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Abstract

The augmentation of carbonaceous adsorbent materials, such as biochar and
hydrochar, in anaerobic digestion (AD) provides several advantages. The
benefits of these materials are attributed to specific material properties, such as
porosity, surface area, alkalinity, and the presence of surface functional groups.
Biochar can thus adsorb metabolites, provide a buffering effect, act as a support
for the immobilisation of cells, and work asan intermediary for direct
interspecies electron transfer (DIET) mechanisms. A primary advantage of AD
technology is the possibility to use a large variety of biomass substrates,
however, the complexity of the biomass often copromises the effectiveness of
the microbial community, and in consequence biomethane production. Biochar
augmentation is a prospective option for overcoming some of the inherent
limitations observed in AD while improving the efficiency and stability of the
digester.

This area of research is gaining significant interest since the implementation of
a low cost sustainable material for stabilising and improving AD is considered to
have huge economic benefits. The efforts in the scientific community have
focussed on using biochars generated from different feedstocks, produced under
a range of conditions, and augmentation with AD of different substrates
operating under different conditions, thereby exhibiting diverse outcomes. Even
though the general trend is forbiochar to improve AD performance, there are
contradictory results that create a certain ambiguity. Therefore, it is crucial to
determine the most important variables and mechanisms involved in biochar
augmentation.

In this work, biochar and hydrochar maderials were produced and thoroughly
characterised to correlate their final properties with feedstock composition, and
the pyrolysis and hydrothermal carbonisation (HTC) conditions employed for
their production. This research sets out to investigate the &fct of biochar and
hydrochar during the AD of both model and complex substrate, and to develop
correlations between their performance and properties. Oak wood and water
hyacinth biochars produced at intermediate temperatures improved
biomethane production from cellulose, resulting in a doubling of methane
production rate, while higher-temperature biochars have no significant effect on
AD. The presence of oxygenated functional groups (OFGs) proved to be the most
important feature for biochar amendment in AD Conversely, seaweetiochars



and hydrocharsfrom all feedstocksexhibited an unfavourable effecton methane
production, attributed to the presence oftoxic or inhibitory by -products.

Design of experiment (DOE) and optimisation as employed for investigaing
complex feedstocks during the digestion of water hyacinth and edigestion of
Chlorella vulgarisand cellulose. The variables dhe study included biochar load,
inoculum to substrate ratio (ISR), and C/N ratio. The findings indicate that
biochar amermdment is more beneficial under stressful conditions, such as low
ISR, and unfavourable C/N ratios. Small amounts of biochar (up to 0.6 % of a
volume basis) are sufficient for providing the mentioned benefits, whereas
higher doses are shown to be detrimentato the process.

Furthermore, the effect of biochar augmentation in AD resulting from this work

in combination with a vast compilation of literature reports was evaluated by
principal component analysis (PCA). The PCA agreed with the experimental
results generated in this work and established that the biochar must possess a
large availability of OFGs, and low ash content. This could be achieved by
selecting low ash feedstock, most likely derived from woody biomass, and
treated by slow pyrolysis at intermedate temperatures (450-550 °C). The PCA
indicated that BC augmentation was more favourable for complex substrates and
stressful conditions, such as low ISR. The results also suggest that all the
mentioned benefits were subject to an appropriate biochar dage ranging from
0.4 to 0.6 % (w/v). The integration of biochar and ADis shown to be an
important approach for improving the biotransformation efficiency of biomass
into biomethane. To help bridge the gap between these heterogeneous and
complex technologes, the outcome of this work is to provide an understanding
of the most important factors influencing biochar augmentation. This is of great
relevance since such knowledge could guide the application and further
development of biochar augmentation in AD inthe future.
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Chapterl

Introduction

1.1 Background and justification

1.1.1 Climate change and sustainability

The productive systems for goods and energy require fundamental
transformations to mitigate climate change anddecelerate global warming
Human activity is responsible for the unprecedented increasi greenhouse gas
(GHQ emissions principally due to the burning of fossil fuels for electricityheat,
and transport. GHG allove the trapping of heat in the atmosphere, contributing
to global warming. The composition of GHG are carbon dioxide 80 %, methane
10 %, nitrous oxide 7 % and fluorinated gases 3 %1l]. Since 1750, the
concentration of CQ, CH and NeO have increased by 47156 and 23 %,
respectively. Global GHG emissionare continually increasingsince 1970 due to
globalisation. In 2019, GHG emissions reachedn annual average of 410 parts
per million (ppm) of CQ, 1866 parts per billion (ppb) of CH and 332 ppb of NO.
The dobal surface temperature increased by 0.99 °@uring 2001-2020, in
comparison to the temperature maintained during 185061900. This value
exceeded by 0.19 °C the estimated in 2014 due to further global warmingnergy
production is the greatest contributor to emissions, principallyin the electricity
generation sector. If no actions are undertaken to mitigate climate change, it is
predicted for the global mean surface temperature to increase by 34.8 °C
compared to preindustrial levels. Climate change within this drastic scenario
could change rainfal patterns and increase sea levels, resulting in a greater risk
of heatwaves, floods, droughts and fireg] .

Fossil fuel combustion was accountable for 78 % of the total GHG emission by
2010 with a tendency to increaseby 1-2 % annually. Five countries account for
half of the global emissions, including China, the USA, India, Japand Russa in
order of consumption. These upper-middle-income countries exhibit an
increasing trend toward GHG emissiondA large fraction of the intensive global
industrialisation is directed to the creation of goods for fulfilling the needs of the
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world, mainly the high middle-income countries[3]. The above contributed to
OEA ci i1 AAl Oi ACAOEAT &1 1 OPOET 06 [HI AOAAOE
In 2020 more than 119 million people were pushed back into extreme poverty
due to the pandemic crisis. The global economic slowdown was not reflected in
reducing GHG emissions, thereby the imminent climate and financial crisis
challenge the world, especidy in lower-income countries.The share of total final
renewable energy increased from 16.4 % in 2010 to 17.1 % in 2019. Although
2.6 billion people still use dangerous and inefficient cooking systemesnd 759
million people lack access to electricity. Fronthe total final energy consumption

by 2019, the share of renewable energy for the electricity, heat and transport
sectors only accounted for 25.4, 9.2 and 3.4 %, respectively. There is an urgency
to accelerate the development of renewable energy, espediain the heating and
transport sectors[4].

The United Nations Framework Convention on Climate Change (UNFCCC) is the
main international forum for climate negotiations. At the UNFCCC, he
international community has committed under the Kyoto Protocol targets to
reduce emissions. In addition, the Copenhagen and Cancun agreements
established mitigation actions to limit the global temperaure to an increase of 2

°C above the prandustrial levels. The UNFCCC pursuits global efforts to limit the
temperature increase up to 1.5 °CJ2]. Mitigating climate change is non
excludable, meaning that every nation, institution and individual must cooperate

in its pursuit [5].

Nonetheless, he world is off-track to meeting the targets and reacling the goals

for sustainable development (SDJ4]18 3$ EO AAZET AA AO OAAO/
the needs of the present without compromising the ability of future generations

Of 1T AAO OE A BJOEcbnemies médsiishiOtdwards carbon neutrality,

thereby further structural transformations to strengthen social sedarity,

increasing investment in research and technology, improving the economic
development of lowerincome countries, and investing in sustainable industry

and clean energy are key for the SD. A multilateral system for the implementation

of a coherent gldal response requires the participation of all sectors of society,

including Governments, academia, private sectors and the civil populatig4].

Drastic changesn energy production and utilisation are necessary to counteract
climate change. Sustainable energy services must haaglow environmental
impact while ensuring the essential goods and services for all societi€gqquity is
one of the greatest challenge of humanity since it emphasizes the just
distribution of goods across all countries and within generations. Equity
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between powerful and deprived countries, equity between current and future
generations to reach similar levels ofvell-being, equality before law, interests,
income, and wealth. Therefore, sustainableocial and economic approaches for
assuring affordable and sustainable energy services are necessary for aclmgyv
prosperity and preventing climate change[6].

The transition towards renewable energy (RE)and reduction of fossil fuel
dependencyis one necessary approackor mitigating climate change REconsist
of any form of energy obtained from biologicalsolar, or geophysical sources. For
RE to be sustainablethey must be affordable overthe long-term, not increase
GHG ernssions, affect food securityand require excessive amounts of water or
chemical that could threaten biodiversity[6] . REaccountedfor 6.3 % of the total
energy supply by 2A9 (Figure 1.1) [7]. However, renewable power needs to
grow by 7 % annually to meet the SDnitigation scenario established for 2030
(Figure 1.2) [8]. It is worth mentioning that since the start of the Covidl9
pandemic in 2020, the equity performance of RE has remained resiliedte to
supportive strategic policies The decline in energy demand due to movement
restrictions, lockdown and economic slowdown hada minor impact on REwhile
affecting otherfossil-dependentsectors [9].

OECD total energy supply: 5 321 Mtoe
Other: 2.9%

Biofuels and waste: 6.3%
Hydro: 2.3%

Coal: 14.4%

Nuclear: 9.7%

Oil: 35.3%

Natural gas: 29.1%

Figure 1.1. OECD total energy supply byairce according to IEA[7].
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Figure 1.2. Renewable power generation by technology for 2030 sustainable
development scenario (SDS) according to I1H8].

Several strategies have been proposed to reduce GHG emissidresstart, fossil
fuels will continue to be the main source of energy in the near future. Thus, it is
necessary to improve the efficiency of fossil fuel plants. At the same time, the
developmentof power capacity from sustainable options must be supported by
all countries, according to their necessities and availability of resources. The
increasing development of RE could help with the always increasing energy
demand while consistently reducing 6ssil dependency. The more supported
options are associated with increasing electricity generation from renewable
sources, including wind, solar, hydro, geothermal and biofue[4]. These sources
AOA AAIT 1T AA OOAT AxAAI A8 AAAAOOA OEA ATAO
growing plants are naturally replenished.Figure 1.2 shows hydropower as the
largest source of renewable electricity followed by the continuous growth of
onshore wind and solar PV The bioenergy from biomass sourceshas a
substantially smaller contribution, with modest but stablegrowth. The IEA main
casescenario expects an increase in renewable electricity, with a forecast share
of 33 % by 2025[10]. From the RE sources, biomass has a large and continuous
availability and can employ different technologies for energy generation,
including combustion, gasification, pyrolysisand anaerobic digestion. In théast
two decades, the efforts for developing technologies for the efficient production
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of biofuels from renewable biomass sources have grown great[{t1]. The most
important fuels produced from the fermentation of renewable biomass are
ethanol, butanol, methane and hydrogen[12]. However, the industial
production of these biofuels has still many challenges to overcome to be
economically competitive. Nonetheless, the technological research and political
actions for biofuels are boosting the continually growing global production.

1.1.2 Gaseous hiofuels

The production and use of biogas fom organic waste embody the concepdf a
circular economy by improving waste management, resource efficiency and
reducing GHGemissions. The development of biogas into a sustainable energy
future fluctuates among countries gice it depends ona myriad of factors,
including feedstock availability, prevailing market conditions and policy
priorities. The current production of biogas and biomethane is led by Europe, the
United States and ChinaKigure 1.3). European biogas industry capacityThere

is a large availability of sustainable feedstocks for producing biogas, including
municipal solid waste, wastewater, agricultural waste, and animamanure.
Initially, energy crops were the feedstock employed for feeding biogas plants but
the changes in policies are pointing towards outcrop residues, livestock waste
and the direct capture of methane at landfill site$13].

al Biogas consumption by end use, 2018 bj Biogas installed power generation capacity, 2010-18

18

16 Others
m Power ;
generation = 14 China
(C]
7 12 g t=ly
I Co-generation ™ 10
o United
L [
@ Kingdom
Heatin
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8 buildings l United
- States
u det
e 2 Germany

biomethane
2010 2012 20142016 2018

Figure 1.3. Worldwide biogas according to the IEAL3]: a) biogas consumption
by use; b) biogas installed power generation capacity.

The policies of China are supporting the installation of household digesters in
rural areas, which countfor around 70 % of their entire biogas capacity. They
have announced the push of policies for the construction of larggcale biogas
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plants for producing both heat and powerIn addition, the upgrading of biogas
and the addition of biomethane into the transport sectof13]. The development
of the biogas ndustry in China increased by 43 % between 2009 and 201%his
dramatic rise involved both largescale biogas plants and a centralised biogas
supply for households. Cities are benefited from the creation of thousands of
small, medium,large,and industrial biogas digesters integrated into natural gas
pipe networks. Rural biogas production in small biogas plants and househald
based digesters represents a large fraction of the energy supply in rural areas
[14]. For the United States, 90 % of the current biogas is produced at landfill sites
and just as China, thg are pushing for the implementation of biomethane into
the transport sector. Biogas couldcontribute to the energy demandresulting
from the rapid urbanisation, economic growth,and expansion of the energy
demand. However, biogas production and efficiencyontinue to be challenged
due to undeveloped technologies and industries. Thus, the expansion of biogas
and biomethane production will require coordination in the policymaking
between the energy, transport, agriculture, environment and waste management
sectors [13].

Since 2010, the installed biogas power generation capacity has been growing

4 % annually. However, biogas and biomethane still represent only 0.3 % of the
total primary energy demand. The biogas and biomethane production in 2018
was 35 million tonnes of oil equivalent (Mtoe) Amost two-thirds were used for
electricity and heat, the other 30 % was used fordusehold heating and cooking
and the remaining was upgraded to biomethane. Nevertheless, if the full
potential of biogas and biomethane were achieved, it would be possible to fulfil
20 % of the worldwide gas demand13]. Pure biomethane can be obtained by
upgrading biogas from anaerobic digestion or gasification of biomass. The
percentage of biogas upgraded into biomethanearies worldwide, with values
of 15, 35, 10 and 2 % for North America, South Americ&urope, and Asia,
respectively. The upgrading and use of biomethane provide great benefits in the
reduction of GHG emissions by giving use to the biomass that otherwig®uld
decompose and release further GHG. Whereas carbon dioxide, the main co
product of biogas upgrading, can be further combined with hydrogen to yield
additional methane, or it can be stored underground for achieving a G@egative
source of energy{13].

One of the main benefits of biomethane towards a patb a sustainable and low
emissions future is its compatibilty with the current gas infrastructure. The
biomethane can be transported in theexisting pipelines and be further
distributed . Currently, biomethane represents only 0.1% of natural gas demand,
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however, recent policy changes towards decarbonising transpbare supporting

its injection into natural gas grids. Even though the production of biomethane is
more costly than natural gas, the price gap is expected to narrow over time along
with technological development and the rise of natural gas costs due to Bkfuel
depletion. A growth in biomethane production during the 2020°s decades
expectedwith the following distribution: 60 % of the biomethane will be injected
into the current gas distribution networks, 20 % as a vehicle fuel and the
remaining will be destined for different local uses. A further raise in biomethane
production is expected by2030 and even more by2040 (Figure 1.4) [13].
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Figure 1.4. Outlook for global cansumption of biomethaneaccording to IEA[13].
1 Mtoe=11.63 TWh=1.21 bcrrequivalent of natural gas

1.1.3 Integration of different technologies

One approach forimproving the biotransformation efficiency of the feedstocks
into biofuels and other highvalue chemicals is the integration of different
technologies. Hybrid processes combining biochemical (AD) and
thermochemical (pyrolysis and HTCj}echnologiesfor the management of wastes
and production of goodsare reported to enhance efficiency and conversion
stability [14,15].

For biochemical technologiesAD is designed for the sustainable management of
a wide variety of wastes and the production of biogas(methane and carbon
dioxide) and digestate. The biogas is usually destinetbr heat, steam and
electricity, while the digestate is employed as fertiliser in agricultureAD is a
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robust and largely established technology, althugh, given its complexity, it
continues to face challenges.The operational instability of the process
represents a major problem for AD as inhibitory compounds present on the
organic feedstocks or produced during their hydrolysis detriment the process
yields [16,17]. Hence AD still requires gradual technological changes for
increasingthe yields andeconomic feasibility. Several approaches proposed for
improving AD performance include genetic engineering for improving bacterial
strains, product purification, integration with other technologies, and addition
of adsorptive materials for amendment andbr immobilisation of cells. Further
research is necessary for ensuring @reakthrough in material design for
additives, process optimisation, separationmembranes process amendment,
and reactor design. Theseimprovements are necessaryfor the developmentof
this biochemical technology while achieving economic feasibility[18] .

For the thermochemical conversion technologiespyrolysis consists & the
decomposition of biomass in noroxidative conditions and high temperatures.
Pyrolysis is a mature and developed technology for the transformation of
biomass into energy products biochar, bio-oil, andbio-syngag. In contrast, HTC
involves the processing of biomass in water at suoritical conditions, usually
between 180 and 250 °C. This results in the production of a carbonaceous solid
AAT T AA OEUAOT AEAOShNAEKX ADRAOD AEAQIOAERT 1A%
x AORAD.6

Thesethermochemical technologies areconsidered promising options for the
generation of energy, fuelschemicals and functional char materials Two types

of chars are outlined in this project, biochar (BC) and hydrochar (HC). For this
wi OEh OEA iudedio referAdbatdGochar and hydrochar. The chars
offer a wide range of applications, including soil amendment, bioenergy,
bioremediation of soils, use as a carbon sink, and use as adsorbents or catalyst
supports. Recently, given their physicochemidand structural properties, chars
are considered a promising adsorbent and amendment additive for A20].
These propertiescould donate the charsthe capacity to actas support matetials

for the immobilisation of cells and enzymesThe latter isan underdevelopedbut
promising research areg21].

The integration of different products of thermochemical technologies with AD
has been suggestedo enhance efficiency, stability, and economic feasibility
Reports of different approaches for coupling thermochemical biomass
conversion andAD for enhancing energy performance and digestate qualityan
be placed within four categories Category 1 adding char in the AD reactor
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stabilises the biological processes and enhansethe retention capacity of the
digestate. Category 2 employing the AD digestate as a feedstock for
thermochemical treatment. Category 3 using the aqueous phase from the
thermochemical processes as a feedstock for ADategory 4 high recovery and
reuse bythermochemical treatment of the digestate and application of the solid
and liquid products as stabiliser and feedstock for A[22] . Eventhough all these
approacheshave shown great potential, lhis work is focusedon categoryl. The
addition of chars in the digesters with the principal objective to improve AD
stability and performance.

