
120 and 240 min; 180°C for 30, 60, 120 and 240 min; and 200°C for 15, 30, 60, 120, 240
min. The carbonised solids were separated from the liquid phase by vacuum filtration
using a metal microporous filter medium, with 10 um slotted pores manufactured by
Micropore Technologies Ltd. (Hatton, Derbyshire, UK) to obtain the hydrochar. Details of
the filtration test are explained in Section 4.3.1. The dewatered hydrochar was dried in an

oven at 55°C for 24 h to remove any residual moisture.



CHAPTER FOUR: EXPERIMENTAL AND MODELLING METHODOLOGY 62

4.2.3.1 Products analyses

The hydrochars from the different operating conditions were analysed for residual
moisture, ash, volatile matter and fixed carbon content (as explained in Section 3.4) and C,
H, N, O elemental compositions (details explained in Section 3.5). The HHVs of the
hydrochars were analysed as explained in Section 3.6, and the surface morphology and
composition (SEM/EDS) investigated using the methods explained in Section 3.7.

4.2.4 Methane production potential analysis

The potential for digesting the liquid products following HTC of PSS at different
operating conditions was analysed using empirical equations reported in literature. One of
the correlations used to predict theoretical yields of methane and other component
products from digestion was the Buswell equation (Buswell and Neave, 1930) represented

as follows:
n_a

a b
2 2 8

CaHaOp + (n=2-2)H,0 > (3+2-2)cH, +(3-2+2)co,  (47)

where C,,H, 0, represents the chemical formula of the carbonised slurry (biodegradable
organic waste) subject to the anaerobic degradation. n, a, and b are the mole fractions of C,
H, and O respectively in the carbonised slurry. The chemical formula of the carbonised
slurry (C,H,0,) was obtained by the empirical formula estimation using the percentage
composition of the elements from elemental analysis (explained in Section 3.5). That is, n

= carbon content (%)/12; a = hydrogen content (%)/1; b = oxygen content (%)/16.

Percentage yields of CH, and CO, were calculated by the following equations as,

% CH, = —C*870 100 (4.8)

CEEDETY |

% CO, = gb—§+§) — % 100 (4.9)
G+s-2)+G-5+3)

The second theoretical equation used was that by Angelidaki and Sanders (2004) given in

Eqg. (4.10), which is modified from the Buswell equation.

na_ 9)22.4

CH, (STP L CH,/kg VS) = G-y

12n +a +16b (4.10)

where 22.4 is the volume of 1 mol of gas at STP conditions.
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A model equation proposed by Franco et al. (2007) was also used to estimate theoretical
methane yield as follows

L, 5(COD
% CH, = {0.5 - Lg(mc)} x 100 (4.11)

where 0.5 is the default value for volumetric ratio of methane to gas generated (Jeon et al.,
2007), or the fraction of the degradable organic carbon that can decompose under
anaerobic conditions of wet bulk waste (IPCC, 2006); 4 is the amount of COD in methane,
i.e. 4 g of COD removed is 1 g CH, and occupies 0.35 m* CH, at stp.

4.3 Filtration Tests

4.3.1 Cold filtration of carbonised PSS tests

After HTC had been completed, the reactor was cooled to about 25°C and the gaseous
phase vented (see Section 4.2.3 for details of the HTC process). The carbonised slurry
(about 150 ml) was transferred to a clear filtration cell with a total volume of 300 ml as
represented in Figure 4.3, and connected to a vacuum pump. Filtration was conducted

using a metal microporous filter medium, with 10 um slotted pores and nominal thickness

Filtration cell
iatm Pressure)

Pressure Suspension
Gauge

Suspension

Bed Cake

Needle
Valve

| seat {Gasket}r' —

)i

Filtration cell

Measuring
Cylinder

Funnel-shaped
Cell Base

f \ PC

| LabView
1

Vacuum
Pump

Vacuum Flask [
(on Stand) e

Digital Scale

Figure 4.3 — Schematic diagram of constant pressure filtration equipment for cold
filtration of PS
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of 0.06 mm, manufactured by Micropore Technologies Ltd. (Hatton, Derbyshire, UK).

The vacuum was applied by means of a vacuum pump (CAPEX L2C, Charles Austen

Pumps Ltd, UK) and the filtrate was collected in a measuring cylinder placed on an
electronic balance (OHAUS TP2KV, OHAUS Corporation, USA) in order to measure the

mass of filtrate recovered as a function of filtration time. The mass of the filtrate with

respect to time was recorded using a PC customised with Labview software. In all the

experiments, the vacuum pressure was set to 58.6 kPa using a needle valve. The filter

medium was cleaned after each experiment with a detergent using a sonic bath, prior reuse

in further tests. To calculate the cake concentration, the cake was weighed before and after

oven drying at 55°C for 24 h.
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Figure 4.4 — Schematic representation of pilot scale hydrothermal batch reactor used for
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4.3.2 Cold and hot filtration of carbonised SF tests

The SF consisting of 5% solid loading or 95% moisture (formulation explained in Section
3.2.1) was carbonised using a pilot-scale hydrothermal reactor unit suitable for direct hot
filtration, shown in Figure 4.4. This rig was only used for SF not PSS due to
microbiological safety. The hydrothermal reactor unit is comprised of four components; a
reactor, a pressurised feed tank, a pressure filter and a heater unit. The reaction
temperatures and times employed were the same as those used for the HTC of PSS

explained in Section 4.2.3, from which the slurry was cold-filtered in Section 4.3.1.

After HTC, the reactor was allowed to cool down to 25°C or flashed to 100°C for cold and
hot filtration, respectively. Valve-2 was opened to transport the carbonised slurry (about
450 ml) to the filtration cell (internal diameter of 55 mm and total volume of 535 ml)
connected to the reactor as shown in Figure 4.5. The pressure in the cell and reactor was
adjusted to obtain a filtration pressure between 61.0—-78.7 kPa.

l From HTC
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Seal (Metal Gasket)

e Membrane

, Seal (Gasket)
Filtration Cell

(Stainless Steel) Cr Y Aperture
55mmIiD | | || —
Cell Base
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|
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| LabView

)_

Figure 4.5 — Schematic diagram of the pressure filter section of the hydrothermal reactor

Digital Scale

unit used for cold and hot filtration of SF

Filtration was started immediately by opening Valve-4 and the mass of the filtrate with
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respect to time was recorded. The material was filtered using the same filter medium,
electronic balance and PC customised with Labview software as explained in Section 4.3.1
for cold filtration of PSS. The cake was weighed before and after oven drying at 55°C for

24 h and the cake concentration calculated from the mass fraction.

4.3.3 Filtration data analyses

The general steps used to calculate the specific cake resistance to filtration (a) are
represented in Figure 4.6. During filtration the filter retains the solids and a porous cake of
solids builds up on the porous filter medium and aids the filtration process. The filtration

rate may be expressed as:

driving force

Rate of filtration = : (4.12)
resistance
By applying Darcy’s law the flow rate of filtrate is given as:
dV _ AcAP
Q=-%= R (4.13)

where Q is the volumetric rate of flow. Rearranging, the pressure drop across the filter
medium is:

e = () () ar

Ac

where R is the total resistance that is formed on the filter medium and the filter cake.

Addition of the medium and filter cake pressure drop provides the classical linear equation

for constant pressure filtration:

t __ poc uR_m
vV 2A2AP (V) + AcAP (4.15)

where t is the filtration time, V is the filtrate volume, u is the liquid viscosity, c is the dry
mass of solids per unit volume, A, is the cross section filter cake area, Ry and ¢, are the
resistance that is formed on the filter medium and filter cake, and are ‘filtration constants’

that were evaluated from the intercept and slope of the t/V vs. V plot, respectively.

The theoretical or predicted volume, V (m®) was calculated using a 2"%-order polynomial
given in Eq. (4.16):

aVZ+bV—-t=0 (4.16)
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where a and b are constants defined in Figure 4.6. Data from the experimental V were
fitted to the predicted V in order to verify the accuracy of the measured data.

( N [ ) ( he s )
Collect V (g, ml) as E:) Plot t/V (s/m?) vs. V (m%) E> _Find the slope and
. : . . intercept from the t/V
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. A J . J
e . . . _ ( )
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s is mass fraction of solids in the slurry, and M is mass of slurry filtered (g).

Figure 4.6 — The flow chart of calculation steps for determining the specific cake
resistance and predicted volume of filtrate (note that only the positive root for V is

required)

4.4 Modelling and Optimisation Methodology

Response Surface Methodology (RSM) using a small Central Composite Rotatable Design
(CCRD) was used to study the influence of the two variables (reaction temperature, and
residence time) and their interaction on hydrochar energy characteristics, methane
production potential, and filterability of HTC slurry. Design Expert 9.0.1 software
(Statease, Minneapolis, MN, USA) was used for the CCRD and statistical analysis of
variance (ANOVA). Each variable was set at 5 levels: —a, —1, 0, 1 and a as shown in Table
4.1 (where o = 1.414).
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441 RSM model design for hydrochar energy characteristics and methane

production potential

The CCRD was run in triplicate which resulted in of 39 tests (16 factorial points, 16 star or
axial points, and 7 centre points). ANOVA with F- and P-values for the models is
presented in Tables 10.1, 10.2 and 10.3 in Appendix A.