Several additivesand immobilisation supports can be appliedfor AD. Although
the use of charshas agrowing interest due to their low-cost, sustainable origin
and physicochemical propertieq23]. The advantageous propertiesof the chars
include inertness, porosity, high surface area, and high content of functional
groups [21,24z26]. It has been suggested that the oxygenated functional groups
(OFGs) from the surface of the chars coulpromote electrostatic interactions
that lead to greater interaction, adsorption and immobilisation performance
[27]. The latter could benefit the syntrophic and fermentative performance
during AD.In effect, several pblications have emphasisedthe positive effectsof
char additionin AD.Among the most relevant observationgre the mitigation of
ammonia inhibition [17], promotion of archaea growthandincrease in methane
yield and productivity [28]. Thus, the generationof knowledge regarding the
pyrolysis and HTC parameters orthe properties of the char products and their
potential as additives in ADare promising areas of researcl29].

1.2 Research gap

Given the nature of the thermochemical processes, the properties of BC and HC
differ significantly, broadeningthe portfolio of potential applications. There isa
direct relationship between the treatment temperature, feedstock composition
and the final physical, chemical and physicochemical properties of the chars
[25,30]. Hence,to optimise and exploit the desired properties of biochar it is
necessary to understand, control and cofine the factors affecting them[31].
Several studies have investigated the influence of the feddsk and processing
conditions on the final properties of the charg32]. However, the information
available about the control of these conditions and the performance ofi¢ char

is mostly related to their application in soil amendment ard pollutant removal.
Hence, the study of the relation between the processing conditionsthe
properties of the BC and HC, and their potential as a support material is an
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biotechnological processes.

In the lastcouple ofyears,numerous publications searching for the mtential of
biochar as an amendment additive in AD hee emerged[33z39]. It is important
to comment on this trend since at the time this research project wasproposed,
there were only a few initial reports. This intense attentionthat has been given
to the subject supports the pertinence of integrating char products in
fermentative technologies. Nonetheless, there is nestablished protocol for
integrating chars in AQ and the extent of theeffect of thechars in AD varies
largely. Thereis a gap in knowledje between the influence of the char properties
and their effect in AD.Hence, this work aims to contribute to linkng the char
properties and their potential application to AD.

1.3 Aims and objectives

The overall aim of this research is to determine the potsgial for augmentation
of biochar, produced by pyrolysis, and hydrochar, produced by hydrothermal
carbonisation, to be used as an amendment support material for improving the
digestion of different substrates during anaerobic digestion. In particulgit aims

to provide a better understanding of the property function relationships of
different biochar and hydrochar when used as additives in B. How the
production route affects the propertiesof the charsand understanding how the
properties of the different materials influence their behaviour when augmented
with different substrates, under different fermentation conditions. Using a
combination of experimental studies and statistical analysis, this research aims
to gain the necessary insight to understand thg@otential of augmentation of
carbonaceous chars into fermentative AD technologgs outlinedin Figure 1.5.
This research also aims t@reate recommendations to realise the development
of this novel and complex field. These aims have been facilitated by the following
specific objectives:

1. Perform an extensive literature review of the behaviour of biochar and
hydrochar during anaerobic digestionto cover Chapters 2 and 7. This will
be done by carrying out a literature review of previous worksand more
published throughout this PhD project on biochar addition in anaerobic
digestion.

2. Develop a quantitative understanding of the impact of procssing
conditions and feedstock choice on the final properties of biochar and
hydrochar. This allows detailed property function relationships to be

ET
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investigated under different fermentation conditions and provides data
for the correlation of their impact when applied in anaerobic digestion.
This will be achieved through the production of biochars and hydrochars
from different feedstocks and treatment temperatures, followed by the
detailed characterisation of the chemical, physical and functional
properties of the chars using a range of characterisation method3$his
information is described in Chapter4.

3. Perform an experimental asessment of the potential of the produced
biochar and hydrochar for use as amendment additives and
immobilisation supports for supporting the anaerobic digestion of the
model substrate cellulose in batch digesters. The results from these
experiments would allow the correlation of the properties of the chars
with their impact on methane generation and digestion performance.
This objective would cover Chapters.

4. Perform an experimental assessment of the potential of selected chars
with optimum properties as amendment additives for the anaerobic
mono and cadigestion of complex substrates. This will be achieved by
using factorial design & experiments approaches to evaluate and
optimise the effect of the selected biochar on anaerobic digestion
behaviour, such as methane generation, lag time and production rate, and
identify optimum digestion conditions via the design of experimentsThe
experiments and results from this objectivewould cover Chapter6.

5. Establish the main factors influencing the behaviour and benefits of using
biochar additives during anaerobic digestion by undertaking an extensive
principal component analysis of both the egerimental data produced in
this work, in combination with data published in the literature. This will
allow the identification of the most relevant biochar properties and
fermentation conditions influencing the anaerobic digestion performance
through the kinetic variables of final and maximum methane yield,
methane production rate and lag phaseThe findings of this objective
would cover Chapter 7.
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1.4 Thesis plan

A general description of eactchapter is detailed for outlining the thesis content
and facilitating the connection between them.

Chapter I. Introduction z establishes the background of climate chage and
energy security. t is within the mitigation of these problemsthat this project
finds a niche, purposeand importance.The aims, objectives and outline of the
thesis structure are alsdhere described.

Chapter II. Literature review z conceptualises the potential of the gaseous
biofuel methanefor mitigating climate change, while describing the principle®f
anaerobic digestion. Thechallengesof this technology are also established, \ith
afocus onthe potential of char amendment onanaerobic digestion This chapter
also details the technologies for thermochemical degradation of biomass
pyrolysis, and hydrothermal carbonisation. Theinfluence of the thermochemical
conditions over the reaction pathways and the properties of biochar and
hydrochars are emphasized This chapter coveredObjecive 1.

Chapter Ill. Materials and methods z the materials and methods used
throughout the project are here descibed. This chapteris divided into three
stagesfor facilitating the connection with further result chapters. (i) describes
the materials and conditions used for thermochemical processing of biomass,
and the methodsusedfor characterising the chars. (ii) describes the materials,
equipment and conditions used for anaerobidigestion. It states the conditions
for char addition to anaerobic digestion andthe design of experiments (iii)
outlines the statistical methods used for comparing the results originag from
this work with literature reports regarding the role of biochar addition in
anaerobic digestion.

Chapter IV. Characterisation of biochar and hydrochar 7z describes the
chemical, physical and functional lcaracteristics of the untreated biomass, and
resulting biochar and hydrocharmaterials. Discusses these properties based on
the differencesin feedstock composition and processing conditions, principally
thermochemical treatment - pyrolysis and hydrothermal carbonisation - and
processing temperature covering Objective 2.

Chapter V. Char and hydrochar augmentation on anaerobic digestion of
model substrate z explores the effect of biocharhydrochar and magnesium
activated biocharaddition on methane yields and kinetic parameters during the
digestion of cellulose. Briefly describes the ability of the chars to act as
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immobilisation supports via adsorption. This chapter focuses orObjective 3 of
the thesis.

Chapter VI. Biochar augmentation on anaerobic digest ion of complex
substrate z biochar selected based on Chapter V findings is further used for the
digestion of complex substrates (i) anaerobic co-digestion of microalgaeand
cellulose, (ii) anaerobic digestion ofwater hyacinth. Design ofexperiments is
used for evaluating the effect of biochar and establishing optimum digestion
conditions, covering Objectives.

Chapter VII. Principal component analysis of biochar augmentation on
anaerobic digestion - compiles the publications of biochar addition in
anaerobic digestion found in the literature in addition to the results obtained in
previous chapters. This chapter ewluates the effect of biochar in anaerobic
digestion and the main factors influencing mdtane generation via descriptive
statistics and principal component analysisThis chapter covers Objectives 12
andb.

Chapter VIII. Conclusions z synthesises theresults and key findings revisiting
the establishedaims andobjectives. Discusses the limitions of the project and
outline recommendations for future work.
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Chapterll

Literature review

2.1 Biofuels

The current energy demand is provided mainly by fossil fuels, whereas only 10
% is produced as bioenergy in the gaseoufiquid, and solid forms. Of all the
bioenergy demand, biogas account for less than 3 %, liquid biofuels mainly
bioethanol 7 %, and soli biomass for the remaining 90 %. There is a great
interest in the development of clean technologies for the exploitation of biomass
feedstocks for reducing the dependency on fossil fuels and achieving sustainable
production of biofuels and valuable chemials[40]. The industrial production of
biofuels is an important sector for both developing and industrialisedountries.

The biofuels can be classified according to the biomass employed for their
production as afirst, second and thirdgeneration biofuel (Table 2.1). First-
generation biofuels are usually produced by conventional fermentation
technologies using mainlygrains like wheat for bioethanol andsunflower seeds
for biodiesel. Bioethanol is produced mainly from starch and sugafood crops,
although, lignocellulosic biomass is considered agtential long-term alternative
[41]. Biobutanol is produced during the acetonebutanol-ethanol (ABE)
fermentation mainly of corn, rice,and barley. Biobutanol is considered a superior
liquid biofuel to bioethanol because itpossessesbetter fuel properties and
higher energy content[42] . The transesterification of vegetable oilsand animal
fats produced biodiesel, which is compriseaf fatty acidsformed by glycerol and
three organic acids of varied length (430 C atoms)Biodiesel has a higher cetane
number than diesel, representing an increased power output, and reduced
exhaust smoke. The combustion of biodieselalso produces less sulphur,
unsaturated fatty acids,emission ofpolycyclic aromatic hydrocarbons and other
pollutants than conventional diesel Second and third generation biofuels
employ non-food substrates and are considered advanced biofuelslhe use of
non-edible oily crops (e.g.,jatropha, tail oil, and silk cotton tree)and algaefor
producing biodiesel via ransesterification have been extensively studied[41].
The main advantages of lgae are the simplicity of its cultivation, its large oil
fraction and conversionefficiency. Theuse ofbiofuels hasbeendemonstrated to
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reduce GHG emissions and have a positive impaxt the environment, however,
they still require the development of technologies and policiegor their larger
application [43].

Table2.1. Classification ofbiofuels. Adapted from[41].

Classification Feedstock Biofuel

) ) ] Starch, sugar, andregetable oil Bioalcohol, biodiesel, biogas,
First Generation Biofuels ) )
from seeds and grains syngas, vegetable oil

) Bioalcohol, biogas, biomethane,
) ] Non-food crops, agricultural ) o
Second Generation Biofuels o biohydrogen, bio-oil and
and municipal waste o
biodiesel

Third Generation Biofuels Algae Biodiesel, vegetable oil

The production of biofuels should have the lowest possiblenvironmental
impact. Thus, nstead of dedicating food crops foffirst-generation biofuels, it
would be more appropriate to dedicate residual biomass for energy generation.
The production of secondgeneration biofuels from organic residuesis
considered a promising option, with feedstock, such as agricultural wastes,
municipal waste, and energy crops (e.g. miscanthus arglitchgrass) [44].
Among the obstaclesto the secondgeneration biofuel production, are the
inability of microorganisms to naturally consume the mixture of sugars present
on the lignocellulosic biomass (LCB), the low biofuel titres obtainedthe
complicated hydrolysis pretreatment of complex feedstocks €.9.LCB), ancthe
inhibitory effect of the sugars and byproducts produced from the pretreatment
[45].

2.2 Anaerobic digestion

2.2.1 Fermentation process

Anaerobic digestion (AD) is a technology designed for the sustainable
management ofwaste while producing energy.AD is abiological process taking
place in the absence of oxygen where the electron acceptors are carbon dioxide
and organic compounds The digestate comprisef microorganisms degrades
the waste or organic matter through a series of reaction® generate energyand
valuable products A great advantage of AD is the ability to use a wide variety of
locally available residues as listed ifable 2.2. AD converts or@nic matter into
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biogas, an energyich and alternative gaseous biofueland organic fertiliser
(bio-digested slurry) [46]. Biogas is composed principally of methane and
carbon dioxide and traces amounts of other compoundsTéble 2.3). Biogas is
usually destinedto heat, steam and electricity, or be upgraded to biomethane.
The current large-scale AD plants use the biogas principallyto produce
electricity via combined heat and power (CHP) engines or fuel cells. While the
upgraded biomethane can be directly employed as a transportation fuel; or be
purified to achieve the natural gas qualityfor diverse applications[47].

Table 2.2 Organic biowastes employed as feedstocks for anaerobic digestion.
Adapted from[46].

Common Feedstocks Emerging Feedstocks
Wood wastes Microalgae
Grass, leaves Seaweed
Agricultural residues By-products of other bioenergy technologies:
Food industry resides Syngas
Animal industry residues Fermentation residues
Organic fraction of municipal solid waste Extraction residues
(OFMSW)

Anaerobic dudge

Energy crops

Table2.3. Composition of biogas produced by anaerobic digestion. Adapted from

[47].
Component Concentration (v/v)
Methane (CH) 40-75 %
Carbon dioxide (CQ) 15-60 %
Water (H20) 1-5%
Nitrogen (N2) 0-5 %
Hydrogen (H) Traces
Hydrogen sulphide (HS) 0-5000 ppm
Oxygen (Q) <2%
Trace gases <2%

Ammonia 0-500 ppm
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The AD of organic matter takes place in anaerobic conditions involving four
steps:  hydrolysis, acidogenesis, acetogenesis/dehydrogenation, and
methanogenesis Figure 2.1). First, during hydrolysis, hydrolytic bacteria
degrade the complex insoluble organic matter €.g.,carbohydrates, proteins,
lipids, nucleic acids) into simpler soluble compounds[47,48]. Second, the
acidogenesis step degrades the hydrolysesbluble compounds into a variety of
products, including volatile fatty acids (VFASs), alcohols, :1CQ, RS, and other
trace molecules. Third, duringacetogenesisthe VFAs and alcohols are converted
into acetate by acetogenic bacteridourth, during the methanogenesis step, the
methane isproduced while involving two groups of methanogenic bacteriaand
archaea (i) the acetotrophics degrade acetate into CHHand CQ, and (ii) the
hydrogenotrophic methanogensconsume H to produce CH. It is worth noting
that all methanogens are capable of consuming:br CH: production, whereas
there are just a few reports ofacetotrophic bacteria, which usually belonged to
the Methanosarcina sp genus.[47,48]. Nonetheless, lte metabolism of the
microorganisms involved in each step is interrelated by balanced syntrophic
interactions.

Complex organic
matter

Hydrolysis

v

Soluble organic
molecules

Acidogenesis

VFAs

Acetic acid H, and CO,

4
A

Acetogenesis

A

» CH,andCO,
Methanogenesis Methanogenesis

Figure 2.1. Process diagram for anaerobic digestion of organic biomass. Adapted
from [47].

During hydrolysis, bacteria produce extracellular enzymes, such as cellulase,
cellobiose, xylanase and lipase for transforming organic mattef.he hydrolysis
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rate is limited by the substrate as the activities of the extracellular enzymes are
exposed to bulk factorg49]. A large number of bacteria genera are involved in
hydrolysis, including strict anaerobes €.g., Clostridium sp), and facultative
anaerobes €.g., Streptococciand Enterobacterium) [47,48]. The hydrolytic
bacteria are also involved in acidogenesis where the intermediary soluble
compounds are further reduced toVFAs, alcohols, hydrogerand carbon dioxide
VFAs havesix or fewer atoms of carbon and are shorthain fatty acids. Pyruvate
works as the pivotal control point from which a series of metabolic pathways can
take place as outlined inFigure 2.2. The proportions of which metabolic
pathway is taken are dependent on the microorganisms, substrate and
environmental conditions [50].

ADP -

Pyruvate

» Oxaloacetate
NADH,
/_\ _ NADH,
Propionyl Methylmalonyl [* NAD
-CoA -CoA {

Lactate
_ Malate
NADH,

FP —.)— NADH,

Succinyl- ppu, +|* NAD*
CoA N
FPH, }';1::11.e1r;11u

P %
Succinate ADP

)

Acetacetyl-CoA €— Acetyl-CoA

. -.I
2NADH,
o INAD NADH, ¥ .

NAD
Acetaldehyde

NAD'

3-hydroxybutyryl

e Lo
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Crotonyl=CoA _ i

NADH, MAF
NAD"™ «
Butyl-CoA A
ABE BYENEH AI)I‘ -
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Figure 2.2. Metabolic pathways for acidogenesis Taken from[50].

(AET, acetateethanol type fermentation; ABE, acetorndutanol-ethanol; PTF, propionate
type fermentation; BTF, butyratetype fermentation; MAF, mixedacidsfermentation; LTF,
lactate-type fermentation).

The mainVFAprecursors for methane production are acetic, followed byoutyric
acids, and to a lesser extent propionic acid. It has been suggested that%b%
of the produced methane comes fronthe acetic aed pathway. Microorganisms
reported producing acetic acid are Acetobacter, Thermoanaerobacter,
Acetomicrobium, Acetothermusnd Clostridium. Lesser amounts of propionic
acid are wusually found in AD since itsconversion into methane is
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thermodynamically less favourable in comparison toacetate and butyrate.
Furthermore, the production of VFAs is dependent on the substrate composition
and operating conditions, including bioreactor type and design, pH, temperatuye
retention time, and organic loading rate (OLRR Temperature is a key parameter
for the reactions taking place in AD. For instancehe¢ rise of temperature favous
the solubility of carbohydrates and proteins, and consequently their hydrolysis.
Although no correlation between temperature and the typeof VFA producedis
stated [51]. From a kinetic perspective, acidogenesis exhibits a rapid reaction
rate, which makes it the quickest step in A49]. Acetogenesis accompaes
acidogenesis, where VFAs and alcohols are further converted to acetic acid and
hydrogen by anaerobic bacteria. However, the pHpartial pressure limits
acetogenesissince the bacteria involved is inhibited by high concentrations of
hydrogen. Thus, aceigens must have a synergistic relationship with the
following step, methanogenesis, and particularly the hydrogesonsuming
methanogens[52].