Table 4.1 — Variables and experimental design levels for response surface experiments

Variables Levels of response surface

—1.414 (—a) il 0 +1 1.414 (a)
Temperature (°C) 130 140 170 200 213
Residence time (min) 0 15 128 240 282

4.4.2 RSM model design for HTC-slurry filterability

The CCRD resulted in 13 tests (4 factorial points, 4 star points, and 5 central points).
ANOVA with F- and P-values for the models is presented in Tables 10.4, 10.5 and 10.6 in
Appendix A, for cold filtration of PSS, cold filtration of SF, and hot filtration of SF

respectively.

A second-order polynomial equation, normally used in fitting RSM experiment data (Lu et
al., 2008; Jeong and Park, 2009; Zou et al., 2009) was used to investigate the effect of
independent variables in terms of linear, 2FI and quadratic interactions following Eq.
(4.17).

n n n
Y =X, + Z aiX; + Z a;X? + Z Z a;;XiX; (4.17)
i=1 i=1 i=1 i<j
where n = 2 (i.e. number of variables), Y is HHV (MJ kg™), energy yield (%), energy
densification, methane yield (%) or (L-CH4/kg-VS), specific cake resistance (m kg™),
cake concentration (w/w), or resistance of medium (m™); X, represents the model intercept;
X1, X, are the levels of reaction temperature and residence time, respectively; a; to ajj are

the regression coefficients.

From the RSM modelling, the P-value of each term was determined and insignificant
terms were removed. The significance of each model parameter was determined by an F-

test with o = 0.05 significance level. Tests of statistical significance were applied to the
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difference between the experimental data and the corresponding predictions obtained
using RSM by means of t-test using GraphPad software (GraphPad Software, Inc., La
Jolla, CA).

4.5 Energetic Assessment Methodology

45.1 Process basis

The hydrothermal treatment plant is comprised of eight components; a pressured feed tank
(and pre-heater), a reactor, flash vessel, a pressure filter, a solids dryer, an anaerobic
digester, and two combustion units (see Figure 4.7). Other possible treatments that are not
considered in this study include evaporation/crystallisation of condensates and anaerobic
digester waste liquid, sorption salt removal of evaporator waste. The faecal waste (solids
content 5-25 % wt.) from a sewage treatment plant is pumped to the feed tank. The faecal
waste is fed semi-continuously to the reactor at a pressure of 3 bar (0.3 MPa) using a
piston pump having duty pressure drop of 20 bar (2 MPa), where it is heated to 200°C for
30 min (via a heating unit) for sterilisation. The capacity of the reactor is 33.3 kg h™" of
wet faecal sludge. Although batch or continuous systems are typically applied in a HTC
plant, continuous or semi-continuous systems promote efficient utilisation of the heat of
reaction as well as effective application of adjacent equipment. This also prevent pressure
changes in the reactor (Stemann and Ziegler, 2011). One major challenge with the
continuous HTC system is feeding biomass against pressure, especially if the solid matter
is close to 10%. In order to prevent the loss of pressure in the reactor or recycle of the
reactor contents to the feed tank when the reactor pressure is very high, a pump with a

back pressure lock is used in this study.

Following the hydrothermal treatment at higher pressure the hot slurry is fed into a flash
vessel, steam is produced due to pressure drop (flash evaporation), and the hot steam
recovered for reuse (see Section 4.5.2). The pressure is reduced to 200 kPa (2 bar absolute)
after flashing, resulting in 120°C water temperature. The hot slurry is fed into a pressure
filter where the liquid is drained, and the solids are collected (see Section 4.3.2 for details
on filterability of the slurry). The liquid product containing dissolved organics is sent to
the anaerobic digester to produce biogas. The dewatered solid product (hydrochar) having

a moisture content of about 50% (wt) is fed to a dryer to reduce the moisture content to
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less than 5% (wt). Both the biogas and dry hydrochar are combusted to generate heat

energy to power the plant.

In order to investigate the best scale of operation of the HTC plant, the reactor capacity or
feed rate is varied between 4 and 400 kg/day (about 0.3-33.3 kg h™?).

452 Heat recovery

In order for the HTC system to be economically viable for developing countries, efficient
energy recovery and reuse will be essential. Energy can be recovered from three
mechanisms during the process: (1) combustion of the dry hydrochar; (2) combustion of
biogas produced from anaerobic digestion of the liquid product; (3) steam from the flash
tank, which is the result of discharge of the products (solid, liquid, and gas phases) from

the reactor.

After separation, the slurry is sent to the filter and the steam (vapour phase) is available for
reuse. Two processes require energy inputs: (1) faecal waste containing about 75-95%
water needs to be heated to the reaction temperature of 200°C; (2) Drying of the wet
hydrochar containing about 50% moisture to less than 5% moisture before combustion to

generate energy to power the reactor.

The design aims at using internal energy sources for preheating the faecal waste and for
drying of the wet hydrochar, specifically using steam recovered from the flash tank. The
faecal waste is preheated to 100°C (using steam from the flash tank at 120°C) before it is
fed to the reactor. The wet hydrochar is dried using steam from the flash tank at 120°C.
Energy from combustion of the hydrochar and biogas will be used to heat the reactor, after
the process is started. External energy is used to heat the reactor only for the initiation of

the process and for completion of a cycle.
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Figure 4.7 — Flow diagram of semi-continuous HTC plant for faecal waste treatment
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45.3 Mass balance

Material flows of water and solids were calculated in a mass balance equation. The overall
mass balance was evaluated for the operations taking place within the boundaries shown in
Figure 4.8 as follows:

F = m + mL’D + mW‘D + mV‘F (418)

where F is the total mass of wet faecal waste or feedstock (kg); m, is the mass of dry
hydrochar (kg) obtained at reaction time (t); my , is the mass of liquid after filtration of
the carbonised slurry (kg); m,, p is the mass of water evaporated from the wet hydrochar
during drying (kg); and my ¢ is the mass of steam or water vapour recovered from the

flash vessel (kg).

Steam/vapour (Recovery)

1 \
1 1 1
Faecal sludge 1)
1 1
F (kg) | Flash & : !
m, E Preheating ‘ separation 1!
mw 1 ? :
X Mg |Slurry ;o
! 1
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solid fuel, m, o Filtration | | Liquid
< : rying : T >
! my L (Dewatering) : ! myp
: my n * | :
" ; My p (]
s 1. ===z * - —————- =)
S m,, p Steam/vapour 7
v
Water

Figure 4.8 — Boundary of mass balance calculations

Material flows around individual units, including the hydrochar combustion unit were

calculated from balances around each unit (see Figures 4.8 and 4.9).
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Figure 4.9 — Block diagram of energy balance calculations

4.5.4 Energy balance

Figure 4.9 illustrates projected energy balance of the HTC process for sterilising human
faeces and recovering energy from it. The heat of reaction was measured by a heat flux
differential scanning calorimeter (DSC-Q10, TA Instruments, Crawley, UK). The
analytical method is explained in Section 3.17. Energy value (or heating value) of the dry
hydrochar was measured using a bomb calorimeter (CAL2K, Digital Data Systems, South

Africa), explained in Section 3.6.

In this study, the reactor is heated by using a high temperature circulator heating unit
which uses a “THERMINOL ® 66 heating oil. After completion of a reaction cycle, the
reactor is powered by energy recovered from combustion of the hydrochar and biogas.
Energy input to the reactor heats the reactor and the containing faecal material, and also
compensates the heat loss from the reactor. The energy balance was modelled as follows:

Energy) _ ( Energy to (Energy to heat) Energy to Heat of \ _ (Heat
( input ) (heat reactor) faecal sludge + (heat Water) + (reaction) ( loss ) (4.19)
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Energy input to the HTC reactor is calculated using the following equation as:
Ein = VoPoCp,o(T—To) + (Hy X ) (4.20)
That is the energy balance before energy is recovered from the process is given by:
Ein = [my.cp (T —To)| + [mgs. cp o (T—To)] + [my(Hp(ry — Huerp)]
+ mg. AHg — [A Ut (T — Tp)] (4.21)

where: ¢, , is the specific heat capacity of heating oil (kJ kgt K™); Cp,rs 1S the specific
heat capacity of dry sewage sludge (kJ kg K™), used to represent that of faecal sludge; Cp,,
is the specific heat capacity of the reactor (kJ kg K™); p, is the density of heating oil
(kg m®); m, is the mass of heating (kg); m,. is the reactor mass (i.e. density of reactor
material x reactor volume, kg); mgs = m,, is the mass of solids in the wet faecal sludge
(kg); m,, is the mass of water in the faecal sludge (kg); H,,(r,) is the enthalpy of water at
initial temperature (kJ kg™); Hyry is the enthalpy of water at the saturated liquid
temperature, T (kJ kg™); Hy is heating unit utility (kW); T, is oil holding time (min); AHg
is the heat of reaction during holding period (kJ kg™); U, is the overall reactor heat
transfer coefficient (W m? K™); A, is the reactor heat transfer area (m?); t, and is the
reaction time plus heat up time (45 min).