The two pathways for methane production inwlve acetic acid (acetoclastic
methanogenesis), and carbon dioxide and hydrogen (hydrogenotrophic
methanogenesis). The acetate intermediate via the acetoclastic pathway is the
major contributor to biomethanation (up to 70 % of methane). The acetoclastic
methanogens of the archaea generdethanosarcinaand Methanosaetahave
been more extensively described, although these genera are unable to
metabolise hydrogen[52]. Methanogenesis requires rigorous conditions since it
is the slowest stage and limiting step in AD. At this point, most of the
intermediary compounds that were not transformed into acetate are not ulised

by the methanogens and thus accumulate in the digest¢s3]. Moreover, the
growth rate of methanogens is slower than acetogens, thus, allowing the reactor
enoughtime for the methanogens to consume the VFAs and produce methane
and carbon dioxide is highly important[51]. Generally, asyntrophic balance
between both acetogenesis and methanogenesis is essentidhis createsthe
proper environment for consuming hydrogen cmverting the VFA, producing
methane, and finally obtaining an effective anaerobic digestion proce$47,48].

The monodigestion can exhibit insufficient macro and micrenutrients, an
imbalanced C/N ratio, and unfavourable organic loading rates (OLR). Whereas a
properly balanced anaerobic cedigestion (AcoD) can provide synergistic effects
by improving the methane yield and kinetic parameterg54]. Cadigestion of N
rich and Crich substrates at an adequate C/N ratio could provide a proper
amount of ammonia, which can supply the nitrogen requirements for
microorganisms andbuffer the pH changes due to acid products. Howevevhen
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adding Nrich substrates to a digester at unbalanced C/N ratios, high
concentrations of free ammonia (NH) are often produced. Since acidogens are
less sensitive to ammonia than methanogens, more VFAs arecumulated,and
less methane is produced55] .

2.2.2 Limitations of anaerobic digestio n

It is necessary to overcome the two major problems associated with AD,
operational instability, and the quality of the digestate. The selected organic
substrate is a determinant factor for the stability ofAD since they often contain
inhibitory compounds. Depending on the source, some inhibitors originally
accompanying the biomass are furans, limonenantibiotics, and metals. Alsq
intermediates of the original organic biomass such as ammonia (NH), and
ammonium (NH4*) generated from Nrich feedstocks €.g., animal wastes)
[16,17]. Suitablefermentation conditions for the digesterare key for maintaining
stability. The enzymatic machinery of acidogenic and methanogenic
microorganisms function better at pH 5.56.5 and 6.58.2, respectively with an
optimum range at 6.87.4. Consequently,changes in the pH dmage the growth
and activities of the microorganisms involved in AD51].

The stability of the AD process is influenced by pH changes and the equilibrium
established between the three primary buffers invéved: VFAs, bicarbonate and
ammonia.The buffering capacity index (or buffer intensity) (B) is defined as the
amount of strong acid or base required to change one unit of pH. The equilibrium
during AD has been described by Georgacakis et f86]. They stated that a
digester with a high accumulation of VFAs hinders the buffering capacity of the
bicarbonate ionsaccording to:

06 @ § "006 GO 606 @ 06§ Equation 2-1

If ammonia is added to the digester or originated froma N-rich substrate, the
bicarbonate taken from the C®pool would form an ammonium salt:

60O O6P O 0O Equation 2-2
“ o wmw D v~
ouv 0Ov O ©ovu Equation 2-3

Resulting in:

00 00 © ™O606P 0O 0060 00 Equation 2-4
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Figure 2.3 shows the s£hematic of changes in buffering capacity index with pH
A stable anaerobic digester should have a pH between the bicarbonate and
ammonia buffer intensity peaks. This point is the afest zone given the
equilibrium between the two buffers, illustrated by the deep valley which would
require a force high enough to overcome the resistance. However, if the
concentration of VFAs increases, there are two possible scenarios: (i) if the
microbial community can convert the VFAs into methane, the bicarbonate
buffering capacity increases and a stable digester is obtained; or (ii) if the
microbial community is unable to transform the VFAs, the pH would continue to
drop, and system failure will ocarr. In the second scenario, the increasing
concentration of VFAs would attempt to move up the bicarbonate intensity curve
according to Equation 2-1. If the concentration of VFAs continues to increase,
the bicarbonate buffer intensity would be practically null due to the
unavailability of the CQ that has returned to the C®@ pool. Hence, the pH is
reduced and located between the VFAs and ammonia peak buffetensities. In
this scenario, the biochemical stability of the digester is at the lowest point since
it struggles to maintain pH and electroneutrality[56].

VFAs Bicarbonate Ammonia
peak intensity peak intensity peak intensity

Sum of all

buffers T

Buffering intensity

FAY Co; NH, coy?

d

2 3 4 5 6 7 8 9 10 11 12

Figure 2.3. Schematic of changes in buffering capacity index with pH for primary
buffers commonly found in anaerobic digesters. Adapted frorb6].

If more VFAsare accumulated, the pH would further reduce towards the VFAs
buffer intensity curve, if it overlaps with the bicarbonate curve, itwill easily slip
into the valley between the bicarbonate and VFAs intensity peaks resulting in the
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instability of the digester due to the lack of the necessary buffering capacity to
maintain a stable pH. Moreover, the incrasing ammonia would act as a force that
pushes the pH towards the ammonia buffer curve as more NHCQ is formed
(Equation 2-4). The microorganisms would not endure a pH within the
ammonia buffer peak due to the ammonia toxicity. Therefore, it is imperative to
maintain the pH between the bicarbonate and ammonia buffers to ensure
stability [56] .

Furthermore, the digestate slurry is a byproduct of biomethane and heat
generated by AD. The digestate contains a high proportion of nitrogen anther
macro- and microelements useful for plant growth. The digestion process and
the source feedstock materials influence the composition of the digestate. The
digestate needs to meet certain standards of quality to be an effective fertiliser
as stated byThe British Standard Institution BSI PAS 11(57]. Approximately
40-60 % of the carbon is converted into methane, while the rest is retained
within the digestate fraction. From a sustainable point of view, it is necessary to
consider the GHG emissn potential of digestate (125 C@-eq/kg waste).
However, the optimisation of AD is generally focused on enhancing biogas
production while leaving digestate quality aside. Underestimating the role of the
digestate defeats the objective of organic waste éatment. Therefore, it is
suggested for the optimisation of AD to consider both enhaimgy methane yields
and also digestion quality[58]. Some of the reported approaches for improving
AD include operational conditions optimisation, biestimulation, co-digestion,
biogas upgrading, twephase process, theaddition of trace elements,and the
amendment by the addition of adsorbent materials, and cell immobilisatiof#8] .

Coupling thermochemical biomass conversion andAD for enhancing energy
performance and digestate qualityis an area of great interest. Different pathways
can achieve the complementation of these téaologies. First, addng biocharto

the AD reactor couldstabilise the biological processes and enhance the retention
capacity of the digestate. Second, employing the AD digestate as a feedstock for
thermochemical treatment. Third, using the aqueous phasefrom the
thermochemical processes as a feedstock for AD. Fourth, high recovery and reuse
by thermochemical treatment of the digestate and application of the solid and
liquid products as stabiliser and feedstock for A022]. For this work, the
discussion will base principally on the first scenario, the addition of chars to
anaerobic digestion.
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2.3 Biochar and hydrochar

2.3.1 Char overview

Char is a solid carbonaceous material obtained from the thermochemical
processing of organic matter. A wide range of biomass feedstoclsscommonly
usedfor the production of char, including wood materials, agricultural residues,
paper residues, and food waste§30]. Table 2.4 outlines the thermochemical
technologies used for the transformation of biomass, including slow pyfgsis,
intermediate pyrolysis, fast pyrolysis, torrefaction (pyrolysis at low
temperature), gasification, hydrothermal carbonisation (HTC), and flash
carbonisation [59]. The chemical reactions involved in these processes include
decarboxylation, dehydration, decarbonylation, intermolecular rearrangements,
condensdion, and aromatisation. There is no specific order for these reactions,
as they can take place simultaneously, usually involving the degradation and
decarboxylation reactions over the biomass polymers along with the formation
of the chars by condensatiomnd aromatisation reactions. Also, it has been stated
that the nature and predominance of these reactions are governed by the
operating conditions of each thermochemical treatment, thus each treatment
leadsto products with different yields, and chemical and physical characteristics
[60].

Table2.4. Thermochemical processes for the transform@@on of biomass

) Heating ) ]
Thermochemical Temperature Residence Primary
Pressure Rate .
Process (°C) ) Time Product
(°C/min)
_ _ 107120 Brown/black
Torrefaction Atmospheric 200-300 <50 ) o
min solid biomass
Slow pyrolysis Atmospheric 300-700 1-30 h-week Biochar
i Vacuum .
Fast pyrolysis ] 400-600 10-200 <2s Bio-oil
Atmospheric
Flash pyrolysis <20 MPa 400-950 103-104 <0.5s Bio-oil
Hydrothermal
o 2-10 MPa 180-250 5-10 1-12 h Hydrochar
carbonisation
o Atmospheric-
Gasification 750-1800 50-100 10-20 s Gas
Elevated

Hydrothermal carbonisation (HTC) consists of the conversion of biomass within
compressed water at elevated temperatureswhile pyrolysis consists of the dry
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carbonisation of organic matter under anoxic conditions. These two
thermochemical processes are described imore detail later in this chapter.
Torrefaction is considered a mild process for slow pyrolysis that employs
temperatures of 200-300 °C, slow heating rates (<50 °C/min)and anoxic
atmosphere and ambient pressure conditions[61]. The mild conditions of
torrefaction comprise only the beginning of pyrolysis henceit is not possible to
use the term biochar The physicochemical properties of the soligoroduct are
found between the untreated biomass and the pyrolyseliochar. Torrefaction is
considered a promising step for improving the physicochemical properties of
biomass for further combustion and production of bioenergy Therefore, the
practical interest of torrefaction is not the production of carbon solids but to pre
treat biomass[60].

The thermochemical process of gasification employs high temperature and short
residence time for the partial combustion of biomass, leading to the main
product named syngas. The gasification is not employed when biochar is the
product of interest since the amount of biomass destinedo produce the solid
fraction comprises less than 10 %. In addition, the solid fractiopossesesa high
concentration of heavy metals and organic pollutants €.g., polyaromatic
hydrocarbons) resulting from the high-temperature reactions. Just as
torrefaction, given the physicochemical properties of the solid carbonaceous
fraction obtained by gasification, it cannot be called biochdi60]. Therefore, it
can be concluded that neither torrefaction nor gasificationis suitable for
thermochemical processes when the product of interest is the char. On the other
hand, pyrolysis and hydrothermal carbonisation are suitable technologieto
produce carbonaceous magrials, as further discussed.

The process conditions of each technology differ, and in consequence the yield
and proportion of the endproducts. The products from thermochemical
treatments are dividedinto three phases: solid, liquid and gas. Firstly, theolid
phase, or charcorresponds to the carbonrich residue remaining after the loss
of volatile matter and a series of chemical reactions. The solid product from
pyrolysis is known as biochar, while the solid from HTC is named hydrochar.
Given the different reactions taking place during each process; the physical,
chemical and functional properties of chars differ significantly. BC is a porous
solid with a large surface area (SA), aromaticity and surface functionality.
Whereas HC possess a sphere shapettwreduced porosity and SA, but greater
content of surface functional groups[60]. The properties of the chars are
described indetail in further sections.
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Secondly,the dark-brown liquid phase is called bieoil when obtained from
pyrolysis and process wate when obtained from HTC. The highest yields of bio
oil are obtained by fast and flash pyrolysis processes. The liquid phase is formed
by the rapid cooling of the gaseous products formed by the degradation of the
organic fraction of the biomasg62]. The biooil is a mixture comprised of water
(15-35 % wt), and a wide range of organic compounds, such as acids, alcohols
ketones, phenols, aldehydes, ethers, esters, furfurals, sugars, alkenes, and
suspended solid particles[29]. The suspended solid particles are composedf
fragments of the decomposed biomasg$62]. The bicoil can be directlyused for
gas turbines, boiler systems, diesel engines and Stirling engines or upgraded into
light hydrocarbons and aromatics by reforming, cracking, catalytic esterification
and hydrotreatment [63]. The HTC process wateis a complex mixture of
compounds solubilised in water, including organic acids (acetic, formic, levulinic
and glycolic acid), hydroxylmethyl-furfural (HMF), organic carbon and
inorganic compounds[64,65]. Anong the applications of HTC process waters,
their integration with other technologies, such as AD, is reported to enhance
energy Yyields[66] .

Thirdly, gas fraction or syngasis formed by the noncondensable products
formed from biomass degradation, including CO, GOCH, H, and some non
methane hydrocarbons[62]. It has been reported that the primary components
of the gaseous phase, GGnd CO, originated from the decompositio and
reforming of carbonyl (C=0) and carboxyl (CODgroups, respectively. The
secondary component CHhlis the result of the decomposition of methoxyl {O-
CH) groups, methylene (CH-) groups, and oxygenated compounds, while the
Hz is formed by the decompsition of aromatic (C=C) and methyl (&4) groups.
The applications of the syngas include the direct production of heat or electricity,
or the further upgrade into individual gases €.9.CH: and H), and liquid biofuels
[29].

2.3.2 Pyrolysis

Pyrolysis is defined as the thermochemical decomposition of biomass in nen
oxidative conditions that lead to the production of liqud bio-oil, solid biochar,
and noncondensable gas products. Depending on the process conditions,
pyrolysis can be dividedinto slow pyrolysis, fast pyrolysis and flash pyrolysis
(Table 2.4) [29]. The low temperature and slow heating rate of slow pylysis
favour biochar production, achieving yields of 2835 % [60]. Fast pyrolysis uses
high heat transfer rates, high temperatures, and short residence times that
prevent the further cracking of the products into norcondensable compounds,
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obtaining thus higher oil yields [62]. During fast or flash pyrolysis, the biomass
is rapidly heated accompanied by the rapid coatig of the condensable volatiles
for avoiding the cracking into gases or polymerisation into biochar[67].
Nevertheless, ®w pyrolysis is usually preferred for obtaining biochars with
notable functional properties[68].

23.21 Pyrolysis pathway

The pyrolysis of biomass is generally described under three parallel pathways,
divided by the most significant endproducts. The pathway of biochar and gas
formation, the pathway of liquid and tar formation, and the pathway of
gasification and carbonisation. The rate of these three pathways is primarily
determined by the pyrolysis conditions ofhighest heating temperature (HHT),
volatile removal rate and particle residence timg61]. First, the biochar and gas
formation pathway develops below 300 °C The biomass starts to decompose,
water is releasad and starts the formation offree radicals, and carbonyl and
carboxyl groups, which are subsequently reduced to CO and £ @espectively.
Second, he tar (condensed volatiles) and liquid formation pathway develop
between 300-600 °C The liquid or bio-oil has an organic phase that can be used
as a fuel, while the main componentsf the tar are anhydrosugars, which are
volatilised or degraded. Third, &ove 600 °C, the production of gas dominates the
pyrolysis, while the formation of tar, liquids,and char is drastically reduced, and
even the biochar formed in the early stage of pyrolysis is further carbonised
[61,62]. Nevertheless, these three steps are nabnsecutive as they occurred
intermixed during pyrolysis [29].

Temperature determines the reactions taking place during pyrolysis. Below 200
°C, free and bound water is released, whereas above 200 °C, starts the
degradation of the complex organic compounds, such as proteins, lipids and
carbohydrates[68]. The most significant compositional changes of biomass take
place at a temperature range of 200 to 400 °C. The initial steps of pyrolysis
include the detachment of lowenergy bonds, such as acidic hydrogen and
oxygen-containing groups €.g.,carboxyl, hydroxyl and formyl groups). This
detachment results in unpaired negative charges with the ability to accept
protons and a more basic structurg67]. The carbonisation of biomass is not
achieved at low temperatures. By increasing at 36@00 °C, the @alkyl C and
carbonyl C structures disappear while the presence of alkyl C structures
intensifies [63]. Biochar formation generally occurs in the primary stage at
temperatures of 200400 °C where most of the mass lossakes place[29].
Although it is until 500 °Cthat the alkyl C structure is further destroyed, resulting
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in a more aromatic BC. It has been suggested that biochars proddcabove 500
°C are mostly constituted by aromatic C structures[63]. As pyrolysis
temperature raise, the graphitisation degree of the chars increases due to the
dehydrogenation and deoxygenation reactions and consequently generation of
stable condensed ring compound$68]. Thus, the risein temperature leads to
biochar with lower H and O content, enhanced aromaticity, aromatic ring
condensation and a more basic naturfg9].

Biochar is formed by the alteration of thebiomass structuredue to themassloss,
microstructure arrangements, attrition, and the formation of pores The initial
changes involvethe removal of water andcarbon mass Thiscreates shrinkage
stress that breaks and cracks the biomassructure, and since the surface of the
material decomposes faster than its interiorthe result of these changes ithe
creation of pores. The pores aa be formed in different sizes, including
micropores (<2 nm), mesopores (250 nm) and macropores (>50 nm)It is worth
noting that the original carbon structure and mineral content of thaaw biomass
is retainedto a certaindegreesince the mass loss is ostly attributed to volatile
organic compounds [25]. The development of the pore network and final
structure of the biochar is mainly determined bythe processHHT and the
biomass nature.

Moreover, the inherent surface functional groups of biomass are lost alomgth
the volatile matter via dehydration,decarboxylation, andcondensation[68]. The
loss of functional groups is enhanced by increasing the severity of the treatment
[67]. Thereby, it can be implied the importance of the process conditions in the
structure and characteristics of biochar, as well as the yield of the froducts
[69].

2.3.2.2 Biochar

The International Biochar Initiative (IBl) hasproposed a standard definition for
AET AEAOh AO OOEA Oi 1 E Aernoéhéical Edhversibon®OAET A,
biomassinanoxyged Ei EOA A A 170 ErdelamndrpAdussucture of BC
is comprised of graphitelike layers turbo-strategically arranged with a void
spacebetweenthem. BC is composedf two phases, the conducting and the non
conductive. The conducting or crystalline phase consistsf highly conjugated
polyaromatic sheets forming conductive crystalline orderedareasthat resemble
the structure of graphene.The non-conductive or amorphous phase consists @&
complex and randomly organised structure. This phases formed by aromatic
rings and aliphatic organic compounds, including the residual volatiles and the
mineral compounds (inorganic ash)[25].
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Biochar has a heterogeneous structureformed by pores of different sizes and
surface functional groups, as illustrated irFigure 2.4. The physical structure of
biochar is represented by the porosity degree, which is influenced by the
pyrolysis process[71]. The heterogeneous surfaceexhibits diverse functional
groups, including hydroxyl, ketone, aldehyde, amino, ester, nitro, carboxylic and
phenolic. These groups donate to BC the ability to exhibit acid/basic and
hydrophobic/hydrophilic properties [60]. Low-temperature BC exhibits a large
content of diphatic functional groups and volatile matter (VM), while those
produced at high-temperature exhibit a lower content of VM and functional
groups, and higher aromaticity. A the aromaticity increases, other
transformations take place, affecting the crystallinity, surface area and the
microcrystalline structure of char [69]. The conductivity of BCincreases with
pyrolysis temperature due to the decrease of functional groups and the
formation of conjugated double bondg67].

Mesopore

Micropore

Figure 2.4. lllustration of the physicochemical structure of biochar,meso and
microporosity and the presenceof functional groups. Taken fron{31].

The influence of process conditionshighest heating temperature (HHT) and
residence time and feedstockcomposition on the final properties of biocharhas
been extensively studied. Zhao et al[32] stated the importance of both
parameters, although suggested that each is inclideto a different set of
properties. The ndure of the feedstock has a greater impact on the total organic
carbon, fixed carbon, and mineral elements of BC. While theHH is the
determinant parameter for the development of surface area and pH. Santos et al.
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[71] stated the role of increasingHHT to enhanae pore size and SAON the other
hand, there are contradictory statements regarding the influence of residence
time. Some reports have stated an inconsequential effect of residence time over
BC chemical composition.Whereas others have stated that aprolonged
residence timesupports the polymerisation of volatile organic compoundsand
the formation of secondary BC, enhacing thus the BC yield67].

For understanding the role of biomass on the properties of biochar, it is
important to outline the thermal degradation of its main components. In the case
of lignocellulosic biomass cellulose and hemicellulose degrade faster than the
more complex lignin. Thus, the formers have a more relevant role in gas and
liquid fractions whereas lignin mostly remains in thesolid fraction [67]. For
lignocellulosic biomass, it has been suggested that pyrolysis could be divided
into two generalsteps. Below 600°C, the degradation of the lignocellulosic fibre
is linked to the net loss of the aliphatic fraction, whereas at higher temperatures,
a reorganization of bonds taks place leading to the conjugation of aromatic
bonds and finally, the rise of the aromaticjy and aromatic ring condensation
[69].

On the other hand, biomass rich in protein or lipids exhibits a more complex
pyrolytic behaviour. During pyrolysis, the N atoms are integrated into the carbon
matrix of BC by the formation of pyrrolicN (N-5), pyridinic-N (N-6) and
guaternary-N (N-Q) species [68]. Generally, Ncontent increases with
temperature since the devolatilisation reactions reduce the concentration of
other components. However, there are reports of Montent reduction on
feedstocks like animal waste and sewage sludge due to the protein degradation
and devolatilisation of ammonium nitrogen from the biomass structure[67].
Furthermore, biomass with a high content of ash usually produces more alkaline
and aromatic bicchars. It has been suggested that the presence of metals
contributes to the alkalinity and aromatisation reactions. By increasing the
pyrolysis temperature, the ash content concentrates as a result of organic matter
loss, consequently, the alkalinity of te BC also increasel$8] .

The pyrolysis conditions and the nature of the biomass determine the chemical
composition of biochar and the concentration of its principal elements C, H, O
and N[72]. Regardless of how BC is produced, thec@Gntent is found in a range
of 175-905 g/kg, the N-content in a range of 1.86.4 g/kg, and the pH between

4 and 12. These large variabilities are due to the nature of the biomass and the
pyrolysis conditions. It has been observed that even biochars produced from the
same type of feedstock will have a different composition due to the process
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conditions, especially regarding the N and S contenf73]. Moreover, by
increasing the reaction severity, particularly pyrolysis temperature, the
volatilisation of C, H and O intensify resulting in lower H:C and O:C ratios and
higher ash concentration [61,72]. Hence, there is a direct response to
temperature regarding compounds containing carbon and oxygerHydrolysis
starts at temperaturesas low as 50 °C reducing thusthe content of OH and CH

At 300-400 °C, further loss of O and H is observed as biochar is partially
carbonised.Although pyrolysis requires higher temperatures (up to 500 °Q to
drastically reduce thesecompounds and increasethe content of C=Cdue to the
transformation of aliphatic compounds into aromatic structures. At 550 °C, the
ratio of H:C and O:C decrease even more due to increased aromaticity, while at a
higher temperature, the BC is mainly carbonisef3].

2.3.3 Hydrothermal carbonisation

It has been over a centungincethe HTC process was introduced as a method for
the simulation of natural coalification. In recent years, the processing of biomass
by HTC has gained a lot of attention by being considered an environmentally
friendly treatment for wet biomass. Among the advantages of HTC are ease of
operation, process energy efficiency, and the production @nd-products with a
stable nature, nontoxicity, and ease to handle and store. Additionally, HTC
provides the possibility of employing different types ofbiomasses without the
necessity of the energyintensive and costly step of drying. The HTC process
consists of the thermochemical conversion of biomass at elevated temperatures,
usually 180-250 °C, in the presence of water under saturated pressure
conditions. The biomass is transformed by a series of reactions into a
AAOATT AAAT OO Oi 1 BAh AAAGA AR Ap DEQ@AOT AEAOA
ETT xT A0 OPRIIAAOO xAOAOS

2.3.3.1 Hydrothermal carbonisation pathway

The subcritical water facilitates the rapid depolymerisation and degradation of
the polysaccharides €.g.cellulose andhemicellulose) by acting as anacid/base
catalyst, andas a nonpolar solvent for the organic and gaseous components of
the biomass[60,74]. From a general view, several chemical reactions take place
during HTC,including hydrolysis, dehydration, decarboxylation, condensation,
polymerisation, and aromatisation.They do not take place in consecutive order,
but rather form a parallel network of different reaction paths determined by the
type of biomass and processanditions [19]. First, the man components of
biomass are degraded into their smaller fraction compounds. The lipids are
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depolymerised into fatty acids and glycerol, the carbohydrates to
monosaccharides, whereas the peptide bonds of protein are broken down into
their compositional amino acids. Subsequently, the monomers decompose via
dehydration, cleavagedecarboxylation,and deamination reactions. Afterwards,
fragments with free radicals suffer recombination generating thus larger stable
molecules, including the polyaromatic hydrochaf68].

A detailed mechanism for the formation of HC from carbohydrates has been
proposed by Sevilla and Fuente’5] . Firstly, the hydrolysis of biomass involves
different reactions, primarily the cleavage of ether and ester bonds that form a
wide range of compounds, including oligo and monosacchdes from cellulose,
and phenolic fragments from lignin, and further hydrolysis of the resulting
fragments. Secondly, different chemical reactions or physical processes
(dewatering) are involved in the reduction of the water content. Hence,
dehydration includes the elimination of hydroxyl groups and to a lesser extent,
the condensation of hydrolysed fragments.While monosaccharides suffer
dehydration, the fragmentation begins with the opening of rings, breaking of-C
C bonds, and the formation of soluble copounds, including furfural, 5
hydroxymethylfurfural, 5-methylfurfural, 1,2,4benzenetriol, acids and
aldehydes. Simultaneously, the different furfurabased decomposed into
acids/aldehydes and phenolq419,75].

Thirdly, at temperatures above 150 °C, carboxylic and carbonyl groups are
rapidly eliminated as CQ and CO, respectively. It has also been proposed the
production of CQ via the cleavage of intamolecular bonds, during condensation
reactions, and by the thermal decomposition and action of water as an oxidising
agent at elevated temperatures. Fourthly, the monosaccharides and/or their
decomposition products undergo a process of polymerisation orandensation,
leading to the formation of soluble polymers. Simultaneously, the
decarboxylation of biomass creates unsaturated compounds that easily
polymerise via condensation, particularly aldolcondensationwhile producing
some highly reactive fragments.Nonetheless, the detailed mechanisms of the
decarboxylation paths during HTC are not entirely understood. Fifth, the soluble
polymers suffer an aromatisation, which involves the formation of C=C groups,
mainly a result of ketoenol tautomerism (Equation 2-5) or intramolecular
dehydration (Equation 2-6). Finally, the condensation of aromatisednolecules
leads to the formation of aromatic clusters, which are the base for the
microsphere formation (Equation 2-7) [19,75,76].
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Furthermore, Sevilla and Fuerteg75] proposed that the formation of the HC
microspheres undergoes anucleation-growth mechanism as described by the La
Mer model [77]. Hence, as the formation of aromatic clusters reaches a point of
critical saturation, the process of burst nucleation starts. An aromaticucleus is
formed and grows by diffusion, as the chemical species present in the bulk
solution are linked to the reative oxygenated functional groupg OFG$% from the
surface of the microsphere. These multiple reactions lead to the formation of
stable oxygen groups such asester and pyrone, that remain in the core of the
microsphere. Finally, the end products include ta insoluble carbonaceous
microspheres containing a coreshell chemical structure, and some soluble
organic compounds such asacids, aldehydesand furfurals. Both the degree of
aromatisation and the diameter of the microspheres enlarge with thdéigher
reaction temperature, reaction time and carbohydrate concentratio75].

Table 2.5 outlines the effect of the processing conditions during HTC. lonic
reactions prevail at low temperatures,favouring the production of solid carbon
products. Whereas at dnigher temperature, homolytic bond cleavage reactions,
and extensive dehydration and condensation of the biomass increasthe gas
yield. For instanceat( 4# AT 1T AEOQOETT1 O Scegmnm J# ATA
biomass is transformed into solids, while the gas production iapproximate at
1-5 %. Increasing temperatures decreasthe ion exchange capacity and reduse
the O and H content of HC and in consequamnthe OFGs. The residence time is
another important factor to determine the reactions undertaken during HTC and
the obtained products. Prolonged residence time allows the ongoing
polymerisation of the solved fragments from the liquid phase that finally
precipitate, increasing the solid HC yield. For instance, it has been reported that
as the residence time increasg the OFG contentlecreases, whereas the lactone

CT
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(C=0), and carboxyl (COOH) content increase. The OFG content reduction may
be related to excesive dehydration and carbonization of the solid carbon and
the gasification of surface OFJ36] .

Table2.5. Summary of the effect of processing parameters on HTC reactions and

products.
Increasing temperature Extending residence time Increasing solid load
(>220-350 °C) (>1-12 h) (>16 %, WiV)
A More homolytic bond A OFG content decreased A The liquid product is
cleavage reactionstake A Reduced O:C and H:C ratio: negligible affected
place A Lactone (C=0), and A Poor hydrolysis
A Higher gas yields carboxyl ((COOH) content A Less condensed products
A Lower O.Cand HC ratios increase A Larger size microspheres
A Decrease of ion exchange A  Excessive polymerisation A High QC and HC ratios
capacity A Larger sizemicrospheres A High OFG content at high
A OFG content decreased A Higher hydrochar yield residence time and
A Larger size microsphere temperature

A Lower hydrochar yield

The highest reaction temperature is the primary factor governing the final
properties of the char, such as shape, diameter, particle size distribution, and
aromatisation degree. All the reactions involved in the degradation of the
biomass, the release ofalatiles and the formation of intermediate compounds
are dependent on temperature. The heating rate is the second most influential
process parameter since it determines the heat mass transfer and rate for the
formation of volatile compounds and other intemediates[60]. For instance, at
180 °C, the hemicellulose is completely hydrolysed, while at 200 °C a major
fraction of lignin is hydrolysed. On the other hand, is not until 220 ° Ghat
cellulose starts to significantly hydrolyse. Moreover, the solid loadrepresents
the ratio of biomass to water and is a parameter that influences the HTC of
biomass. It has been observed that raising the initial solid load leado a larger
fraction of solid material, as a major concentration of monomers in the liquid
phaseincrease the possibilities of polymerisation[19] .

The biomass composition also plays a role in the yields and composition of the
HTC products. For instance, cellulose is first hydrolysed into oligomers, such as
cellobiose, cdlotriose, cellotetraose, cellopentaose andcellohexose that
subsequently degrade into a variety of acids (acetic, formic, lactic and levulinic)
and acetaldehyde. Glucose isomeridanto fructose, thus both sugars react into
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erythrose, glycolaldehyde, hydroxyacetone or hydroxymethylfurfural. HMF
and furfural structures can poly-condensate and be polymerised into the HZ8] .
Lignin is only partially hydrolysed; hence it preserves part of thenitial biomass
macrostructure on the HC. The lignin fraction interferes with the hydrolysis of
the cellulose and hemicellulose polymers. Lignin also contributes to the overall
content of OFGs of the HC. Moreover, litas been suggested that crystalline
carbon biomass leads to hydrochar with less porosity, in comparison to
amorphous biomass. The structure of the biomass precursor has a direct role in
the creation of the hydrochar porosity[76].

KnelediAdDal.[74] proposed a model for the conversion of glucose during HTC
(Figure 2.5). Generally, ducose initially decomposes into the liquid phase,
where it suffers further reactions that lead to the formation of char and gas.
Glucose is decomposed into watesoluble primary products, including fructose,
levoglucosan, dihydraxyacetone, 5-HMF, furfural, erythrose, glyceraldehyde,
glycolaldehyde and formaldehyde. These products suffer polymerization
reactions to form the solventsoluble partin the hydrophobic phase, which later
comprises the PW and HC. Excluding formaldehyde, all primary decay products
are involved in the production of hydrochar. Based on this, they proposed that
the compounds foundin the process water and the hgrochar are essentially the
same. They differedn the higher molecular weight for the HC compounds due to
a higher polymerisation degree. The gas fraction, on the other hand, involves
small secondary and tertiary decay products €.g., formic acid and
formaldehyde) that are further reduced to C@ CO, CHand H.

2.3.3.2 Hydrochar

Hydrochar is a carbon sphere formed by a highly aromatic corghell structure

of approximately 0.46.0 um in diameter. HC is composed primarily of furan rings
crosslinked by domains ofshort aliphatic chains as illustrated inFigure 2.6
[75]. The structure of the HC is very similar to the coal obtained by natural
coalification, although with a higher OFG content. The HC exhibits a less
hydrophilic nature than the starting material because the pcess of HTC
eliminates several hydroxyl and carboxyl groups from the biomad4.9].
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Figure 2.5. Reaction pathway model for the HTC of glucose as proposed by
KnelbkiAdDal.[74].

WS watersoluble, SS solvensoluble, WSS watessolvent soluble organics (process
water), WSIS watersolvent insoluble organics (hydrochar).

It has been proposed that lignocellulosic biomass follows multiple routes for the
formation of char. First, part of the solid biomass is directly transformed into
char, named primary cha. Second, the dissolved monomers generated by the
biomass decomposition suffer polymerization or condensation reaction that led
to the formation of secondary char. The mechanism for the conversion of
biomass into char is complex and the routes above menptied are just a
generality. Moreover, the structure of the biomass precursor has a direct role in
the creation of the hydrochar porosity. For instance, it has been reported that
crystalline carbon biomass leads to hydrochar withessporosity, in comparism

to amorphous biomass. In addition,the presence of lignin is suggested to
interfere with the hydrolysis of the cellulose and hemicellulose polymers. Given
its recalcitrant nature, it slows down the decomposition of the polysaccharides.
Therefore, as ligrn is only partially hydrolysed, its presence preserves the initial
macrostructure of the biomass[76].
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Figure 2.6. TEM image of the microsphere and schematic illustration of the core
shell chemical structure of hydrochar. Taken fronf75].

2.3.4 Surface functionality of biochar and hydrochar

The surface chemistry of the chars exhibits hydrophilic, hydrophobic, acidiand
basic properties directly related to their heterogeneous composition. These
properties contribute to the reactivity of the chars and are dependent on the
nature of the biomass, the thermal degradation process, and the conditions used.
The diversity of functional groups is formed by H, O, N, P, and S heteroatoms
incorporated into the carbon structures and aromatic rings. The
electronegativity of these heteroatoms relative to the C atoms determines the
chemical heterogeneity of the chars. The nature of the functional groups on the
surface of the chars includes electron donors, electrorceeptors,and acidic and
basic nature. The electron donor groups possessorn Al AAOOT OH)h
NHz, OR or O(C=0O)R. The electron acceptors with empty orbitals include
(C=0)OH, (C=0)H or Ngroups. The acidic groups include strong Einsted
acids (e.g.,carboxyl groups) and less acidic groups (e.g. phenols and carbonyls),
whereas the basic groups are conformed by pyrones and chromenes groUypg] .

(@}l
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Figure 2.7 illustrates the interaction of biochar functional groups with phenolic
groups. The sorption of the char surface is influenced by the functional groups
and their surface charge nature and availability ok electrons. The charge of the
functional groups isdependenton the pH and consequently the sorption of many
functional aromatic molecules. For instance, the sorption capacity of phenols and
anilines is stronger at pH solutions close to their points of zero charge. The chars
with oxide surfaces exhibit pH-dependent amphoteric sites that under acidic
conditions will be positively charged whereas under basic conditions will be
negatively charged[61] .
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Figure 2.7. Modelling of the interaction between the functional groups from the
surface of biochar and phenolic groups. Taken frofi79].

The surface functionality of the chars is responsible for most of their interaction
with organic matter. OFGs, sth as GO, C=0, OH and COOH, are the predominant
and most important features of surface chemistry. OFGs are responsible for
enhancing the hydrophilicity of the chars and thus their interaction in agueous
systems. They are also responsible for the interactn with metals via hydrogen
bonding and complexation[63]. The OFGs serve as anchoring and interaction
sites for the biomolecules. Therefore, these characteristics are of interest for
their application in catalysis as an adsorptive or support material for the
immobilisation of biomolecules [80]. The number of functional groups is
dependent mainly on the carbonisatio temperature, biomass composition, the
heating rate, and if applicable, the postreatment method (activation) [61].
Hence, a great advantage of the chadepends onthe possibility to tailor their
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functionality and chemical properties by adjusting the mentioned parameters
[31].