A, = iL(D + t;) + 2mr'? (4.22)

where: D is reactor diameter (m); L is reactor height (m); ' is the reactor radius (m); and

t; is the insulation thickness (m).

Ignoring fouling factors, the overall heat transfer coefficient of the reactor is:

1 1 1 1
—=—+—+
Ur hm hy ha+ hg

(4.23)

where: h, is the heat transfer coefficient at the reactor wall (W m? k™); h; is the
conduction coefficient of insulation (W m k™); h,, is the conduction coefficient of the
metal walls of the reactor (W m? K™); hy is the radiation coefficient of side walls
(Wm?2K™?).

The heat transfer coefficient at the reactor wall was calculated by modifying the equation

proposed by Kato et al. (1968) as follows:

hA = (0.138 X (NGI«)O'36 X [(Npr)0'175 - 055] X kair/L (424)
Ngr = (L3 X pZ, X g X B x AT)/p2;, (4.25)
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NPr = Cpair X uair/kair (426)

Assuming the temperature drop across the film is one-quarter of the drop from of the

inside of the reactor to the outside air (Kumana and Kothari, 1982),
AT = (T — Ty)/4 (4.27)

where T, is the outside air temperature (°C).

kM

t™m

hy, = (4.28)

h, = ki (4.29)

5§

where: k,, is the thermal conductivity of the metal of the reactor at 200°C (W m™*°C™); k;
is the thermal conductivity of the insulation used (calcium silicate at 200°C, W m™* °C™%);

ty 1S the reactor wall thickness (m).

The radiation coefficient of side walls was calculated using Eq. (4.30) described by Perry
and Chilton (1973) as follows:

- (T19)*~(TA)"
hg = 01713 x e | S ] (4.30)

where: ¢ is the surface emissivity of the aluminium jacket, T;s is the outside temperature of
the insulated surface (°C). T, and T;g were converted from °C to K for the calculation of
hg.

After the process is started, energy for preheating the feedstock assuming negligible heat

losses is obtained as:

mypp Hy = [mFT-Cp,FT (Te—To)] + [mFS'Cp,FS (T¢ — To)]

+ [my (Hw(rp — Hwro))] (4.32)

where: ¢, . is the specific heat capacity of the feed tank (kJ kgt K™; my pr IS the mass
of steam from the flash vessel for preheating feed (kg); mgr is the mass of the feed tank

(kg); Ty is the feed pretreatment temperature (°C); and H,,(r b is the enthalpy of water at

pretreatment temperature (kJ kg™), Hy r is the specific steam energy (kJ kg™).
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The energy for drying wet hydrochar, assuming negligible heat losses, is given by:

myp Hyt = [mH,D- Cpu (Tp — TH)] + (mW,H X hvap) (4.33)

where: my, , is the mass of wet hydrochar fed to the drying process (kg); my  is the mass
of steam for drying (kg); my,  is the mass of water in hydrochar (kg); c, , the specific
heat capacity of hydrochar (kJ kgt K™); h,qp is the latent heat of vaporisation of water

(kJ kg™); Tp is the drying temperature (°C); and Ty is the temperature of wet hydrochar
entering the dryer (°C).

The energy required to heat the reactor and content after completion of one process cycle

is given by:

Qchar + QCH4 = [mr- Cp,r (T - Tr)] + [mFs- Cprs (T - Tf)] + AHRmO
+[my (Hyery = Hwerp)] = [ArUrty (T = T9)] (4.34)

where: Qcpnqr and Qcy, are the energies produced from combustion of dry hydrochar and
methane (kJ), respectively; T is the temperature of preheated feedstock (°C); and T;. is the
temperature of the reactor body after completion of a process cycle (120°C); and H,, (7 £ is

the enthalpy of water at the preheat temperature, T; (kJ kg™).

Qchar = m X HHV of char (4.35)

Qcu, = mcy, X Hen, (4.36)

where my, is the mass of methane (kg), obtained from relationship between mass of CH,
generated and that of COD removed during anaerobic digestion (1 g COD removed = 0.25
g CH, produced, which is equivalent to 1.4 L CH,4 at STP) (Spinosa and Vasiland, 2001;
Hamilton, 2013), and on the assumption that 90% of COD was converted to CH,4 (Franco
et al, 2007). Hcy, is the heat of combustion of methane (50125 kJ kg?) from
stoichiometric combustion equation. Table 4.2 gives the physical and thermodynamics

properties of the HTC reactor, faecal waste and products.
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Table 4.2 — Physical and thermodynamic properties of the reactor and operational

data

Parameter Notation Unit Value
Reactor and other units

Specific heat capacity of stainless steel Cori Cppr  KIKgT K™ 0.502
Density of stainless steel reactor (at 25°C) P, kg/m® 8027.2
Reactor diameter D m 0.502
Reactor/jacket height L m 0.741
Reactor jacket diameter D; m 1.34
Reactor thickness ty m 3.18 x 10
Insulation thickness t m 0.062
Thermal conductivity of insulation at 200°C ° k; wmtect 0.068
Thermal conductivity of stainless steel at 200°C K wmtecH 17.0
Surface emissivity of jacket aluminium € 0.05
Volume of heating oil ? V, m®

Feedstock and products

Specific heat capacity of dry sewage sludge Cpoes kikgt K* 1.7°¢
Specific heat capacity of hydrochar Cp kikgt K* 1.45 ¢
Specific heat capacity of water at 25°C CPw kikgt K* 4.187
Enthalpy of vaporisation of water hyap kd kg™ 2270
Specific enthalpy of water at 25°C Hy 1y kd kg™ 104.8
Specific enthalpy of saturated water at 200°C Hym kd kg™ 859.0
Specific enthalpy of water at 100°C Hy () kd kg™ 419.1
Specific enthalpy of steam at 120°C Hy(rm kd kg™ 2706.0
Specific enthalpy of steam at 200°C Hg kd kg™ 2790.0
Operational data

Specific heat capacity of heating oil Cpo ki kg™ K™ 1.57
Density of heating oil (at 25°C) P, kgm? 1005.86
Heating unit utility Hy kw 3.0
Holding time Th min 45 ¢
Reaction temperature T °Cc 200
Reference (feedstock) temperature T, °Cc 25
Temperature of preheated feedstock T °Cc 100
Temperature of steam from flash tank Ter °C 120
Drying temperature Tp °Cc 120
Temperature of hydrochar to dryer Tu °Cc 100
Density of air (at 25°C) Pair Kgm? 1.25
Specific heat capacity of air (at 25°C) Cpair kikg 'K 1.005
Viscosity of air (at 25°C) Wair kgm's! 1.98x10°
Thermal conductivity of air Kair Wm'K?'  0.0257
Coefficient of thermal expansion of air (at 25°C) B K 3.43x10°
Gravitational constant g ms? 9.81

2 \aries based on reactor size or the number of faeces to be fed. ® Calcium silicate.
° Namioka et al. (2008). ¢ Stemann and Ziegler (2011). ¢ Heat up time and reaction time.
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4.6  Concluding Remarks

Methods of analysing the kinetics of hydrochar production from faecal waste HTC, and
the influence of feedstock moisture on the hydrochar formation have been explained in
detail. A first-order reaction rate and Arrhenius equations are used to model the solids
decomposition kinetics for the faecal waste from hydrothermal carbonisation. An
appropriate method of investigating the operating parameters effect on HTC product
characteristics and methane production potential from the liquid product were explained.
RSM models were developed and validated in order to compare the experimental data to
the model results, and to obtain equations relating the effect of reaction temperature and
time on hydrochar energy characteristics and methane yield. ANOVA was carried out in
order to investigate the effect of reaction temperature and time on hydrochar energy
characteristics and methane production potential. Detailed methods of cold filtration and
hot filtration of HTC-slurry were explained to examine the effect of HTC temperature and
time on slurry filterability. As regards to the filtration, a method was explained to calculate
the specific cake resistance to filtration by taking into consideration the viscosity of water
at 25°C and 100°C for cold and hot filtration respectively. Predicted volumes were
calculated using values of the specific cake resistance and medium resistance in order to
establish a comparison of the experimental and predicted data. RSM models were
designed and compared with experimental results in order to yield predictions that can be
useful in designing and optimising HTC filtration systems. A method of assessing the
energetic efficiency of the HTC system for semi-continuous process was explained. This
takes into effect energy recovery and recycles within the system in order to make the

process energetically feasible.
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CHAPTER FIVE

KINETICS OF FAECAL BIOMASS HTC FOR HYDROCHAR
PRODUCTION

5.1 Overview

The decomposition kinetics of PSS and SF, with various moisture contents, were
investigated over different reaction times and temperatures using a hydrothermal batch
reactor. Solid decomposition of PSS and SF were first-order with activation energies of 70
and 78 kJ mol™, and pre-exponential factors 4.0 x 10° and 1.5 x 10" min™*, respectively.
Temperature was of primary importance to influence solid decomposition. Higher
temperature resulted in higher solids conversion to hydrochar. Equilibrium solid hydrochar
yields (relative to the original dry mass used) were 74%, 66%, 61% and 60% for PSS at
140, 170, 190, and 200°C respectively, and 85%, 49%, 48% and 47% for SF at 140, 160,
180 and 200°C respectively. Energy contents of the hydrochars from PSS carbonised at
140-200°C for 4 h ranged from 21.5 to 23.1 MJ kg, and increased following
carbonisation. Moisture content was found to affect the HTC process; feedstocks with
higher initial moisture content resulted in lower hydrochar yield and the extent of
carbonisation was more evident in feedstock with lower moisture content. The results of
this study provide information useful for the design, modelling and optimisation of HTC

systems for waste treatment.