The surface functionality of the biochar is highly influenced by the pyrolysis
treatment. Sow pyrolysis BCsconsist mainly of aromatic GH groups and to a
lesser extent hydroxyl and carboxylic groupswhereas fast pyrolysis BCsare
comprised mainly of hydroxyl and carboxylic groups. It is important to outline
that the capacity ofBCto exhibit an acidic or basic character in anaqueous
dispersion is related to the oxygen contentBCwith a high OFGs catent will
exhibit an acidc pH, while those with low OFGcontent are attributed to basic
surface properties and anion exchangbeehaviour [61]. On the other handBGs
derived from N-rich biomass usually contain nitrogen functional groups (NFGSs).
The fate of NFGs is mostly determined by the pyrolysis conditions. At lower
temperatures, pyrrolic and pyridinic amines are present, whereas at higher
temperatures pyridinic and quaternary groups are predominan{61].

Hydrochar exhibits an even greater content of OFGs than Bférmed by more
complex oxygenated aromatics and polymeric compounds, such as ether,
phenolic, and esterd81]. Particularly, the OFG content from the core and shell
of the HCmicrospheresdiffer. The oxygen located in the core of the HC is within
more stable groups €.g.ether, quinone, and pyrone); while the oxygen from the
shell consistedof more reactive hydrophilic groups (e.g. hydroxyl, carboxylic,
carbonyl, and ester) [75]. Increasing HTC temperatureled to extensive
dehydration and condensation of the biomass, reducing the OFGs. Jain €i7él]
observed an increasing content of OFGs with temperature until reaching a
maximum point at 275 °C, followed by a drastic reduction at 31350 °C due to
the high decomposition and gas formation.

2.3.5 Comparison between biochar and hydrochar

Biomass can be classified based on its initial moisture content as weibmass
(>30 %) and dry-biomass (<30%). The biomass feedstock used for pyrolysiand
HTC must meethe requirements for eachtechnology. Drying wet biomassis an
energy-intensive and economieally inefficient process hencethe use of ths type
of biomassin HTCavoids the requirement of thisstep.Examples of vet biomass
suitable for HCT includefreshly harvested vegetable waste, animal waste,
sewage sludgeand algae.Pyrolysis, on the other hand,s a more appropriate
treatment for dry biomass, such as agricultural and wood was{é0].

Given the different reactions taking place during each process, the physical,
chemical and functional properties of BC and HC differ significantly. The HC
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generally exhibits a lower ash content than the original untreated biomass. This
behaviour results from the hot pressurised water that facilitates the
demineralisation of ash. Whereas, during pyrolysis, the ash conteistenhanced
since the BC retains and concentrates most of the inorganic constituents while
the organic fraction is volatilised. The transformations of the biomass
carbohydrates follow different pathways in each process. It is important to
outline the importance of water in HTC and its extensive reactive role. For
instance, the decomposition of hemicellulose is faster during HTC than slew
pyrolysis. The thermochemical treatment of biomass reduces both O:C and H:C
ratios, although to a different extent. HC generally exhibiteigher O:C and H:C
ratios than BC. This suggests a predominant role of decarboxylation and
dehydration reactions during HCT, while pyrolysis display more aromatisation.
The fundamental molecular structure was described for each char. The spherical
core-shdl structure of HC contributes to a reduced porosity and SA. Wheretse
BC exhibits a greater porosity and SA due tthe reactions of mass loss and
microstructure arrangements taking place during pyrolysis that promote the
formation of pores[60].

2.4 Current applications of biochar and hydrochar

The biotechnological application of the products of pyrolysis and HTC are
considered environmentally sustainable and coseffective. Anthropogenic
carbon dioxide taken from the atmosphere by plants can be further useds
biomass for pyrolysis and HTC. Hence, this carbon dioxide can end up in the
carbonaceous structure of the chars, which can be used as functional materials
or carbon storage. Additionally, pyrolysis bieoil and gas can be employed as a
biofuel, which codd also counterbalance the carbon dioxide emissions from
fossil fuels[63]. Whereas HTC process water is reported tme used as a feedstock
in the recycling for consecutive HTC runs, production of methane by AD,
fertiliser, and disposal at a WWT plan{64]. Furthermore, the process waters
contain some valuable compounds, such as levulinic acid, Z)$droxyl-methyl-
furfural (2,5-HMF) that are key blockgo producing further valuable chemicals.

The main scope of the HTC and pyrolysis solid products is carbon sequestratio
and the production of energy as an alternative to cof82] . Alternative uses have
essentially focussed on soil amendment, and as contaminant adsorbents in soil,
water, and air. The addition of chars to the soil has proven to reduce the loss of
nutrients and improve the production of crops[83]. Recently they have gained
attention as advanced materials for other areas, including energy production,
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agriculture, wastewater treatment, and bierefinery [60]. Porous carbon
materials are widely used for catalysis, energy etage, chromatography, gas
separation, and water and air purification [84]. Carbam-based materials with a
mesoporous structure are extensively applied as catalysts or catalyst supports
in different industries. The interest in the chars as support materials for
replacing the conventional carborbased catalysts habeen raised. The latteis
due to the physicochemical properties of biochar and hydrocharand the
possibility of their tailoring by controlling the process conditions and their
sustainable origin[31].

The advancement in research and technology for pyrolysis and HTC, in addition
to the attractive and diverse properties of the chars, has broadened the
application fields. For instance, biochar activated with sulphuric acitlas been
employed as an inexpensiveatalystto producebiodiese [85]. Biochar enhances
the yields in comparison toother commonly used catalysts, such as Zeolite Beta,
niobic acid, Amberlyst-15, and sulphated zirconig86]. Moreover, biochar is an
economic option for the removal of tar, a necessary step produce syngas by
biomass gasification. The removal efficiency of biochar surpassed the reported
for olivine and dolomite, comnonly used materials. Thereby, the reports of the
performance of biochar indicated its potential as an alternative and economic
catalyst for different processes[31]. Additionally, biochar and hydrochar are
reported to serve as immobilisation supports for purified proteins. For instance,
Castro et al.[80] immobilised ConBr lectin onhydrochar reporting that non-
covalent interactions were sufficient to maintain the protein structure and
stability . Furthermore, Gonzalez et al[21] immobilised lipase from Candida
rugosaonto biochar, observing an enhanceénzymatic activity . Khosla et al[24]
immobilised lipase on activated biochar for the transesterification of oil
feedstocks The immobilisation resulted in higher biodiesel productivity in
comparison to the suspended enzymeThese studiesused immobilisation by
binding, supporting the potential of the charsas a supportmaterial.

Recently, it has been pointed out the positive outcome of the integration of char
products from thermochemical processes with anaerobic digestion, for
enhancing the digestibility of the organic fraction of municipal solid waste
(OFMSW) andhe production of methane. The chars are reported to promote the
formation of biofilm, adsorbed toxic compounds, and work as a support material
for the immobilisation of microorganisms. It has been reported the application
of biochar as a heterogeneous catalyst for diffent purposes. There are several
reports of the addition of biochar for enhancing methane yield and production
rate. This improvement has been generally attributed to a series of biochemical
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interactions and micro-environmental conditions. For instance, higer electrical
conductivity, improved DIET processes, improvedyntrophic VFA oxidation, and
acid buffering[48] . Studyng the potential of biochar and hydrochar as adsorbent
materials in AD is part of the objectives of this work and will be discussed in
detail in further sections.

2.4.1 Char addition in anaerobic digestion

It has been suggested that the addition of carbonaceous materials lik&C HC
activated carbon(AC), graphite, graphene, carbon nanotubg$NTs), and carbon
cloth may improve AD efficiencyf48]. The advantages of using chars, BC and HC,
over other adsorbent carbon materials include their low cost, the potential to use
a wide range ofbiomass feedstocks for their production, their environmental
sustainability, improvement of the digestate, and them having advantageous
physicochemical properties that can be further tailored to fulfil desired
characteristics[31].

There are reports of BC having a positive impact on AD performance. For
instance, Sugiarto et al36] used 1 % (w/v) of pine sawdustBCproduced at 650
and 900 °C in the AD of food waste. BC addition improved methane yield and
production rate by 41-47 and 3343 %, respectively. BC addition also accelerated
acetic and butyric acid formation and furthe VFA degradation. They attributed
this positive effect to the minerals contained within the BC that can support
microbial metabolism by acting as micronutrients. They also observed that BC
stimulated the growth of the acetoclastic Clostridia and the methanogen
Methanosaeta Mumme et al[17] studied the impact ofBC and HGddition at 2

% (w/v) in the AD of ammonium carbonateat variable concentrations (Q 500,
1500, 2500 and 5000 mg Nkg). The BC was produced by pyrolysis of paper
sludge and wheat husks at 500 °C for 20 mimvhile the HCwas obtained from
the HTC of wheat strandigestateat 230 °C for 6 h. Both chars reduced the start
up phase and accelerated thergwth phase, although there were differences
regarding the stability of the chars. The values of labile carbon fraction were 0.6
and 10.4 % for BC and HC, respectively. The higher degradability of the HC
suggests the presence of readily available carbonsiich as sugars and volatile
organic compounds. Particularly for BC, the digester was able to endure mild
AT T AAT OOAOGET T O 1T &£ 01 OAl AiiTTTEOI TEOOIC
inhibitory effect. At higher TAN concentrations, the methane yield was affede
which indicate that the preventing ammonia inhibition provided by the BC had a
limited capacity. They also evaluated the microbial consortia, suggesting that BC
and HC might provide support for the growth of methanogenic microorganisms.
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Another casestudy was performed by Luo et al[87], where BC from fruitwoods
pyrolysed at 800 °C was added to AD. The digestion conditions inded a char
load of 1 % (w/v), inoculum 1 g VS/L, and glucose at 4, 6 and 8 g/L. At this point
is worth remarking on the limitations regarding the inoculum, as it was stored at
very low temperatures (-80 °C), and no acclimatisation treatment was applied.
Additionally, they employed considerably lowinoculum to substrate ratios (ISR)
with values of 1:4, 1:6 and 1:8. The latter could be accountable for the
considerably large initial lag phase (10 to 20 days) observed for all treatments.
Nonetheless, BC additio for the digestion of glucose at 4, 6 and 8 g/L reduced
the lag phase (11.4, 30.3 and 21.6 %) and an improved methane production rate
(86.6, 21.4 and 5.2 %) in comparison to the neBC control, respectively.
However, BC addition had no significant effecdbn methane vyield, although it
promoted the formation and degradation of VFAs with fbutyrate and acetate as
major intermediates and minimal concentration of propionate. They also
observed the establishment of methanogenic zones on the surface of the B&hwi
Methanosarcina spesiding inside the pores andViethanosaeta spon the outer
surface. They stated that BC promoted biofilgrowth and the transfer of protons
and electrons between cells.

Similar results were obtained by Wang et al[88] as they tested two UASB
reactors operated continuously for 100 days. The rice straw biochar was
produced by pyrolysis at 500 °C. The reactors were inoculated at 3 g VSI/L,
sucrose 90 g/L, one with biochar 0.4 % (w/v) and the other without biochar,
with gradually increasing COD. The BC reactor exhibited a lower accumulation
of VFAs, a higher proportion of methane in the biogaand enhanced methane
yield (13 %) and lag phase (29 %) in comparison to the control. The BC addition
also improved conductivity, granulation formation, and enhanced dominance of
the archaeaMethanosarcinaand Methanosaeta They attributed this positive
effect to the tandem reaction of syntrophic acetate oxidation and
hydrogenotrophic methanogens and suggested that BC could promote the
conversion of CQinto CHs and reduce H.

In the literature, there are fewer reports of HC addition than BC in AD. Wang et
al. [89] evaluated the impact of cellulose H@roduced at220 and 260 °C inAD.
They suggested that HC additioncould improve the acidification step by
enhancing theproduction and accumulation ofshort-chain fatty acids SCFA. HC
also promoted substrate degradation and enhanced sludge solubilisatioThey
observed that HC inhibited the methanogenic activity of the archaea fraction.
They partially attributed this to the competition of the humic substances and the
methanogens for the electrons, decrementing the reaction of acet@loAA 5-
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methyl-THMPTand consequently aslower SCFA consumptionThey reported an
increase in the activity of the enzymes involved in hydrolysis and acidification.
Furthermore, CodignoleLuz et al.[90] studied the use of spent coffee HC
produced by HTC afl80, 220 and 250 °@s a substrate for . The HC produced
at the lowest temperature exhibited the highest methane yield and production
rate. This highlights the potential of mild HTC as a preatment of biomass and
suggests that more severe HTC conditions could result in less degradable and
more stable HCs.

24.1.1 Biochar in syntrophic interactions

The proposedmechanismfor explaining how BC facilitates methane generation
is complex. TheHz produced during acidogenesis increasethe partial pressure
of the system, thus the rapid response di2-utili sing archaea and the subsequent
production of methane is key. The interspecies electron transfer (IET) between
fermentative bacteria and methanogensemploys formate or Hz as electron
carrier via the hydrogenases and formate dehydrogenases (FDldhzymes This
syntrophic IET relation can overcome the internal energy barrier (positive Gibbs
free energy) required for the transformation of VFAs and acetate into methane
[91].

Direct interspecies electron transfer (DIET) interactions are more
thermodynamically favourable and efficient than IET becausdéhey do not
depend on electron carrier diffusion. The mechanisms involved in DIET are
bioelectric connections via biological compounds, such as conductive pili-@li),
c-type cytochrome (OmcS) and electron transport proteins. However, it is
necessary for the microorganisms involved in DIET to have an intimate direct
contactwith the electron transport proteins on the outer membrane to deliver
the electrical contact.Remarkably, mcroorganisms @n exhibit DIET not only
through their conductive structure but also via exogenous noibiological
conductive materials (CM), such as carbofbased or metatbased CM Carbont
based CMssuch as chargsan mediate the DIET by emulating the function of pili
or OmcY91]. Though, it has been reported thathe electrical conductivity ofthe
BCs is not a ratdimiting factor for its role in the DIET processand other
properties responsiblefor enhancing the methanogenic rat¢48,91,92].

Chars catalyse the reductive reactions by facilitatiop the transfer of electrons
from bulk chemical electron donors to a receiving organic compound. The role
of the char in electron transfer catalysis could involve two types of redeactive
structures, quinone-hydroquinone moieties and/or conjugated A-electron
systems within the condensed aromatic sustructures of the char.A correlation
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between the carbonisation temperature and the redox properties of the chars
has been proposed The pool of redoxactive moieties within the chars produced
at low temperature (200-300 °C) is dominated by electrordonating phenolic
moieties. Whereas intermediate (408550 °C) and high temperature (>600 °C)
chars are dominated by electroraccepting quinones and condensed aromatics,
respectively. Furthermore, the redox states of the chars respond to changes in
the external redox conditions, suggesting that the chars caalso act as redox
buffers [93]. It hasevenbeen suggested that conductive carbon may affect the
gene expression and enzyme synthesis of bacteria, modifying then the metabolic
rates ofthe pathways, although this requires more researclj48].

The electrons involved in methanogenesis are generally destined to three
mechanisms: (i) certain microorganisms use them to chance theG° of the
reaction; (ii) some methanogens use them for methane generation; (iii) some
electron acceptorscompete forthem. Thus, the adition of CMs could capture
more electrons for the second mechanism and generate more methane by
triggering DIET and obtaining a more efficient syntrophic metabolismCM, such
as biochar, can replace the role of conductive pili or-type cytochrome,
facilitating thus the DIET between substrateoxidation microorganisms and
methanogens and in consequence AD performand81].

There are several reports of the addition of biochar for enhancing methane yield
and production rate. This improvement has ben generally attributed to the
properties of the chars and a series of biochemical interactions and micro
environmental conditions. These properties are further described in this
Chapter, whereas a detailed compilation and analysis of the reports of bioagha
addition in AD are discussed in Chapter 7.

2.4.1.2 Biochar as immobilisation support

It has been reported thatBCcan act as immobilisation support for the anaerobic
sludge. The improvementin methane generation has been attributed to the
proliferation and immobilisation of methanogens such asMethanosaetaand
Methanosarcing onto the biochar [87]. Cellimmobilisation in a digester often
takes place by adsorption and biofilm formation over solid support.The
immobilisation by physical adsorption is a reversible process performed via the
direct interaction of the cells and the carrier. Thebinding is achieved through
physical and chemical interactions. Thephysical interactions often include
hydrophobic and Van der Waals interactions, whd the chemical binding
includes ionic and covalent bonding[94]. For adieving the formation of
chemical bonds, the support must offer a large presence of functional groujin
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the other hand, the immobilisation by noncovalent interactions is simple and in
agueousbased media these interactions can occur by themselve$80]. The
transport of the nutrients from the bulk medium to the immobilised cellsexhibits
transfer efficiency [95]. Further advantages include biomass stability and
retention, better substrate consumption under low HRT, and enhanced
productivity [96]. One of the challenges of immobilisation techniques is the
preservation of the fundamental properties of both support anctells. From the
different immobilisation approaches, covalent bonding provides stability and
reduces leaching problems.

Biochar exhibits desirable properties that made it suitable for immobilisation.
Key physicochemical poperties include surface area, particle size, pore
structure and surfacefunctional groups. The working surface area available for
immobilisation involves the external surface area of the carrier minus the area
of the micropores. The porous structure of the support facilitates the biomass
transfer between thesubstrate on the bulk and the immobilised microorganisms
[96]. Moreover, certain interactions between the cell and the support depend on
the chemical characteristics of the surface of botht has been reported the
importance of OFGs on the surface of theupport for the hydrophilic character,
and the promotion of electrostatic interactions that lead to a greater
immobilisation performance [27]. The surface chemistry of the support has
shown a direct effect on the enzyme loading, bacterial population and the
catalytic activity of the immobilised system[97].