5.2 Introduction

Chemical reactions in HTC are complex, and generally involve a number of reaction
pathways such as hydrolysis, dehydration, decarboxylation, condensation, polymerisation,
and aromatisation (Petersen et al., 2008; Sevilla and Fuertes, 2009a; Funke and Ziegler,
2010); yet, the reaction types mostly depend on the nature of the biomass feedstock
(Funke and Ziegler, 2010). An understanding of the reaction kinetics is necessary since
modelling of the process of biomass HTC requires the kinetics of mass loss and hydrochar
production. However, relatively, little information is available on the kinetics of biomass
HTC. A number of studies have reported kinetic rate of cellulose degradation in
hydrothermal medium to be that of first-order with different activation energies (Schwald
and Bobleter, 1989; Adschiri et al., 1993; Mochidzuki et al., 2000; Sasaki et al., 2004;
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Cantero et al., 2013). However, the decomposition rate of complex biomass such as faecal
sludge may have quite different composition; hence studies that look into its degradation
in the hydrothermal medium are necessary.

Other studies have reported biomass dry pyrolysis rates using TGA investigation
(Ledakowicz and Stolarek, 2002; Antal and Gronli, 2003; Biagini et al., 2009; Harun et al.,
2009; Ro et al., 2009; Sadawi et al., 2010), at extremely high decomposition temperatures
(up to 900°C) which is above that desired for HTC, where the operating temperature is
normally fixed by the need to prevent vaporisation of the liquid (i.e. boiling). Some of
these studies have postulated the rate of reaction of cellulose pyrolysis to be first-order
(Conesa et al., 2001; Ledakowicz and Stolarek, 2002; Antal and Gronli, 2003). However,
there appears to be no general agreement relating to the pyrolysis kinetics of biomass
decomposition from these TGA analyses. The objectives of this study, therefore were to: (i)
gain insight into the degradation kinetics of hydrochar production of PSS and SF by
hydrothermal carbonisation, taking into consideration the influence of reaction
temperature and time on hydrochar production; (ii) develop a kinetic model based on the
results of the experimental study; (iii) examine the effect of feedstock moisture content on
hydrochar formation and extent of carbonisation; and (iv) study the influence of reaction

temperature on hydrochar and liquid product characteristics.

5.3 Materials and Methods

5.3.1 Materials

Specifics of the raw materials are given in Section 3.2. The PSS used in this study
comprised mainly of faecal matter removed by settlement, and contained 4.0% (wt.) solids
as received, whilst the SF formulation contained 15-25% solid content, depending on the
tests. The materials were uniformly mixed in accurate proportions with water to form a
paste or suspension. These were prepared immediately before conducting the
carbonisation tests. The physical and chemical characteristics of the PSS are presented in
Table 3.1.
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5.3.2 Decomposition kinetics

Tests on kinetic analysis of hydrochar production are explained in Sections 4.2.1. HTC
were performed at reaction temperatures of 140, 170, 190, and 200°C separately for 0, 30,
50, 60, 90, 120 and 240 min; and in the case of SF further 300 and 360 min at 140 and
160°C, as well as 270 min at 180°C. The temperature range used here was selected so as to
minimise energy requirement for the HTC system in order that the process would remain
economical for developing countries. A first-order reaction rate and Arrhenius equations
were used to model the solids decomposition kinetics of PSS and SF hydrothermal

carbonisation.

Generalised reaction for the faecal sludge HTC is represented as:

Faecal sludge — Hydrochar + Liquid + Gas (CO,, aromatics) (5.1)

The reaction rate depends on the temperature and the amount (mass) of reacting solids
present. The operating temperature will determine the overall degree of conversion to solid
product. The steps for determining the reaction rate and the decomposition kinetics are
given in Egs. (4.2) to (4.6), and the general steps used to calculate the reaction constants

and Arrhenius parameters presented in Figure 4.1.

The temperature dependence of the reaction rate is typically correlated as a reaction

coefficient by the Arrhenius equation.
E
k = Aexp (—ﬁ) (5.2)

5.3.3 Feedstock moisture effect on hydrochar formation and carbonisation extent

In order to analyse the influence of feedstock moisture content on hydrochar formation
and the carbonisation extent, carbonisations were performed using SF with other solid
contents of 15 and 5% (i.e. 85 and 95% water content respectively) at the reaction times of
30, 50, 60, 90, 120 and 240 min and expected best carbonisation temperature of 200°C.
Details of the hydrochar HHVs and solids visual analyses are explained in Sections 3.6

and 4.2.2, respectively.
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5.3.4 PSS hydrochar and liquid product analysis

Dried PSS hydrochars carbonised at 140, 170, 190 and 200°C for 4 h were analysed for
moisture, ash, volatile matter and fixed carbon (i.e. proximate analysis) using a
thermogravimetric analyser (TA Instruments Q5000IR, UK), as explained in Section 3.4.
Carbon (C), hydrogen (H) and nitrogen contents were analysed using a CHN analyser
(CE-440 Elemental Analyser, Exeter Analytical Inc., UK), and the HHVs analysed using a
bomb calorimeter (CAL2K, Digital Data Systems, South Africa); as explained in Sections
3.5 and 3.6, respectively.

Liquid products from PSS at 140, 170, 190 and 200°C were analysed for BOD using
titrimetric method (explained in Section 3.9.1); COD analyser (Palintest 8000, Palintest
Ltd, UK), explained in Section 3.10; and TOC using a TOC analyser (DC-190, Rosemount
Dohrmann, USA), explained in Section 3.11.

5.4 Results and Discussion

5.4.1 Solid decomposition and hydrochar formation kinetics

Figures 5.1 and 5.2 show conversion plots from the experimental data using the rate laws
in Egs. (4.4) and (4.5). The figures depict the variation in the decomposition of solids with
time by HTC of SF and PSS. The first-order reaction models for the hydrochar formation
were established from Egs. (4.4) to (4.6).

Not all the experimental data gave a good fit to the first-order model, but overall the
agreement seems reasonable and the assumption of first order Kinetics is justified.
Experiments were conducted in triplicate in order to obtain greater precision and the data

shown in these figures represents the means of the values obtained.

Significant solids conversions were obtained in the initial 30 minutes of the reaction for all
feedstocks and reaction temperatures, and the rate slowed down exponentially as the
reaction time increased (see Figures 5.1 and 5.2). This suggests that significant
decomposition of the biomacromolecules started within the initial 30 minutes of the
reaction. There was no notable conversion of solids during the heating-up time. Reaction
temperature had a more pronounced effect on solids degradation and hydrochar production
for both synthetic faeces (SF) and primary sewage sludge (PSS). For PSS at all

temperatures and SF at 200°C, increasing the reaction time beyond 1 h did not
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significantly improve solids conversion to hydrochar. This may be due to the continued
reaction of intermediates to char. Libra et al. (2011) gave a similar remark in their review.
Equilibrium relative masses of 74, 66, 61 and 60% (wt.) were obtained for 140, 170, 190,
and 200°C respectively for PSS, as compared with 85, 49, 48, and 47% (wt.) obtained for
SF at 140, 160, 180, and 200°C respectively (shown in Table 5.1).

o Data(3F)

& Data (PSS)
= = =First-Order Model (3F)
— First-Order Model (P33)

o
- - a
0.0 T T ; r =ty T = S
0 50 100 150 200 250 300 350 400
A Reaction Time (min)

o
0.0 : : : — g
0 50 100 150 200 250 300 350 400
B Reaction time {min)

Figure 5.1 — Variation of conversion of solids with time for hydrothermal carbonisation of
primary sewage sludge and synthetic faeces: (A) HTC at 140°C; (B) HTC at 160°C for SF,
and 170°C for PSS

Figure 5.3 shows the Arrhenius plot for the reaction rate constants from Figures 5.1 and
5.2. The Kinetic rate constants obtained from Eq. (4.5) with the experimental data gave a

good fit to the Arrhenius plot (Figure 5.3). The Kkinetic parameters (i.e. activation energy
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and pre-exponential factor) were estimated from the slope and intercept. A higher value of
activation energy (77.8 kJ mol™, with pre-exponential factor of 1.5 x 10" min™) was
obtained for SF compared with 70.4 kJ mol™, with pre-exponential factor of
4.0 x 10°min™* for PSS.
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Figure 5.2 — Variation of conversion of solids with time for hydrothermal carbonisation of
primary sewage sludge and synthetic faeces: (A) HTC at 180°C for SF, and 190°C for PSS;
(B) HTC at 200°C
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This denotes that a higher temperature is required to produce the same rate of solids
decomposition of SF to produce hydrochar than that required for PSS. This is noticeable in
the higher solids conversion rate for PSS compared to SF as shown in Figure 5.1 and
Figure 5.2 (A).

Table 5.1 — Hydrochar yield of SF and PSS following hydrothermal carbonisation

SF Hydrochar PSS Hydrochar
Temperature  Time Mass Temperature Time Mass
(°C) (min) (% wt.) (°C) (min) (% wt.)
140 30 98.00 + 6.08 140 30 89.12 + 3.00
50 97.28 £10.16 50 82.39 £5.43
60 96.23 £ 9.94 60 78.11 £0.62
90 95.36 £ 9.77 90 77.09+1.71
120 94.16 £ 10.59 120 75.14 £2.72
240 92.07 £10.34 240 74.04 £1.36

300 88.00 + 8.66
360 85.33+7.51

160 30 91.00 + 3.54 170 30 77.33+5.51
50 77.50 +0.71 50 72.58 +6.00
60 73.50 + 3.54 60 72.08 +6.35
90 70.25+£0.35 90 69.08 +4.61
120 69.00 +1.41 120 67.50 +3.91
240 61.00 + 5.66 240 66.17 +0.76

300 54.10 £6.93
360 49.50 +0.71

180 30 81.00+141 190 30 71.39£0.19
50 79.00+141 50  70.10+0.93
60  76.50+0.71 60  69.59+0.94
9  6350+2.12 90  66.09+0.23
120 54.00+141 120 65.11+1.26
240  5050%0.71 240 61.27+0.03
270 48.25+0.35

200 30  6223+068 200 30  69.67+153
50  6113+1.96 50 64.83+144
60  59.97+105 60  64.17+2.02
9  58.34%206 90  62.33+058
120 56.00 +2.00 120 61.17+0.29
240 46.97£0.71 240 60.17 +0.29

The activation energy for SF was lower than the reported activation energy for pyrolysis
decomposition of semisynthetic raw bacterial cellulose (92.7-471.0 kJ mol™) between 30—
1000°C (Ledakowicz and Stolarek, 2002), which has a comparable formulation to that of
the synthetic faeces used in this study. The activation energy of PSS was higher than the

reported activation energy for pyrolysis of refinery sludge (32.5-45.1 kJ mol™) between
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120-565°C (Harun et al., 2009), but lower than those of olive cake (180.2 kJ mol™)
between 107-947°C (Biagini et al., 2009), and swine solids and anaerobic lagoon sludge
(92-161 kJ mol ™) between 207-473°C (Ro et al., 2009). Notably, the activation energies
of both SF and PSS were lower than that reported for hydrothermal degradation of
cellulose (129.1-548 kJ mol™) presented in Table 2.3.
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Figure 5.3 — Arrhenius plot for determination of kinetic parameters for hydrothermal

carbonisation of synthetic faeces and primary sewage sludge

The solid decomposition and hydrochar formation for both synthetic faeces and primary
sewage sludge follow first-order (decay) reaction kinetics given in Eq. (4.6) and the
reaction rates can be correlated by an Arrhenius plot. Hence, the data presented in this
study would be suitable for application in a number of different calculations for processes

operating over a range of temperatures.

5.4.2 Effect of feedstock moisture content on hydrochar production

Figure 5.4 shows a comparison of solid conversion to hydrochar for the HTC of synthetic
faeces (SF) at different initial solid concentrations (i.e. moisture contents) but at the same
temperature (200°C). All data points are the means of three measurements. Moisture
content had a significant effect on hydrochar production and extent of carbonisation. There
was significant conversion of solids to hydrochar in the first 30 minutes for all feedstocks,

as shown in Figure 5.4 (A). Within the first 30 minutes, the solid (hydrochar) yield
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dropped to 60, 58 and 65% for SF feedstock with 75, 85 and 95% moisture contents
respectively (Figure 5.4-B). With further increase in reaction time beyond 50 minutes, the
reaction rates became less dramatic. The reaction was faster at lower solid contents (higher
moisture), especially after the 30 minutes of the reaction, producing lesser hydrochar
yields: 62-53%, 58-50%, and 56-46% from 50-240 minutes, for feedstock with 75, 85
and 95% moisture contents respectively.

1.0 - <= T75% Moisture Content
—f—35% Moisture Content
0.8 1 — @ —95% Moisture Content

0 50 100 150 200 250

A Reaction Time (min)
100
- 80 -
=
=
2 60 A N
< - e,
= | T e e e e -0
S 40
o
=
]
= 20 A
EI T T T T 1
0 50 100 150 200 250
B Reaction Time {min)

Figure 5.4 — Effect of moisture content on solid decomposition during hydrothermal
carbonisation of synthetic faeces at 200°C and at different reaction times on:

(A) conversion; (B) hydrochar yield

Figure 5.5 shows the effect of feedstock moisture content on the extent of carbonisation of

SF. As indicated in Figure 5.5 (A), hydrochars obtained from feedstocks of 75% moisture
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content had darker colours (i.e. were more carbonised) — as revealed by their lower

greyscale values, followed by that of 85% moisture content. Figure 5.5 (B) gives the

energy values (HHVs) of the hydrochars, which are higher for hydrochars produced from
75% moisture feedstock (25-27 MJ kg?), followed by that of 85% moisture (21-26 MJ
kg™) and finally 95% moisture (2024 MJ kg™), these all increased as the reaction time

was increased.
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Figure 5.5 — Effect of moisture content on solid decomposition during hydrothermal

carbonisation of synthetic faeces at 200°C and at different reaction times on: (A)

Greyscale values; (B) Calorific values (HHV)

The results showed that, feedstock with lower initial moisture content (i.e. higher solids

contents) produced a greater mass of carbonised hydrochar, whilst feedstock with higher
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initial moisture content (i.e. lesser solids contents) produced lower hydrochar yields
(Figure 5.4B) and the hydrochars from feedstocks of higher solids content were more
carbonised (indicated by the lower greyscale values, and higher energy values), Figure. 5.5.
The lower yields obtained from higher moisture feedstock may be due to loss of carbon
per solid unit mass of feedstock to the liquid phase, as stated by Libra et al., (2011) in their
review; whilst the longer heat-up time of such feedstock may have resulted into the less
carbonised nature of the produced hydrochars. This was observed to be about 15-20 min
for 85-95% moisture feedstock compared with approximately 10 min for feedstock having

75% moisture content.

5.4.3 Hydrochar characteristics and energy contents

The characteristics of the PSS hydrochar carbonised at 140, 170, 190 and 200°C for 4 h
holding time and that of the dried PSS feedstock are shown in Table 5.2. Fixed carbon
resulting from carbonisation range from 6.0—7.5%, compared with 5.3% for the initial PSS
feedstock (see Table 3.1), and increased with increasing temperature. These values are
significantly lower than those reported for swine manure solids (11.8%) (Ro et al., 2009),
municipal wastewater solids (6.4-29.7%) (Berge et al., 2011; Lu et al., 2011). As a result
of carbonisation, volatile matter in the hydrochar decreased significantly compared with
that in the dried PSS feedstock. A decrease in volatiles was also observed as the reaction

temperature was increased from 140-200°C (Table 5.2).

HTC brings about changes to the elemental compositions of the raw feedstock that is
dependent on temperature (Table 5.2). An increase in carbon content occurs coupled with
a decrease in oxygen content is seen following carbonisation, except for carbonisation at
140°C for 4 h. Increasing temperature between 170-200°C leads to an increase in carbon
content as oxygen content decreases, with significant change being obtained at 200°C,
suggesting carbonisation was most effective at the higher temperature (200°C). Details on

the carbon balance are presented in Section 3.1.4.

Energy contents of the hydrochars produced from PSS carbonised at 140—200°C for 4 h
ranged from 21.5-23.1 MJ kg, and increased following carbonisation (Table 5.2). The
HHVs improved as temperature was increased, and correlated well with the carbon content
of the hydrochars (Figure 5.6). These results are similar to a relationship previously

reported by Berge et al. (2011) for carbonisation of wastewater solids. Energy contents of
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the hydrochars following carbonisation of wastewater solids and sludge range from 14.4—
27.2 MJ kg* (Harun et al., 2009; Berge et al., 2011; Lu et al., 2011; Prawisudha et al.,
2012). Energy densification of the hydrochars occurs as a result of decreases in solid mass
caused by dehydration and decarboxylation reactions (evident by the increased carbon
contents and decrease in oxygen contents). Energy densification factors associated with
the hydrochars range from 1.19 (for 140°C carbonisation) to 1.28 (for 200°C
carbonisation), and increase significantly as reaction temperature increases (Figure 5.7B).