2.4.2 Comparison of biochar with other materials

Carbon,metal, and mineral-based materials have keen appliedto improve AD
performance by facilitating the syntrophic metabolism, increasing thus the
acceleration rates and the thermodynamic and kinetic efficiencie&mong these
materials areAC BC carbon fibre,ONTs, carbon cloth, grphite, graphene, zeolite
(aluminosilicate minerals), hematite (FeQGs), and magnetite (FeQs) [48,91].
Many of these materials have been reported tonaend AD and improve methane
yields and production rate (um). It has also been stated their potential as
supports for the immobilisation of the anaerobic sludge. In prolonged processes,
such as AD, superior biomass retention and substrate utilisation has been related
to the formation of biofilm and granular sludge.Reaching a high cell density in
immobilised systems could increase the efficiency of the production, reduce the
fermentation time, facilitate product recovery,and provide protection and re-
utilisation of cells [98]. These materials shouldhave a weltdeveloped porous
structure, and an affinity for the cells toimmobilise to guarantee the maximum
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activity possible. In addition, the cost of the supporting materials must be
reasonable, they must have a lonlife endurance, inertness and thermestability
[99]. Therefore, in this section, the implementation of other additives in AD is
reviewed and compared to the BCs.

Carbon materiak are recognised as the most promising materials for AD given
their high surface area, porosity, superior texturalproperties, and adsorption
capacity. There are several reports of the positive effect of different carbon
materials in AD. For instance, Yaret al. [100] improved the stability and
performance of thermophilic AD of glucose by addingranular activated carbon
(GAC) and CNTsTheaddition of these materials promoted the enrichment of
microorganisms involved in the DIET process, andlmost doubledpm. Lin et al.
[101] evaluated the addition of 0.05-0.2 % ofgraphene inthe AD, resulting in
similar um, reduced] and slightly improved the BMP vyield b the control, with
the best performanceof a graphene load of 0.1 %.

Shanmugam et al[28] compared five BCs and two ACGAC and powdered
activated carbon (PAC). The addition of the additives resulted in coiderably
higher BMP than the control, althoughthe BC systems surpassed the AQ is
import ant to distinguish the differences between these material8Cis produced
by the pyrolysis of biomass at 406600 °C. WhereasAC is produced by the
carbonisation of coal, asphalt, or biomass at 70801000 °C, accompanied by
physical or dhemical activation. There are similarities between BC and AG@s
both possess an amorphous structure with large porosity. Nevdreless, BC
usually exhibits a lower carbon content and gjnificantly higher presence of
functional groups than AC[63]. Nonetheless, he production of BCis relatively
cheaper thanother adsorbents becauseBCis produced at lower temperatures
and does not require activation[16] .

Other non-carbon materials have also demonstrated a pds/e impact on AD.
Suanon et al[102] studied the effect of two iron nanoparticles in AD, nanoscale
zero-valent iron (nZVI) and magnetite.They observed more methane content
with the addition of both nanoparticles attributed to facilitated DIET in
syntrophic methanogenesis. Although the concentration of thenagnetite
nanoparticles affected the yields since at 0.5 % the methane production was
improved whereas d 1 % it was strongly inhibited, suggesting a toxic effecOn
the other hand, they suggested thahZVI could serve as an electrowlonor for
methanogens and facilitate the release of hydrogen during corrosion/oxidain,
resulting in a better methane yield
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Achi et al.[34] compared the addition of BC and zeolite as addzent materials
for the AcoD of cassava wastewater and livestock manurgeolite improved
BMP, vhereas BGO A A O Add/Aaccélerated methane production. Shao et al. also
compared zeolite with wood BCprepared at 900 °C, with the addition of an
external voltage for the AD of acetateThe reactors undewent 4 consecutive
cycles, wheremore substrate was addedafter the depletion of the acetate For
the first cycle, neither additive of voltage had an effect. For the second cydles
mixture of BCand voltage enhancedhe BMP, whereas the zeolite offered no
difference in comparisonto the control. For the third cycle, both adsorbents in
the presence of the voltage improved AD, whereas the adsorbents by themselves
had no effect.They stated thatthe adsorbents, especially BG;ould amend only
reactors under stressful conditions

The useof BC as a heterogeneouwsnd inexpensivecatalysthas been reportedfor
different purposes. For instance, B@reated with H2SQ has beencompared to
other catalysts to produce biodiesel. BC has resulted in a better performance in
comparison to zeolite, niobic acid, Amberlysil5, sulphated zirconia, and
Al(HSQ)s. Moreover, BC has also been employed as an econooption for the
removal of tar, a necessary stefp produce syngas by biomass gasification. The
tar removal efficiency of BC surpassed the reported for olivine and dolomite,
commonly used materials. Thereby, the reports of the performance of biochar
indicated its potential as an alternative and economic catalyst, not only for AD
but for different processes[31].
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Chapterlll

Materials andmethods

3.1 Introduction

The scope of the projectcovered the production of chars from different
feedstocks and their application as additives and immobilisation materials in
fermentative processes. This chapter provides information about the feedstock
materials, equipment, analyticaltechniques,and expaiments used throughout
the PhD research. For facilitating the connection witlthe results from further
chapters, this chapterwas divided into three stages as outlined inFigure 3.1.
Firstly, a description of the feedstocks and the methods used for pyrolysis and
hydrothermal carbonisation. This is followed by a detailed discussion of the
methods used for the chemical, physical and functional characterisah of the
chars. Secondly, information on the source of digestate inoculum and substrates
employed in anaerobic fermentationsis provided with a description of the
equipment used for anaerobic digestion. The experimental methodologghat
was used for char addition to anaerobic digestionis described Thirdly, the
anaerobic digestion results originated from this work are compared to the
literature via factor analysis. The tests, software and methods used for this
comparison and other statistical tools usedhroughout this thesis are discussed
in this section.

All chemicals used for these methodologies were of analytical grade and used as
received.
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Figure 3.1. Flow chart outlining the three method sections and analytical
techniques used during this thesis work.

Blue: material and data; black: chars; yellow: treatment; orange anaerobic digestion
experiments; grey: characterisation methodology, dark grey: statistical methods; green:

fermentation products biomethane and volatile fatty acids quantified by gas
chromatography.

3.2 Thermochemical processing and char characterisation

3.2.1 Feedstock description

A range of organic wastes from agricultural and invasive sourcesasemployed
as feedstocks for the pyrolysis and hydrothermal carbonisation processes. The
selection was based on the compositional differences between them given their
nature and origin. Thus, the selected feedstocks comprised oak wood, water
hyacinth, and saw wrack. Holm oak (Quercus ilex wood was obtained from a
clean forestry holm oak wood residue.The seaweed saw wrack Fucus serratuy
was collected from the shores of Aberystwyth, Wales. This biomass was
subsequently airdried and milled down as providedby Aberystwyth University.
Water hyacinth (Eichhornia crassipes was collected from Lake Victoria in
Uganda and provided via a collaboration with the Centre for Research in Energy
and Energy Conservation (CREEC) at Makerere University. WH was dried and
milled before its shipment to the UKThe characteristics of the feedstockscould

be alteredduring storage due to their composition, and the storage conditions,
such asduration, climate, container configuration and the presence of air
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Biomass can lose masin the form of moisture, volatile chemicals, and dry
matter. The stored biomass neesd to have a low content omoisture sincewater
is linked to biological degradation andoss of dry matter, especially when stored
Storageat an optimal temperature forfungal activity (20-30 °C)is problematic if
the biomass has aconsiderable moisture content The loss of mass and
compositional changes of biomass are more significant when sl in
uncovered conditions[103]. To minimise the above mentioned, all samples were
stored in a solid contaner in a dark cupboard at room temperature. Biomass
collected in different periods will exhibit different compositions due to seasonal
variations. Thus, the feedstocks used for producing the chars corresponded to
the same batch.

3.2.2 Pyrolysis

Oak wood hochars were produced by Proininso S.A(Malaga, Spain)via slow
pyrolysis in a mono retort reactor from a barkfree holm oak wood residue, in
the absence of oxygen at 450 and 650 °C. Thee referred to as OWBC450 and
OW-BC650, respectively. The biochars wengrovided with particle sizes ranging
from approximately 5750 mm.

Pyrolysis was performedat the University of Leedsin a laboratory-scale fixed
bed slow pyrolysis reactor shown inFigure 3.2. Between 50 and 150 g of sample
was added to astainlesssteeltube and further placed inside a metal mesh basket
of 82 mm internal diameter (ID). The feedstockssaw wrack and water hyacinth
were pyrolysed at 2 HHT sets, 450 and 600 °C, and held constant for 1 hour. After
this period the heater was tuned off and allowed to cool down at a rate of 0-4
1.4 °C/min. The nitrogen flowwas maintained for at least one houduring the
cool-down period for removing the remaining evaporated material. The sample,
pyrolysis oils and containers were weighed for yial calculation. Once cooled, the
chars were stored in airtight containers.

The pyrolysis reactor consisted of a sealed tube furnace of 95 mm I.D. x 820 mm
in length where the mesh basket containing the sample hung at the centre
(Figure 3.3). A 1.2 kW tube furnace externally heated the reactor at a heating
rate of 5 °C/min until reaching the desired highest heating temperature (HHT).
A flow of nitrogen at 200 mL/min is fed through the top of the reactor to remove
oxygen and volatile compounds and create an inert atmosphere. The addition of
a nitrogen carrier begins 10 minutes before the heating commences for purging
the oxygen from the system and assuring ax@ conditions.A condenser set at 4
°C cooled down the hot gases that originated from the furnace, removed the
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condensable compounds, and further collected them in a catch pot below. The
exhaust nonrcondensable gases were passed through two impingers temove
liquid or solid residues from the stream. The impingers weren series, the first
one containing water and the second quartz wool.

Nitrogen Inlet

Figure 3.2. Bench pyrolysis reactor used for biochaproduction.
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Figure 3.3. Schematic describing the components of the pyrolysis reactor
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3.2.3 Hydrothermal carbonisation

HTC was performedat the University of Leedsn a2 L benchtop autogenic non
stirred reactor (Parr Instrument Company, USA)Kigure 3.4). 96 g of sample and
880 mL of distilled water were placed inside a wigthed glass liner, sealed, and
inserted into the HTC reactor. A heating jacket surrounding the vessel heated the
reactor using a ramped proportionatintegral-derivative (PID) controller at a
heating rate of approximately 8 °C/min. Once the HTC reactor relaed an HHT
of 250 °C, it was held for 1 h, while the pressurevas increased up to
approximately 40 bar. The reactor temperature was measured with two
thermocouples, one located on the inner wall of the reactor and the other at the
centre of the reactor. At the end of the residence time at the desiredH, the
heating was turned off, andthe reactor wasallowed to cool down. The reactor
was opened once it reached room temperaturghe gaseous phase was vented
through the fume cupboard and the reactor liner containing the solid and liquid
phase was taken out and weighed.iquid and solid phases were separated by
vacuum filtration using 150 mm filter paper (Whatman, UK). The obtained
hydrochar was first allowed to air dry in a ventilated fume cupboard and then
oven-dried at 60 °C overnight. The mass balances of materials acmhtainersare
registered for further calculating product yields.
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Figure 3.4. Schematic describing the 2000 mL HTC Parr reactor. a) HTC reactor
design; b) components of the HTC system; c) HTC reactor uséat
hydrochar production. Modified from Kottatep et al[104].

3.2.4 Biochar activation

Activation treatment modifies the essential properties tha govern the catalytic
activity of carbon material, such as surface area, pot®lume, pore size,and
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functionality. In the chemical activationprocess the raw material is impregnated
with the reagent and subsequently pyrolysed. Chemical activation is plerred
over physical activation since it results in higher yield, more porous biochars and
allows the use of lower pyrolysis temperature and time of treatmentthereby
reducing energetic requirements[105]. However, the utilisation of chemical
agents creates pollution concern$l06] .

The chemical activation of biochar with the metal magnesium followed the
methodology described by Zhang et a107]. The same lolm oak wood biomass
used forproducing the OWHC250by HTCwas selected for thisnethodology.10

g of untreated wood flakes were mixed with a MgCk solution, where 40 g of
MgCbAH20 were dissolved in 60 mL of distilled waterThis mixture was stirred
thoroughly, left to stand for 2 h at room temperature, and dried in an oven
overnight at 100 °C. Afterwards, the biomass impregnated with MgCivas
pyrolysed at 450 °Cin the slow pyrolysis reactor at the University of Leeds, as
describedin section 3.2.2 The resulting biochar was designated as OWB/IC450
MgCl.

3.3 Analysis of the feedstocks and chars

Figure 3.1 shows a flow diagram of the analysis used for the untreated biomass
and chars. The materials were homogenised into fine powder by mortar and
pestle before analysis, except for the adsorption isotherms. It was important for
this method to maintain the innate physical structure of the chars.Biochar
suffers a mild and slow oxidation process at ambient temperature, that
exacerbates by being exposed to atmospheric conditions and warmer
temperatures. Atmospheric aging incorporates moderate amounts of oxygen
onto the biochar by increasing the OFGs. Photochemical transformation of
biochar induces the generation of active oxygen species, such as hydroxyl radical
i B/ (qh OEIT @), &dsupedxide M [198]. To minimise the above
mentioned, all samples were stored in a solid container in a dark cupboard at
room temperature.

3.3.1 Proximate composition

The untreated feedstocks and produced chars were analysed for moisture
content (M), volatile matter content (VM), fixed carbon content (FC) and ash
content (Figure 3.5). The proximate composition was determined via a
thermogravimetric analyser (TGA) (Mettler Toledo TGA/DSC 1). Approximately
10 mg of the homogenised sample was placed into an Alumina 70 pL ceramic
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crucible. The samplewas compacted and flatted by carefully tapping on the
worktop, weighed, covered witha stainless-steellid to protect from atmospheric
moisture, and then placed in the TGAThe equipment automatically took the
sample, removed the lidgand performed the analysisThe analyserwas set from
25 to 900 °C with a heating rate of 25 K/min and under a constant flow of
nitrogen (50 mL/min). The program followed a temperature ramp: (1) linear
heating from 25 to 105 °C; (2) held at 105 °C for 10 min for moisture removal;
(3) linear heating from 105 to 900 °C; (4) held at 900 °C for 10 min for volatile
matter removal; and (5) held at 900 °C for 15 min while switching nitrogen flow
to airflow for promoting complete combustion of fixed carbon. The remaining
product comprised just the inorgaric fraction (ash). The differencan mass loss
during the heating stages allowedor calculating the percentage for moisture,
volatile matter, fixed carbon and finally ash.
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Figure 3.5. Example of a proximate analysis curve produced by TGA analysis,
noting the division of sections.

3.3.2 Ultimate composition

The aim of the ultimate analysis is the quantification of the elemental
composition of biological materils: carbon, hydrogen, nitrogen, sulphyrand

oxygen (CHNSO). The principle of the method is the flash combustion of the

OAi p1 A OEA OEA Al Al AT OAl AT Al UOGAO O4EAO
2.5-3.0 mg of sample were weighed inside tin foil capsulegElemental
Microanalysis D1009) with a dimension of 8 x 5 mm crimped for removing the

presence of air, and finally analyseth duplicate. The encapsulated sample was
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combusted at 1000 °C inside the reaction zone of the elemental analyser and
within a helium atmosphere and a known amount of oxygen. The elemental
composition of the samples was calculated by the conversion of carbon to £O
nitrogen to NOx, sulphur to S®@and hydrogen to HO. These gases were then
passed through gas chromatography coupled ta thermal conductivity detector
(TCD), which identified the composition according to their chromatogram. The
instrument was calibrated, and the analysiswas verified by running standards
and certified biomass reference materials (Elementa¥licroanalysis, Devon, UK)
in parallel to the samples Table 3.1).

The values for CHNS are expressed as the percentage of total dry weight, with
total oxygen (O) determined by difference as follows:

0 b pnmoéobp OP O0b Yp QP Equation 3-1
Table 3.1. Known composition of the standards used for ultimge analysis

Ultimate (% wt, db)
C H N S o

Standard Description

2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-
B2044 BBOT ) 7253 6.09 651 744 7.43
yl) thiophene (BBOT) OAS
B2276 Oatmeal Oatmeal Organic Analytical Standard 47.76 5.72 2.09 0.16
B2306 Coal Coal Standard Sulphur Range 2.04% - - - 2.03

B2322 Coal Ultimate coal standard 45.14 339 091 227 5.40

The standards were acquired from Elemental Microanalysis, UK.

3.3.3 Inorganic analysis

X-ray fluorescence (XRF) is a nodestructive elemental analysis technique that
provides quantitative chemical information about a given material. XRF allows
the quantification of the absolute concentration of inorganics from XRF signals.
It consists of the bombardment of a specimen with Xays, where a highenergy
incident, also called primary Xrays, collide with the atom disturbing their
stability, and resulting in changes in the electrons of the orbitals of the atom. An
electron from a low-energy level is ejected leaving a space that is subsequently
filled by an electron from a higher energy level. The difference in energy
produced by the movement ¢ electrons is called secondary Xays and is
characteristic of each atom. The resulting characteristic fluorescence spectra are
collected and analysed for quantificatior{109] .
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XRF was used to determine the inorganic elemental composition of the chars and
untreated samplesBefore analysis, he homogenised samples were prepad by
calcination in a furnace muffle (Nabertherm B80), the heating rate was not
determined, and the atmospherewas not controlled. The samples wre first
heated at 550 °C for two hours and then a further treatment at 850 °C for two
hours. The ashes were dalected, ground with mortar and pestle for
homogenisation, and stored in a desiccator. 0.7 g of ash was accurately weighed
and mixed with 6.3 lithium borate flux into a platinum crucible. This mixture was
heated at 1100 °C and melded back into the crucédlusing a Katanax K1
automated fusion system. The fused beads were then analysed by wavelength
dispersive Xray fluorescence (WDXRF) on a Primus WDXRF 1 (Rigaku, Japan).

3.3.4 pH measurement

The pH measurement of the chars was performed by following the methodujy
suggested by Singh et aJ110]. 5 g of airdried biochar (<2 mm) were weighed
into a 100 mL centrifuge bottle, with 50 mL of distilled water. The mixture was
stirred for 1.5 h at room temperature. Afterwards, the suspensiomvas allowed
to stand for 30 min and the pHvas measured.