Table 5.2 — Characteristics of PSS hydrochar and liquid phase produced at different

temperatures at a retention time of 4 h

Parameters Unit Hydrochar

140°C 170°C 190°C 200°C
Proximate Analyses
Moisture % 4.95 4.25 3.89 3.53
Ash % db 22.61 24.04 24.32 25.31
Volatile Matter % db 66.43 64.92 64.52 63.67
*Fixed C % db 6.01 6.76 7.27 7.49
Calorific value (HHV) MJ kg’l 21.45+053 22.02+0.98 22.65+1.34 23.13+0.52
Ultimate Analyses
Carbon (C) % db 4443 +0.34 45.77+0.16 4558+1.76 46.17+0.84
Hydrogen (H) % db 581+0.05 599+0.10 570%£0.23 581+0.17
® Oxygen (O) % db 51.96 £0.48 50.23+0.32 50.35+2.13 49.39+0.90
Nitrogen (N) % db 243+0.15 196+0.26 197+ 0.16 1.88+0.16
“Energy yield % 72.75 66.75 62.40 62.15
Liquid Filtrate
TOC gL? 506+0.33 464+0.14 513+0.04 4.83+0.15
CoD gL? 47.60 +1.27 47.83+0.78 50.00+1.27 48.87 +3.75
BOD gL? 8.01+050 801+040 9.01+045 9.01+0.47

100 — (moisture + ash + volatile matter).  Calculated as different between 100 and total
C/H/N. € (Mchar*H HVChar)/(Mfeedstock*H Heredstock). db = dry baSiS.

Energy densification ratio is defined as ratio of HHV of hydrochar to that of initial dried
feedstock (see Eg. (3.8)). Energy yield, which is defined as energy densification ratio
times mass yield of the hydrochars (see Eg. (3.9)), and provides a means of relating the
energy remaining within the hydrochars to that of the original sewage sludge feedstock,
and ranged from 72% for (140°C carbonisation) to 62% (for 200°C carbonisation), and

decreased significantly with increase temperature (Table 5.2).
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5.4.4 Carbon balance

The carbon content of the PSS hydrochars produced ranged from 42—45% (Figure 5.6A);
lower than that (52—-68%) reported by Zhao et al. (2014) for hydrochars from dewatered
activated sewage sludge carbonised between 180-240°C and 15-45 min, with initial
carbon content (51%) higher than that of the PSS. The carbon content of the hydrochar
after carbonisation at 140°C was slightly lower than that of the initial feedstock (Table 3.1),
suggesting the carbonisation of primary sewage sludge may not be effective at 140°C.
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Figure 5.6 — Characteristics of PSS hydrochar at different temperatures with 4 h retention
time: (A) temperature effect on energy values and carbon contents; (B) relating calorific

values with carbon content. ad = as determined
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Mass balance analyses show that a significant fraction of carbon was retained within the
hydrochar following carbonisation of the PSS feedstock for 4 h (Figure 5.7A).
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Figure 5.7 — Characteristics of PSS hydrochar at different temperatures with 4 h retention
time: (A) temperature effect on carbon recovery of the starting carbon (error bars represent
standard deviations from triplicate measurements); (B) temperature effect on energy

density and carbon storage factor

The fraction of carbon in the hydrochars as a percentage based on that of the untreated
PSS feedstock decreased as the temperature was increased (65% for carbonisation at
140°C to 55% for carbonisation at 200°C). Carbon sequestered in the hydrochars during
HTC ranged from 0.34-0.29, and decreased as the reaction temperature was increased
from 140-200°C respectively (Figure 5.7B). Carbon storage factor (CSF) is defined by
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Barlaz (1998) as the mass of carbon remaining in the solid after biological decomposition
in a landfill/dry mass of feedstock (see Eq. (3.6)), and provides the means to compare the
mass of carbon remaining (sequestered) within solid material following biological
decomposition in landfills. Previously reported values of CSF for food waste and mixed
MSW in landfills are 0.08 and 0.22 respectively (Barlaz, 1998), and 0.34, 0.23 and 0.14
for food, mixed MSW and AD waste hydrochars respectively (Berge et al., 2011).
Although CSFs in the hydrochars decrease as the reaction temperatures increase, the long-

term stability of the carbon in the char is not known.

Fractions of carbon are transferred into either the liquid or gas phases, as shown in Figure
5.7 (A). Fractions of carbon of the total initial carbon present in the feedstock transferred
to the liquid phase range from 22—24%. These are calculated from measurements of total
organic carbon (TOC) of the liquid products. The transfer of the fractions of carbon to the
liquid phase may be due to carbon becoming more soluble during HTC. This may also be
due to products of the Maillard or Browning reactions which results in the dissolution of
low molecular weight carbon compounds during the carbonisation reaction. The Maillard
reaction is reported (Heilmann et al., 2010) to generate hundreds of heterocyclic
compounds that are mostly soluble in water. Fractions of carbon in the liquid product will
be needed if methane is to be produced from the liquid phase, as acetic acid and acetyl
groups are required for methane production in the digestions stage. A detailed
investigation on the potential to produce methane from the HTC liquid product will be
discussed in Chapter Six. The percentage of carbon transferred to the gas obtained from
mass balances ranges from 12-22%, and increases as the temperature is increased.
Reported fractions of carbon to the liquid and gas phases for HTC of wastewater solids
range from 20-37% and 2-11% respectively (Berge et al., 2011).

TOC, COD and BOD of the liquid phase following carbonisation (Table 5.2) were higher
than that of the feedstock filtrate but lower than that of the raw feedstock with solids (see
Table 3.1). The high levels of TOC, COD and BOD in the processed wastewater than the
feedstock filtrate are an indication of components dissolved into the liquid phase following
HTC. A detailed study into how the operating parameters affect the characteristics of the

liquid product and hydrochar will be discussed in Chapter Six.
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5.5 Concluding Remarks

Decomposition kinetics for hydrothermal carbonisation of primary sewage sludge and
synthetic faeces were investigated in a batch reactor. Solid decomposition followed first-
order reaction Kinetics. Activation energy of primary sewage sludge was lower than that of
synthetic faeces. Reaction temperature had a pronounced effect on solids decomposition.
Higher initial moisture content resulted in lower hydrochar yield as a consequence of
carbon solubilisation and as a result, a lower yield of solids and less complete
carbonisation. The energy contents of the hydrochars improved as the reaction temperature
and time increased. The experimental data fitted a first order reaction model, with the
kinetic data providing a linear relation for the Arrhenius plot, providing data that can be
used for modelling the kinetics of sewage sludge and synthetic faeces HTC at various
carbonisation temperatures and operating strategies including, for example, continuous

hydrothermal carbonisation.

HTC lead to changes to the elemental composition of the PSS feedstock that was
dependent on reaction temperature. An increase in carbon content occurred coupled with a
decrease in oxygen content as the reaction temperature was increased from 140-200°C,
with significant change being obtained at 200°C, suggesting carbonisation was most

effective at the higher temperature.

Carbonisation at 200°C for 4 h resulted into hydrochar having the most improved energy
content (HHV) but the energy yield decreased; whilst energy densification was increased
as results of increasing carbon content and decreasing oxygen content. HTC at 200°C for
4 h provided hydrochar suitable for fuel; whilst carbonisation at 140°C for 4 h resulted into
hydrochar for carbon sequestration (soil improvement). Although the results showed
improved hydrochar characteristics following carbonisations for 4 h, further work would
be need to be carried out in order to actually determine the effect of reaction temperature
and time on the characteristics of all the products, and to determine the optimum reaction

conditions leading to hydrochar with acceptable characteristics.
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CHAPTER SIX

EFFECT OF OPERATING CONDITIONS ON PRODUCT
CHARACTERISTICS AND METHANE PRODUCTION

6.1 Overview

Hydrothermal carbonisation (HTC) of primary sewage sludge was carried out at reaction
temperatures between 140-240°C and reaction times from 15-240 min using a batch
reactor. The effect of temperature and reaction time on the characteristics of solid
(hydrochar), liquid and gas products, and the conditions leading to optimal hydrochar
characteristics were investigated using RSM. The amount of carbon retained in hydrochars
decreased as temperature and time increased with carbon retentions of 64—77% at 140 and
160°C, and 50-62% at 180 and 200°C. Increasing temperature and treatment time
increased the energy content of the hydrochar from 17—-19 MJ kg™ but reduced its energy
yield from 88-68%. Maillard reaction products were identified in the liquid fractions
following carbonisations at 180 and 200°C. Theoretical estimates of the methane yields
resulting from the anaerobic digestion of the liquid by-products are also presented and

optimal reaction conditions to maximise these identified.

6.2 Introduction

The prospects for recovering energy from sewage and waste sludges have recently
received renewed interest (Goto et al., 2004; Demirbas, 2008; Mumme et al., 2011; Zhao
et al., 2014). HTC is as an effective method for converting wet biomass at relatively mild
reaction temperatures into a coal-like material commonly referred to as ‘hydrochar’ along
with aqueous products and gases -primarily CO, (Funke and Ziegler, 2010; Libra et al.,
2011). When applied to sewage sludge, HTC results both in sanitisation of the sludge and
in its stabilisation (Cantrell et al., 2007; Catallo and Comeaux, 2008). The hydrochar,
which is typically the main product, has H/C and O/C ratios comparable to that of low-
grade coal, but a higher calorific value than such coals (Demir et al., 2008) and can
therefore serve as a potential fuel source. Alternatively, hydrochar is a carbon-rich
compound that can be added to soils as a conditioner (Libra et al., 2011) and as it is slow
to oxidise provides a means for sequestering carbon that would otherwise be released into
the atmosphere as greenhouse gases (Titirici et al., 2007). Other options for the solids
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produced include biofuel production by transesterification (Levine et al., 2013), VFA
extraction (Wood et al., 2013; Kaushik et al., 2014), and gasification for syngas
production (Castello et al., 2014; Tremel et al., 2011). These options require different
ratios of O/C in the hydrochars generated which requires the tailoring of conditions during
carbonisation in order to achieve them.

The aqueous products from HTC contain organic compounds such as furans, phenols,
acetic acid, levulinic acid, and other soluble organic compounds (Goto et al., 2004; Luo et
al., 2010; Berge et al., 2011; Shen et al., 2011; Wang et al., 2012). The discharge of
wastewaters rich in such organic compounds would pose serious environmental challenges
to receiving waters (Arora and Saxena, 2005) and therefore some means of treating such
wastes is essential. The formation of difficult to treat coloured organic compounds through
the Maillard reaction during hydrothermal treatment (HT) of sludges has been reported
(Miyata et al., 1996; Penaud et al., 1999). However, the conditions leading to the
production of Maillard products have not yet been fully elucidated.

The application of HTC to achieve volume reduction and sterilisation of animal and
municipal wastewater solids has been reported (Catallo and Comeaux, 2008), as have for
those evaluating product characteristics (Berge et al., 2011) and energy recycling (Zhao et
al., 2014). However, the effects of the operating conditions on product characteristics have
not been fully investigated. In Chapter Five, the effect of reaction temperature on
hydrochar characteristics were investigated for PSS carbonised for 240 min at
temperatures of 140, 170, 190 and 200°C. However, the reaction time was not varied for
optimised analysis. Again, the temperature range has been altered so as to minimise
energy requirements for the HTC system in order that the process would remain
economical for developing countries.

The potential to produce methane from the liquid products separated from the hydrochar
following HTC of biomass has not been previously studied and reported. Hence, a more
comprehensive study into methane production from HTC liquid product is required in
order to identify the optimum conditions for highest yields. In the work described here, the
effects of process temperature and reaction times during the HTC of primary sewage
sludge were investigated. Results are presented of hydrochar characteristics in terms of
energy contents, physical and chemical properties, pollution potential of the liquid
products and of the nature of dissolved organic compounds, composition of gaseous
products, and finally of the potential for methane production from the liquid products.
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6.3 Materials and Methods

6.3.1 Materials

The PSS used in this study contained 4.3% (wt.) solids as received, explained in detail in
Section 3.2.2; and the physical and chemical characteristics presented in Table 3.1.

6.3.2  Experimental design and HTC process

RSM by means of a CCRD was used to study the influence of reaction temperature and
time on hydrochar yield, hydrochar energy characteristics, carbon distribution within the
hydrochar and the liquid products, and potential methane yield. Details of the RSM model
are given in Section 4.4, and ANOVA presented in Tables 10.1-10.3, in Appendix A.

HTC of PSS was carried out using a 250 mL stainless steel hydrothermal batch reactor
(Section 4.2.1) at reaction temperatures between 140-200°C and reaction times from 15—
240 min. Details of the HTC tests are explained in Section 4.2.3. The carbonised solids
were separated from the liquid phase by vacuum filtration (explained in Section 4.3.1).
The dewatered hydrochar was dried in an oven at 55°C for 24 h to remove any residual

moisture.

6.3.3  Feedstock and product analysis

Feedstock and hydrochar dried in an oven at 55°C for 24 h were analysed for residual
moisture, ash, volatile matter and fixed carbon using the method explained in Section 3.4.
Carbon (C), hydrogen (H), and nitrogen contents were analysed using the procedure
explained in Section 3.5. The HHV was analysed using the method explained in Section
3.6. Surface elemental composition was analysed using the method described in Section
3.7.1.

Compounds in the liquid product were directly analysed after filtration using the process
explained in Section 3.8. BOD was measured respirometrically using the method
explained in Section 3.9.2. COD was determined using the procedure described in Section
3.10, and TOC was analysed as explained in Section 3.11. VFA and NH;-N were
determined spectrometrically using the methods explained in Section 3.12 and 3.13,

respectively; and pH was measured as explained in Section 3.14.
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Compounds in the gaseous products following HTC were analysed after the reactor vessel
was cooled down to 25°C using the procedure described in Section 3.16.

The potential to produce methane from the liquid product was investigated using the
equations by Buswell and Neave, (1930), Angelidaki and Sanders (2004), and Franco et al.
(2007), as explained in Section 4.2.4.

6.4 Results and Discussion

6.4.1  Model fitting of hydrochar characteristics and carbon distribution

A multivariable regression analysis was conducted for a comprehensive analysis of the
influence of reaction temperature and time on hydrochar yield, energetics, and carbon
distribution within the hydrochar and the liquid product. Models were developed in order
to provide a mathematical framework for future analysis of hydrochar yield, energetic
characteristics, carbon distribution within the hydrochar and liquid product. The influence
of the parameters investigated — reaction temperature, T (°C) and reaction time, tg (min)

resulted in the following expressions in terms of actual variables:

Y (%) = 118.49 — 0.26T — 0.04ty (6.1)
HHV (MJ kg™1) = 19.54 — 9.98 x 1073T — 0.03tg + 1.67 x 1074Ttzy  (6.2)

Ey(%) = 141.21 — 034T — 0.19tg + 8.16 X 10™*Tty (6.3)
Eq = 0.89 + 1.03 x 1073T + 1.44 x 10~ %t (6.4)
Heree (%) = 93.95 — 0.18T + 0.17t — 1.08 X 1073Tty (6.5)
Lerec (%) = —93.07 + 0.61T — 0.07tg + 1.13 X 1073 Tty (6.6)
CSF = 0.55 — 1.36 X 1073T — 6.67 X 10~#t + 2.80 x 1075Tty (6.7)

In order to validate the accuracy of the model equations generated, the model predictions
for the various reaction temperatures and times used in this study were compared with the
corresponding experimental results. The predicted results obtained from the model
equations were close to the experimental results as indicated by the minimal standard
errors shown in Table 6.1. Except the energy content (HHV) and energy densification that
had low R? (0.50), high values of R? were obtained for hydrochar yield (0.66), energy
yield (0.70), hydrochar carbon recovery (0.90), liquid carbon recovery (0.97), and carbon
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storage factor (0.84) (see Tables 10.1 and 10.2 in Appendix A). The relatively low
standard errors and high regression coefficients indicate that the models can be considered
reasonable for determining the listed responses within the range of the investigated

parameters.

Table 6.1 — Comparison between experimental results and predicted data from model

equations

T tg Standard Error (%)
CC) (min) Y HHV E Eq Hcee Loree CSF CH, ™ CH,” CH/

140 240 288 0.64 094 485 516 979 216 157 1160 0.09

160 60 818 030 6.19 218 366 218 336 056 5.83 0.20
120 143 741 248 136 047 0.09 528 176 5.75 1.46
240 027 579 279 159 035 836 003 344 2011 229

180 30 035 059 292 028 173 3797 344 012 1827 0.14
60 315 075 499 024 114 410 523 0.69 1.47 1.10
120 4.02 214 463 127 797 064 549 065 276 2.13
240 036 283 068 060 525 340 232 111 175 1.48

200 15 494 043 215 287 028 205 130 080 671 0.59
30 230 002 027 215 08 009 189 107 177 0.83
60 005 187 025 108 268 329 427 052 557 1.41
120 071 194 126 119 622 39 19 080 012 0.93

240 6.02 158 15 053 642 003 3.00 232 1510 081

% Yield from the Buswell equation; ° yield from equation by Franco et al. (2007); © yield from
equation by Angelidaki and Sanders (2004). * Data are discussed in Section 6.4.8.