3.3.5 Gas physisorption for surface are a and pore size distribution

Gas adsorption (physisorption) measurements are implemented for the analysis
of the surfacearea(SA)and pores size distribution(PSD)of solid materials. The
OAOI OPEUreEdD héepboEdss where an adsorbable ggd2 or CQ),
named the adsorptive, gets into contact with the surface of solid material, named
the adsorbent. The intermolecular forces involved in physisorption include
attractive dispersion and short-range repulsive forces. Additionally, the
geometric ard electronic properties of both adsorbent and adsorptive lead to
some specific molecular interactions, such as polarisation, fieldipole, and field
gradient-quadrupole. Hence, the mechanisms behind physisorption are also
dependent on the properties of thegas (adsorptive), and the shape of the pores
The complete accessible volume inside micropores is considered the adsorption
space that can be filled with gas (micropore filling). Whereas in the case of
mesopores, the physisorption comprises more stagesndluding monolayer-
multilayer adsorption and capillary condensation. On the other hand, the gas
adsorption on the walls of macropores only comprises surface coverafll].

The adsorption isotherms represent the relatiorship between the amount of gas
adsorbed and theequilibrium pressure of the gas at a constant temperaturd.he
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adsorption isotherm is determined by a static volumetric method at &onstant
temperature. Thus, a known amount ofpure gas is introduced into a confined
volume of the adsorbent, and as adsorption develops, the pressure of the
confined system falls until reaching equilibrium. At equilibrium pressure, the
amount of gas admittedcorrespondsto the difference between the amoat of gas
adsorbed and the necessary amount of gas for filling the space that surrounds
the adsorbent (dead space). The measurement of the admitted gas is taken point
by point, while successive dosing of gas is administered, thepeints are used
for the formation of the adsorption isotherm[111].

The physisorption isotherms are obtained by plotting the volume of gas
adsorbed against the relative pressurg/ p° and can be grouped into six types
(Figure 3.6). The reversible Type 1 isotherm is concave against th@ p° axis
until p/ p°© 1, where n reaches a limiting value. The reversible Type Il isotherm
suggestsunrestricted monolayer-multilayer adsorption with a marked Pant B,
which indicates the beginning of the linear section of the isotherm, representing
thus the point where the monolayer coverage i€omplete, and the multilayer
adsorption starts. The Type Il isotherm is characteristic of both nofporous and
macroporous adsorbent materials. The reversible Type Il isotherm is convex
against the entirep/ po axis; thus, it does not present a Point B and is not found
for most adsorbents. The initial section of the Type IV isotherrxhibits the same
pattern that Type Il isotherm, which is attributed to monolayermultilayer
adsorption. In addition, the Type IV isotherm folbws a characteristic hysteresis
loop, associated with capillary condensation in the mesopores, amoduces a
gas uptake limitation over higherp/ po. The Type V isotherm is related to the
Type lll isotherm, as the interaction between the adsorbent and thadsorbate is
weak. The Type V isotherm is also uncommorexcept for certain porous
adsorbents. Finally, the Type VI isotherm follows a stepwise multilayer
adsorption pattern, with a stepheight that representsthe monolayer capacity of
each adsorbed layerThe sharpness of the steps depends on the system and the
temperature and it is common to have only two or three layers. However, the
Type VI isotherm is commonly reported only when using argon or krypton as
adsorptive. Furthermore, the interpretation of physisorption isotherms starts
with the identification of the type of isotherm, followed by the identification of
the adsorption processes that may be taking place (monolayenultilayer
adsorption, capillary condensation or micropore filling). Afterwards, an
empirical model is used for the quantification of the surface area and pore size
distribution [111].
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Point B

Specific amount adsorbed n

Relative pressure p/p,

Figure 3.6. Physisorption isotherm types. Adapted fron{111].

I) microporous solids; Il) nonporous or macroporoussolids; Ill) no identifiable
monolayer formation; V) mesoporous solids; V)hydrophobic micro and
mesoporous materials; VI) highly uniform nonporous solid.

The surface area and porosity of porous materials are typically obtained by:N
adsorption at 77 K. However, this bears certain diffusion limitations due to the
inability of N2 to reach micropores that could underestimate the surface area.
This problem could be overcome by using another adsorptive, such as£xD272
K. At this tempeature, the CQ molecules exhibit higher kinetic energy and
smaller kinetic diameter (3.64 A) that allow them to enter into narrow pores
[67].

Many models consider different characteristics of carbon materials, such as
geometry, energetic heterogeneity of pore walls, the influence of neighbouring
pores or the presence of pit defects on #carbon surface. However, in practice,
using a simple slitshape model is more appropriatdbecausefor considering the
characteristics mentioned above, some assumptions must be taken distressing
thus their justification. Even though the BrunauetfEmmett-Teller (BET) model is
the most used for SA and PSD evaluation, it was not suitable for the isotherms
obtained for the chars. Therefore, the nonlocal density functional theory
(NLDFT) model was selected due to its compatibility with microporous materials
[112]. NLDFT assumes pores to be infinite slits with graphite walls, meaning a
solid structure and pore topology, where all the pores, despite the sizexhibit
the same shape, and at the same time, each pore behaves independefit3].
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Density functional theory (DFT) accompanied by computer simulation methods
measures equilibrium density profiles for the adsorption of fluid on the surface
and inside the pores, while calculating the PSD of mesand microporous
materials. Particularly, NLDFT simulation provides a highly accurate description
of the fluid density profile inside narrow micropores. NLDFT calculates
isotherms for a set of pore size by integrating the equilibrium density profiles
of the fluid over the analysed systenj114]. The superiority of NLDFT and i
compatibility with the properties of carbonaceous materials and both
adsorbates, N and CQ, make this method one of the most accepted and reliable.

The samples were outgassed before analysi® remove all the physically
adsorbed species. The outgassinwas achieved by applying a high vacuum at
elevated temperatures. Increasing stepwise heating of 50 °C every 30 mtes
until reaching 150 °C for HCs and 200 °C for BCs, and held for 1.Brimediately
before analysis, the samples were flushed by 30 mitesof nitrogen flux at room
temperature. The selection of the temperature took into consideration the
prevention of char decomposition The analysis was performed in a
Quantachrome Nova 2200Two adsorptive gases were tested,Nt -196 °C (77
K) maintained with liquid nitrogen, and CQ at 0 °C (273 K) maintained with ice.
Density functional theory (DFT) models for C®and Nz on slit-pore carbon were
used for the pore size distribution (PSD) analysis on the Micromeritics software.
The NLDFT models for infiite slit carbonaceous materials for C&at 273 K and
Nz at 77 K were selected for the analysis of pores with 0.35.0 and 0.35100 nm,
respectively[115,116].

3.3.6 Attenuated reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

Fourier Transforms Infrared (FTIR) spectroscopy provides qualitative
information on the surface functional groups of a given sampl@fthe different
methods reported for FTIR, attenuated total reflectance (ATR) is the most used
for char analysis. In ATR, the sample is placed in direct contact with an internal
reflection element (IRE) such asa diamond crystal, with a higher refractive
index than the sample and the surroundings. A specimen is irradiated with a
continuous spectrum ofinfrared energy to reach the first vibrationally excited
state, while the absorbed light quanta are measured. The spectrum obtained in
the interferogram shows an absorption band at a frequency of the vibrations.
Afterwards, the spectrum was calculated using the fast Fourier transform
technique and correlated for the identification of compounds[117]. Each
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material exhibits a unique spectrum since it absorbs andransmits different
ranges and levels of light. Nonetheless, peak assignment for the stretching
vibrations is largely reported for char materials.

The equipment employed for the ATRFTIR analysis was anS10 NicoletATR
FTIR spectrophotometer fitted with a diamond crystal. An gproximate 34-36
scans vere taken over a range of 4000400 cmland a resolution of 4 cnt. The
readings were collected every 5 mintesfor background, and the sample spectra
data was automatically subtracted to minimize the interferences from
atmospheric carbon dioxide.

3.3.7 X-ray Photoelectron Spectroscopy (XPS)

XPS identifies the elemental surface composition of a material by assessing the
oxidation state of the elements and the dispersion of each element. The system
involves asource of primary radiation (sample of study), an ultrahigh vacuum
chamber with an electron energy analyser, and the source ofrdy [118]. The
specimen is irradiated by a soft Xray beam (15 keV) for the excitation of the
atoms within the X-ray penetration depth and posterior relaxation from their
excited state by the emission of lowenergy photoelectrons (262000 eV). The
emission of photoelectronsleaves an energy spectrum corresponding to the
structure of the energy levels characteristic of the atoms from which they were
originally emitted. Thus, the photoelectron spectrum allows the identification of
the atomic species present in the neasurfaceregion of the analysed specimen
[119].

The generation and detection of photoelectron by XPS can be divided into three
main steps: excitation,relaxation, and transport of the photoelectron to the
surface. First, the atoms near the surface absorb energyj from an incident x
ray photon, which leads them to an excited state. Second, the emission of
photoelectron from the excited atom at an energy level of original binding energy
Es leads to a relaxation state. Third, the photoelectron travels through the
material up to the surface, where they are emitted. The photoelectrons
contribute to the spectrum intensity [119].

XPS measures the energy emitted by the electrons of a sample, the transitions of
the observed photoelectrons are described according to their quantum numbers.
The transitions are labelled by the scheme nlFirst, n comprise the principal
guantum number, with values of 1, 2, 3, etc. Second, the notation | corresponds
to the quantum number for the orbital angular momentum of the electron, with
values of 0, 1, 2, 3, or morthan the commonly used letters (0=s, 1=p, 2=d, 3=f).
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The peaks observd in the XPS spectra are derived from orbitals with an angular
momentum quantum number greater than zero and usually split into two. The
latter results from the interaction of the electron angular momentum resulting
from its spin with its orbital angular momentum. Each electron possesses a
guantum number related to its spin angular momentum (s2), with values for s of
+1/2 or -1/2. Third, the quantity j comprises the vectorial addition of the two
angular momenta {.e., j= |1+s|) [118]. The photoemission detected in XPS
spectra is presented thus as counts vs electron energy as follows:

o @@ O 3 Equation 3-2

Where Esis the binding energy of the electron. This parameter iesponsible for
the identification of the electron by both the parent element and atomic energy
level. E is the kinetic energy of the electron experimentally measured by the
spectrometer. The value for kis not intrinsic to the material since it depends on
the photon energy of the Xray employed. Additionally,hv is the photon energy
AT A 3 EO OEA OPAAOOI I AOGAO x1 OE &OT AOCEIT T &€
Therefore, the peaks on the spectra correspond to the electrons that were
excited and escaped without energy loss. On the other hand, the backgrauof
the spectrum comprises the electrons that undergo inelastic scattering and
energy loss[118]. It is necessary to subtract the background of the spectrum for
estimating the area of the peak intensity. Tougaard is one of the most employed
methods[120].

XPS analysis of biochars was acquired using a Specs system with kigknsity
XR50 Xray monochromatic AIKj OA A E A48&71leV dndEa Phoibos 150
hemispherical electron analyser Figure 3.7a). The analysis of biochar took
place atan ultrahigh vacuumof 10-° Pa, the survey XPS spectra were acquired in
a single sweep with a pass energy of 25 eV, in steps of 0.1 eV and dwell time of
0.1 s. Highresolution C1s and Ols spectra were obtained with a pass energy of
3 eV. On the other hand, XPS analysis of hydrochar was acquiredsing an
EnviroESCA system at near ambient pressure (NAP), under an argon atmosphere
at a gas flow of 2 mL/min Eigure 3.7b). The hydrochar XPS spectra for the
survey and the highresolution spectra, Cls and OLs, were obtained with a pass
energy of 100 and 50 eV, respectively.
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Figure 3.7. XPS equipment used for analysing the surface chemistry of the chars.
a) ultra-high vacuum XPS Specs system; hbjear ambient pressure
EnviroESCA system.

Curve fitting and semiquantification were performed using Casa XPS software
with the Tougaard background subtraction for all components of the same peak.
The Cls, O 1s and N 1s binding energyese assigned at 284, 532 and 399 eV,
respectively. The Tougaard method was selected for the dgais of the peaks
given its simplicity and reliability when analysing several materials with
different chemical compositions. It is common for experimental data to exhibit a
chemical shift in the binding energy axis due to the differences in sample,
measuing conditions and analytical techniques[120]. Therefore, a chemical
shift correction based on theoretical and experimental calculations previously
reported for equivalent material was performed[121] . Assignment of XPS peaks
to chemical elements found on the surface dhe chars was based on literature
reports for similar materials.

3.4 Anaerobic digestion

3.4.1 Inoculum

The anaerobic sludge was obtained from an anaerobic digestion reactor
operated at 37 °C at thavastewater treatment (WWT) plant Esholt in Bradford,
West Yorkshire. The collected inoculum was stored at 4 °C until require@nd
replaced every three months to ensureghe quality, as advised by Holliger et al.
[122] . Before usethe particle size of the inoculum was homogenised by passing
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it through a 1 mm mesh. The TS and VS content of the initial inoculum was
measured and adjusted toachievethe desired inoculum to substrate ratio (ISR).

3.4.2 Substrate

Cellulose is often employed as reference substrate in ADAccording to the
literature, 80-90% of the cellulose isdirected to methane generation whereas
the rest is directed to cell metabolism and the formation of new celld23].

The microalgaeChlorella vulgariswas used as a cgubstrate in AD. Autotrophic
C.vulgaris was produced and dried in China and cracked in a ball mill at the
University of Leeds.The exact strain, growth mediaconditions and locationare
unknown for this substrate, nonetheless its chemical composition was
determined. C. vulgarihad a proximate composition of moisture 7.06 %, volatile
matter 71.69%, fixed carbon 13.28 % and ash 7.98%; and an ultimate
composition of C 54.9 %, H 8.05 %, N.27 %,and O 20.11 %.

3.4.3 Total and volatile solids

The values for total solids (TS) and volatile solids (VS) were quantified
gravimetrically according to APHA (2005). First, the clean evaporating dishes
were ignited at 550 °C for 1 hour ina muffle furnace, after cooling down, they
were transferred to a desiccator, and weighedWhbish). On the dried evaporating
dishes, from 25 to 50 g of sample asplaced and weighed (Vsampid. Afterwards,
the samples were dried in an oven at 105 °@ernight, cooled in a desiccator for
balancing the temperature, and weighed Wbrymatter). The remaining mass
balance of the sample corresponds to the T&quation 3-3). The residual dry
matter was then placed in a muffle furnace at 550 °C for 2 h, and once more,
cooled in adesiccatorand weighed (Wash). The remaining mass balance after the
calcination correspondsto the ash content of the sampleKquation 3-4). Finally,
the values for VS were according tequation 3-5.

P Y'Y " o Zpmm Equation 3-3
© ar, (}\) d) Z
P oiQ 5 o pmm Equation 3-4

Pw"Y P"YY PO IQ Equation 3-5
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3.4.4 AMPTS Il equipment

Figure 3.8 shows the Bioproces8¥ Automatic Methane Potential Test System
(AMPTS 1) used for the assessment of biomethane production during AD. The
system encompasses three units: a thermostatic water bath, a carbon dioxide
fixing unit, and a device for measuring gas volume. The AMPTS Il accepts fifteen
reactors of 500 mL volume, consisting of 400 mL working volume and 100 mL of
headspace. The reactorare introduced in the water bath for adjusting the
temperature and individually fitted with an automatic agitator for mixing the
media for 60 seconds every 10 minutes. The biogas generated in each reactor
passes to its designated CQixing unit containing 80 mL of an alkaline solution
(3M NaOH). Several acid gassésctions, such asCQ and RS are retained by
reacting with the NaOH, allowing only the passage of @br Hz through the gas
volume measuring device. This device measures the volume of £&hd H
according to the principle of liquid displacement and buogncy via a multiflow
cell arrangement with an accurately calibrated volume of approximately 10 mL.
The gas measured is automatically normalised to standard conditions (0 °C, 1
atm, and no humidity), and quantified since the gas volume generates a digital
pulse that is integrated by a data acquisition system.

Thermostatic 4 CO, fixing
water bath unit

Figure 3.8. Automatic Methane Potential Test System (AMPTS II) used for
anaerobic digestion experiments.

3.4.5 Biochemical methane potential

The biochemical methane potential (BMP) measurement was performed using
the AMPTS Il systems. The cumulative volumetric BMP values obtained for each
experimental treatment were calculated according toEquation 3-6. A blank
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reactor only containing inoculum was run in parallel to account for residual

methane emissions.
Equation 3-6
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3.4.6 Theoretical biochemical methane potential
The potential BMP yields can be estimated from the chemicalroposition of the
substrate. The conversion of carbon matter during AD followsEquation 3-7,

600 Equation3-7
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This model has a certainty of 95 %, is timéndependent, and considers the mixed

culture and multiple metabolic pathways followed in AD. Although it does not
take into consideration the necessary energy for cell mass growth and

maintenance.
The theoretical biochemical methane potential (BMPn) of the substrates of

study has been calculated based on Boyle's equatio&quation 3-8), wherec, h,
o and nrepresent the molar fractions of C, H, O and N, respectivgh24,125].

This equation assumes a substrate breakdown efficiency of 100 % and considers

only the products CH: and CQ. The ash content was subtracted from the
calculation and only the biodegradable fraction was considered, hence the BMP

is expressed as mL Ciy VS.
w Q¢
600 S T~ E g T Y Equation 3-8
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During the anaerobic cedigestion (AcoD) of two substrates, the BMP is
calculated based on the BMR and ratio of each substrate usedor the

experiments according toEquation 3-9.
Equation 3-9
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where BMPn 2 and BMPn b are the theoretical gas yield, and £and G are the
mass fraction of substrate a and substrate b, respectively.

3.4.7 Anaerobic biodegradability

The anaerobic biodegradability (BD) of methane dependsn the degradability
degree of the substrate used for AD. The BD was calculated based on the BMP
of the substrate and the final experimental BMP yield (BM&,) for each
treatment of study (Equation 3-10) [125].