(%) E _ Experimental Results — Predicted Data -
o) BTTOT = Predicted Data

Analysis of variance (ANOVA) with F- and P-values for the models is presented in Tables
10.1 and 10.2 in the Appendix. For hydrochar vyield, regression analysis of the
experimental design proved the reaction temperature (T) and reaction time (tg) were
highly significant (P < 0.05). Hydrochar energy content was strongly influenced by the
linear model term (T) and interaction model term (Ttg) while tg did not show significant
effect. Similarly, a 2FI model (Eg. (6.3)) was developed for hydrochar energy yield, which
was significantly affected by the linear model terms (T and tg) and the interaction term

(Ttg). Energy densification was strongly influenced by linear model terms (T and tg).
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Also, 2FI models developed for hydrochar carbon recovery, liquid carbon recovery, and
hydrochar carbon storage factor (Egs. (6.5), (6.6) and (6.7) respectively) were all
significantly affected by reaction temperature, reaction time, and interaction between them.
The P-values of the models were less than 0.0001, which demonstrate that they were
highly significant. The insignificant lack of fit of the models (P > 0.05) for hydrochar
yield, energy content, and energy densification proved that these models were adequate
and reliable. Although the models for energy yield, hydrochar and liquid carbon recovery
had significant lack of fit (P < 0.05), the high R? (0.70, 0.90, 0.97, respectively; (Tables
10.1 and 10.2) and low standard errors (Table 6.1) indicate that these models were reliable.

6.4.2 Response surface analysis of hydrochar energy content

The RSM according to the Design Expert program restricts factor ranges to factorial levels
from —1 to +1 in coded values, within which the experimental design gives the best
predictions. Hence, the variables were limited to the factorial levels, which were 15 to 240
min for reaction time and 140 to 200°C for reaction temperature.
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Figure 6.1 — Contour plot showing the effect of reaction temperature and time on

hydrochar energy content

Energy value or higher heating value (HHV) of the hydrochars from different reaction

temperatures and times are illustrated in Figure 6.1 (see Figure 10.6 in Appendix A for a
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line graph). As expected, the HHV of the PSS was improved following carbonisation, with
the HHV of the hydrochars increasing as the reaction temperature and time were increased.
This parameter was significantly affected by only the reaction temperature and interactions
between temperature and time. The contour lines show that improved energy content in
hydrochar following HTC of PSS was ideal at higher temperature and longer reaction time.
The lowest HHV resulted from carbonisation at 140°C for 240 min (16.7 MJ kg ™), and
those obtained at 160°C and between 60—240 min were in the range of 17.8-18.2 MJ kg ™).
The HHV of hydrochars resulting from treatment at 180°C for 30-240 min, and 200°C for
15-240 min were between 17.6-18.3 MJ kg, and 17.5-18.7 MJ kg * respectively. These
values are significantly higher than those reported for AD waste (13.7 MJ kg™ dry basis)
(Berge et al., 2011), but within the range of those reported by Zhao et al. (2014) for
hydrochars from activated sewage sludge (18.33-20.18 MJ kg™). Compared with fossil
fuels, the HHV of PSS char from carbonisation at 140°C for 240 min was identical to that
of lignite coal, and those from carbonisations at 160-200°C were similar to the HHV of

sub-bituminous coal (Schnapp, 2012).
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Figure 6.2 — Relationship between HHV and carbon content of hydrochar

The energy values of the produced hydrochars were lower than those obtained from
similar PSS feedstock used in the previous study (21.50-23.10 MJ kg™*) in Chapter Five.
The PSS feedstock was collected from the same source but on different dates, which
accounted for the difference in their characteristics, as shown Table 3.1. In Chapter Five,

the reaction time was fixed at 240 min over the reaction temperatures of 140, 170, 190 and
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200°C; and the HHV was found to increase with temperature but the effect of the reaction
time on the energy value was not investigated. Therefore, the reaction times in this study
was chosen between 240 min for HTC at 140°C, 60-240 min for HTC at 160°C, 30240
min for HTC at 180°C, and 15-240 min for HTC at 200°C. Also, in order to minimise
energy usage and for optimisation, moderate temperature ranges of 160 and 180°C were
used in this study compared to 170 and 190°C used in the previous study presented in

Chapter Five.

The HHVs of the hydrochars correlate well with the carbon contents (Figure 6.2). These
results were similar to those previously reported by Ramke et al. (2009) and Berge et al.
(2011). The linear relationship obtained indicated the HHV increased as the carbon

content in the PSS increased as a result of the carbonisation.
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Figure 6.3 — Contour plot showing the effect of reaction temperature and time on

hydrochar yield

6.4.3  Response surface analysis of hydrochar yield and energy yield

Figure 6.3 shows the interaction between reaction temperature and reaction time on
hydrochar yield (a line graph shown in Figure 10.6). Higher hydrochar yield was obtained
at low temperatures and short reaction times, and was significantly affected by the
temperature and time. Hydrochar yield started to decrease as temperature and reaction

time were increased. Decreasing char yield as temperature increases has been reported for
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distiller’s grains (Heilmann et al., 2011), anaerobically digested maize silage (Mumme et
al., 2011), and other lignocellulosic biomass (Hoekman et al., 2011). Yan et al. (2014) also
observed a decrease in char yield with increases in both reaction temperature (from 200
and 230°C) and time (from 1 and 5 min). Hydrochar yields obtained in this study were in
the range of those reported in Chapter Five for PSS containing 4% solid content, which

make the results very reproducible.

Increases in aromaticity of carbon structures as reaction temperature and time are
increased have been reported for glucose (Falco et al., 2011); which may be the result of
the decrease in hydrochar yield as temperature and time were increased. This is because
during hydrochar formation, aromatisation of soluble polymers takes place when the
aromatic clusters in the aqueous solution reach the critical super-saturation point, which
consequently precipitate as carbon rich microspheres (Sevilla and Fuertes, 2009a).
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Figure 6.4 — Contour plot showing the effect of reaction temperature and time on

hydrochar energy yield

The decreasing hydrochar yield is also due to loss of carbon into the liquid phase, which is
evident by the increase in TOC at higher temperatures and longer residence times
(explained later in Section 6.4.8.2). As explained in Section 5.4.4, the loss of carbon into
the liquid phase may be partly due to dissolution of carbon in the liquid phase (as the

solubility of carbon increases at higher temperatures) and also due to the Maillard reaction,



CHAPTER SIX: EFFECT OF OPERATING CONDITIONS ON PRODUCT
CHARACTERISTICS AND METHANE PRODUCTION 104

which is reported to produce soluble low molecular weight compounds during
carbonisation (Heilmann et al., 2010); and will be discussed later in Section 6.4.8.2 in
detail.

Energy yield provides a means of relating the energy remaining within the hydrochars to
that of the original sewage sludge feedstock, defined in Section 3.6 (Eq. (3.9)) and Section
5.4.3 as energy densification ratio times mass yield of the hydrochar, and these decreased
as the reaction temperature and time increased from 140-240°C and 15-240 min
respectively (Figure 6.4 — a line graph shown in Figure 10.6); as a result of a decrease in
hydrochar yield (Figure 6.3). The energy yield of the hydrochars was significantly affected
by both the reaction temperature and time with values in the range of 76.1% (for 140°C,
240 min carbonisation), 88.4-74.6% (for 160°C, 60—240 min carbonisation), 76.4-69.2%
(for 180°C, 30-240 min carbonisation), and 74.4-67.1% (for 200°C, 15-240 min

carbonisation).
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Figure 6.5 — Contour plot showing the effect of reaction temperature and time on

hydrochar energy densification

6.4.4  Response surface analysis of hydrochar energy densification

Figure 6.5 shows the interaction between reaction temperature and time on hydrochar
energy densification (see Figure 10.6 in Appendix A for a line graph). Energy
densification, defined as the ratio of HHV of the hydrochar to that of the initial dried
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feedstock (Section 3.6), occurred as the solid mass decreased as a result of dehydration
and decarboxylation reactions (as indicated by the increased in carbon contents, and
decrease in oxygen and hydrogen contents, explained in Section 6.4.8.1), and increased as

the reaction temperature and time were increased.

Energy densification associated with the hydrochars ranged from 1.02 (for 140°C
carbonisation), 1.09-1.11 (for 160°C carbonisation), 1.08-1.12 (for 180°C carbonisation),
and 1.07-1.14 (for 200°C carbonisation); and were more influenced by the reaction
temperature than reaction time. The energy densification values were significantly lower
than those obtained in the previous work using PSS feedstock with 4% solid content
(Section 5.4.3), and that reported by Berge et al. (2011) for wastewater solids (1.5-2.2).

6.4.5 Carbon balance

The relative proportion of carbon in hydrochars was higher than that of the PSS following
carbonisation, and the proportion was increased as the reaction temperature and time were
increased (Table 6.2). Carbon contents of the produced hydrochars were significantly
higher than the carbon content of hydrochar generated from the sludge remaining
following anaerobic digestion (27.80% dry basis) reported by Berge et al. (2011), and
lower than that from activated sewage sludge (52.19-67 .96%) obtained by Zhao et al.
(2014), and 42-45% observed in the Chapter Five from previous work using PSS
feedstock having different characteristics (Table 3.1). Typical values of carbon content
reported in the literature ranged from 28-79% (Table 2.1). Although these comparisons
are broadly indicative, the reaction temperatures, times of treatment, and feedstock

characteristics and solid contents were different from those used in this study.

6.4.5.1 Response surface analysis of carbon recovery in products

The fraction of carbon in the hydrochars as a percentage based on that of the initially
present carbon in the feedstock (defined in Section 3.5 from Eg. (3.6)) decreased
significantly as te