600

00Pb ———ZP T TT Equation 3-10
600

3.4.8 Kinetic models

The experimental BMP values were fitted to the modified Gompertz model
equation according toEquation 3-11 [126].

wooen §y wooe 5 AT N :Iz \
OLLO O0ULL Mwn Qoow: o p Equation 3-11

where BMP(t) is the cumulative methane yield (mL Cig VS) at time t (day),
BMPnax is the maximum methane yield (mL Ckg VS), um is the methane
production rate (mL CH/g VS-day), 1 is the lag phase (days), and e is the exp(1).
By fitting the experimental data into the Gompertz equation, a coefficient of
determination (R?) is obtained to validate the model The data of each
experimental run is fitted into the model, and the valueseported throughout
this work correspond to the average between the runsThese calculations were
obtained using the SPSS Statistics 26 software.

3.4.9 Char addition in anaerobic digestion

The standard processing conditions for AD experiments on the AMPTS Il systems
included inoculum 5 g VS/L, carbon substrate (cellulose) 5 g VS/L, ISR ratio of
1:1, biochar 3 % (w/v). First, the solids (substrate and charsyere weighed into
the bottles. The concentration of the sieved inoculum (1 mm) of known VS was
adjusted with distilled water to double the desired VS value (10 g VS/L), 200 mL
of this inoculum were added to each reactor. The final working volume of the
reactors (400 mL) was adjusted with distilled water, obtaining thus the final
inoculum concentration (5 g VS/L). The pH was measured but not adjusted. All
reactors were flushed with nitrogen gas for ensuring anaerobic conditionslo
achieve this, a bag filledvith N2 gas was connected to each of the reactoesd
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flushed to remove the air.Afterwards, the reactors were incubated at 37 °C for
30 days and stirred automatically for 60 s every 10 min. Blank reactors
containing only inoculum ran in parallel to account for residual methane
emissions always in duplicate All treatments were performed induplicate, or
triplicate as stated for each case.

The AD conditions used in the experiments correspond to the standard
conditions unless stated otherwise. Othernoculum concentrations, ISR, char
load and substrates were employed while maintaining the standard procedure
with minor modifications. For instance, if a final inoculum concentration of 10 g
VS/L was employed. The inoculum was first adjusted a concentraion of 20 g
VSI/L, of which 200 mL were taken to seed the reactors at a finebncentration
of 10 g VSIL.

3.4.10 Immobilisation of anaerobic sludge on biochar

The potential of the chars to immobilise the anaerobic sludge, followed by the
capacity of the attachedcells to produce methane during AD was investigated.
Two consecutive AD batches were performed using the standard AD conditions
described above with the chars OWHC250, OWBC450 and OWWBCG650. Firsty,
digestion with the inoculum 5 g VS/L and 3 % (w/v) of bars at 37 °C for 48 h
without substrate addition. Due to the absence of substrate, no further bacterial
growth was assumed Ths first digestion aimed to promote the
immobilisation/adsorption of the AS to the chars. After 48 h of the first digestion,
the chars werecollected,and the supernatant discardedThe biochar wasplaced
on a sieve and gently washed with distilled water to remove the excess sludge
that was not incorporated and/or immobilised onto the biochar materials.
Secondy, the collected charswere employed as the source of both char and
inoculum for seeding a second AD batch. Substrate (cellulose at 5 g VS/L) was
added to the digesters, oxygen was removed with2Mor promoting an anaerobic
environment. The digesters were incubated at 37 °C fef0 days.The amount of
inoculum was not fixed for the second run, thereby it was not possible to state
the ISR.The char runs were not performed in replicates, while a duplicatblank
control was run in parallel to account for residual methane emissions.

3.4.11 Volatile fatty acids analysis

Total volatile fatty acids (VFAs) were determinedn the liquid fraction after the
fermentative digestion. The samples were centrifuged and filtered using a 0.2 um
syringe filter and then analysed by gas chromatography (GC). Thealysis was
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performed with an Agilent 7890AGCfitted with a DBFFAP column 80 m x 0.32
mm, film thickness of 0.5 um) and a flame ionisation detector (FID)An
autosampler injected 10 pL of the sample at a 5:1 split ratio witthe inlet port.
The GGFID operating conditions were 150 °C inlet temperature, 200C FID
detection temperature, nitrogen as makeup gas, and helium at 10 mL/mirasthe
carrier gas. The calmn oven program started at 60 € andwas held for 4 min,
then increased to 140 °C with a ramp of 10C/min. Afterwards, the temperature
was raised to 200 °C with a ramp of40 °C/min and held for 5 min. The
comparative standards used were a volatile acid standard mix (Supelco) and
alcohols made from high purity single reagentsAn example of a kromatogram
and standard report for the quantification of volatile fatty acids via gas
chromatography is shown in the AppendixFigure B.1. Data was acquired with
ChemStation software

3.4.12 Design of experiments

Design of experiments (DOE) is a systematic technique for planning and
analysing by statistical toolsthe information obtained from an experiment A
mathematical model isthen created, whichis used to understand the influence

of the experimental parameters on the variables of response. Factorial designs
are commonly usedn DOEwhen more than one factor is evaluatedlhe effect of
afactor, also known as the main effect, is defined as the response change due to
variations in the level of the factor.While the interaction between factors is a
form of curvature on the response surface modeThe linear regression method

is used for fitting models tothe experimental data. For instance, a twdactor
model can be represented as outlined iEquation 3-12.

® f T T T o O Equation 3-12

7TEAOA 9 EO OEA oORA®DOHOA @AAIkIhe édoidly A ££A
factor Xah 2igthe A £A£AA O 1 s tEARAdtidd between factors X1 and
X2, Eis the random error component[127].

Analysis of variance is used to analyse the variation between groups. The
hypothesis testedfor the full model, comprising main effects and interetions is
shown in Equation 3-13.
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The Ftest is used to determine the statistical significance of the model at a
p<0.05. When the F-value> Fcritical, it can be concluded that at least onef the
variables contributes significantly to the model, therebythe null hypothesis(Ho)

is rejected. Then, the significance of each factaii effect is tested using the ¥
statistic [128].

Minitab 27 software was used for creating the factorial design and analysing the
response variablesmodels, and optimisation. Comparison of the effect of the
factors over response variablesvas performed by analysis of variance (ANOVA)
and linear regression ata confidence level of p < 0.05 by using the software SPSS
Statistics 26.

3.4.12.1 Anaerobic co -digestion of Chlorella vulgaris and cellulose

A full factorial 23 DOEwit h three independent factors at two levels, C/N ratio (7
and 25), ISR (1 and 2) and BC load (0 and 3 %) with 3 replicates and 3 centre
points (C/N 16, ISR 1.5 and BC load 1.5 %as performed(Table 3.2). The OW-
BC450 was selected, and theoculum was fixed at 10 g VS/L, whereas the
amount of substrate added ranged from 5 to 10 g VS/L for achieving the
corresponding ISR. The amount of. vudaris and cellulose added for each C/N
ratio and ISR were calculated based on their chemical composition. For achieving
the C/N ratio of 7, 16 and 25, the ratio ofC. vulgaristo cellulose were 0.8:0.2,
0.3:0.7 and 0.2:0.8, respectively. A factorial regre®n model was used for
analysing BMP vyield and the kinetic parameters obtained from fitting the
modified Gompertz model. Contour plots were produced for the graphical
representation of the DOE conditions over the response variables. The
desirability (D) function was usel for optimising the AcoD conditions based on
maximising the BMRxp, BMRhaxand pn.

3.4.12.2 Anaerobic digestion of water hyacinth

A full factorial 22 DOE was performed to evaluate the effect of O®C450 and
ISR. The DOE consisted of two independefactors at two levels, ISR (£) and
BC load (03 %) with 3 replicates and 3 centre points as shown ifable 3.3. The
sample WHVBU was selected as substrate, aride inoculum was fixed at 10 g
VS/L, whereas the amount of substrate added ranged from 5 to 10 g VS/L for
achieving the corresponding ISRLike above, aactorial regression model was
used foranalysing and contour plots were produced for evaluating the influence
of the experimental factors on the variables of response. This is followed by the
optimisation with the desirability (D) function for maximising the BMRxp,
BMPmaxand p.
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Table 3.2. Full factorial 2 experimental design used for the anaerobic co
digestion of Chlorella vulgarisand cellulose

Run Levels Actual value
Std Order RunOrder C/N ISR BCload | C/N ISR BC load (%)
1 27 -1 -1 -1 7 1 0
2 26 1 -1 -1 25 1 0
3 5 -1 -1 1 7 1 3
4 14 1 -1 1 25 1 3
5 22 -1 1 -1 7 2 0
6 8 1 1 -1 25 2 0
7 21 -1 1 1 7 2 3
8 20 1 1 1 25 2 3
9 7 -1 -1 -1 7 1 0
10 19 1 -1 -1 25 1 0
11 25 -1 -1 1 7 1 3
12 10 1 -1 1 25 1 3
13 13 -1 1 -1 7 2 0
14 1 1 -1 25 2 0
15 4 -1 1 1 7 2 3
16 1 1 1 25 2 3
17 11 -1 -1 -1 7 1 0
18 24 1 -1 -1 25 1 0
19 18 -1 -1 1 7 1 3
20 16 1 -1 1 25 1 3
21 1 -1 1 -1 7 2 0
22 1 1 -1 25 2 0
23 -1 1 1 7 2 3
24 23 1 1 1 25 2 3
25 17 0 0 0 16 1.5 15
26 12 0 0 0 16 1.5 15
27 15 0 0 0 16 15 1.5
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Table 3.3 Full factorial 22 experimental design used for the anaerobic digestion
of water hyacinth

Run Levels Actual value
Std Order RunOrder ISR BC load ISR BC load (%)
1 13 -1 -1 1 0
2 2 1 -1 2 0
3 12 -1 1 1 3
4 15 1 1 2 3
5 5 -1 -1 1 0
6 7 1 -1 2 0
7 11 -1 1 1 3
8 6 1 1 2 3
9 10 -1 -1 1 0
10 1 1 -1 2 0
11 14 -1 1 1 3
12 8 1 1 2 3
13 3 0 0 1.5 15
14 4 0 0 1.5 15
15 9 0 0 15 15
3.4.13 Statistical analysis

The BMP values were statistically evaluated under an interval of confidence of
95 %. The ShapireWilks test was employed to demonstrate normality (p>0.05).
Comparison of the char addition ovethe BMP was achieved by an analysis of
variance (ANOVA), whereas dukey posthoc test was used to determine the
significance of each char and interaction. A-test was used for comparing the
BMP withits corresponding control. All analyses were performed at a confidence
level of p<0.05 using the SPSS Statistics 26 software.

3.5 Comparative analysis

3.5.1 Biochar effect on anaerobic digestion

To establish the effect of biochar addition on AD performance the changesthe
kinetic parameters were calculated in comparison to their corresponding non
BC control as follows:
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Where BMRhax is the maximum methane yield (mL Cklg VS added) at time t;
Um=maximum specific methane yield perday mLCA C 63 AAAAAgAAUQ
phase (days); the denotation BC an& correspond to systems supplemented

with biochar and the nonbiochar control, respectively.

The obtained values for this work and the literature reports compilation are
shown inthe Appendix Table B.1. These effects were expressed as % of variation
where 0 % represents the value obtained as the same as the control, while 100
% states that the BC addition doubled the value obtained by the control.
Moreover, a positive value states an improvement of that parameter, while a
negative value states a detrimerdl effect due to BC addition. Each of these
features is used for descriptive statistics and finallypmployed forthe PCA.

The descriptive statistical analysis included frequency tables and box plots for
displaying the distribution of a large set of data through their quartiles.
Individual comparisons of different quantitative variables, such as ISRand
biochar load, among dbers over the response variables BMR, pmsc AT Jsc 1
were evaluated by analysis of variance at a confidence level of p<0.05. All
analysis was performed using the SPSS Statistics 26 software.

3.5.2 Principal component analysis (PCA)

Principal component analysis (PCA)aims to determine the fewest number of
variables that will explain most of the \ariance in the analysed datf129].PCA is
also known as a projection method, which principal objectivés the explanation
of large data into smaller and more informative componentsEquation 3-17
shows the general equation for PCA.

w Y

=11

0O Equation 3-17

where X is the original data, T are the scores obtained from the matrix of sample
structure information, P is the loadings from the matrix of variable structure
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information, and E is the matrix of reguals which cannot be explained by the
PCA model. From a more general perspectivéhe equation transforms into
DATA=MODEL + ERROR, where X is the data component analysed after analysing
the variables, TP is the information explained by the model and Etise noise of

the analysis which cannot be explained by the mod§l30].

Extraction communalities values are also useful for evaluating the PCAhe
communalities indicate the relationship or amount of common variance of each
variable with the entire set of data. High communalitie are desirable since they
indicate the extent of the variance being explained by the variablgd.29]. The
information of the dataset is separated by the PCA into sample information
(scores) and variable information (loadings). A scoreis the projection of each
samplefrom the dataseton the PCA spacavith values within both positive and
negative regions along the PC axi#t contains the sample information and its
distribution along the PC axisindicates how much of that information is
contained in the PCThe PCA loadings indicate the contribution placed on each
variable to describe the PCs and arshown in the PCA plot as the orthogonal
projection of a variable onto a PC axisThe loadings mdicate the association
strength between variables The information provided by the PCAscores,and
loadings provides an extensive insight into the dataset and the variable
relationships [129,130].

The PCs represent the most importarsources of variability and explain a certain
amount of information within the original data. Eigenvalues and scree platcan

be used to determine the number of PCs to represent the dataset. PCs with
eigenvalues greater than one are considered importanta are thus retained for

the analysis. The eigenvaluesplotted against the number of variables of the
datasetare illustrated onthe scree plot Figure 3.9). The PCs displaying a sharp
change in the slope of the line connecting to adjacent PCs are the ones to be
maintained for the PCA.
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Figure 3.9. Example of a scree plot for principal componeranalysis.

The first PC contains the greatest source of information explaining the data set,
whereas each subsequent PC contaiess information than the previous one.
The first PC is usually plotted as thex-axis, and it describes the greatest
elongation of the data. The next PC estimated from the remaining variancg
orthogonal to the first. Plotting combination of PC1 and PC2 forms a-2
dimensional plane, named score plotcontaining the data.Interpretation of the
PCA is carried out by visualisation othe component scores as displayed in
Figure 3.10. A score is the orthogonal projection of each sample data onto the
axis of the PC. The scores indicatikee importance of the sample in describing the
variability of the data set. The distance of the samples distributed along the axis
is an indication of how much of their information is contained within the PC.
Scores close to the origin show the least vability and could be considered
unimportant and not well described by the PCA model. While those at the
extremes of the PC axis show most of the variability and are well described by
the PCA mode[130].

Moreover, information about the correlation between the variables can also be
deduced from the plot. Such correlation is described by the cosine of the angle
between the loading vectors. Thus, smaller angles lead to a higher correlation
between variables. Conversgi, uncorrelated variables are usually orthogonal
(perpendicular) to each other[131]. Variables positively correlated are in a
similar direction, while opposite directions indicatea negative correlation[132].
Furthermore, any relationship identified between variables must be evident in
all the retained PCs.
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Case 1 Case 2
PC2a PC2 4
B
P .
a2zt »PC1 5 ;'b PCA
The angle & between scores A and B is The angle 8 between scores A and B is 180°.
srngll. Therefore these salmples are Therefore these samples are opposite in
similar to each other particularly properties to each other along PC1
along PC1
Case 3 Case 4
PC2 a PC2 a The angle 6, between scores A
* e.. ® and B is 180°. And these samples
c 0 A are opposite in properties being
71 2 equally described by PC1 and PC2
¢ *pC1 e > PC1
The angle @ between scores A and B is o .
90°. Therefore these samples are .~ 04| The angle 6 between scores A, B, and C is
unrelated (orthogonal) in properties to ' 90°. Therefore C is unrelated to A and B,
each other along PC1 and PC2 B even though it is described by PC1 and PC2

Figure 3.10. Relationship between samples along the PC axisof a principal
component analysis (PCA)Extracted from[130].

For this PCA analysis, the arameters pyrolysis temperature ash conéent of
biochar, biochar O:C atomic ratio, biochar log8MPscyield, methane production
rate (umad] AT A 1 As@ webeEsdladtdd. Thaparameters BMPsg pmecand
1scwere calculated based on the comparison to their corresponding control as
described in the previous sectiorand listed in Appendix Table B.1. Therefore,
using PCA, theelations between the nature of the biochars ath changesin AD
performance can beassociated withtheir dynamics by evaluating the score and
loadings.

Unlike other mathematical analyses €.g.,linear regression) that the use of
variables with different units is widespread The criterion of PCA based on
varianceis highly dependent on the measurement units, hendhe necessity to
standardise thedata [129]. To avoid the effect of different scale units, the initial
data values were rescaled Hence, the variables were mean centred and divided
by their standard deviations[130]. There-scaleddatasetbased on the difference
betweenthe control and standardisedas above describedre listed in Appendix
Table B.1, and the original dataset is listed in Chapter 7

The dataget was analysedby PCAwith the software IBM SPSS Statistics 26
Oblique rotation was selected as a factor rotation strategy givethe assumption
of a correlation between the variables The regression method was selected for
calculating the factor scoreswhich were subsequenty used forthe discernment
function analysis To validate the adequacy of PCA for the dataset, the Kaiser
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Meyer-Olkin (KMO) method was applied. KMO values are found between 0 and
1 and can be categorised aaverage 0.5-0.7, good 0.70.8, great 0.80.9, and
perfect >0.9.The correlation between the variables was validated with Bartlett’s
test of sphericity for establishing significant differences (p<0.05).t is not
desirable for the correlations to be extremely low or norexistent or to be
extremely high because these might indicate a lack of variation in the dgte29] .
Commonalities among the variables were also considered in the evaluation.
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ChapterlV

Characterisation ofthe chars

4.1 Overview

Thermochemical processing of biomass produces a carbon solid produatown
as©hard The char can be combusted for heat and power, further gasification or
used in several aderption applications such as soilremediation, carbon
sequestration,and asan additive in anaerobic digestion. The uses given to the
chars are based on their advantageous physical and chemical characteristics.
Even though the correlation between such progrties and their potential
applications remains unclear, it is important to provide an understanding of
these relationships. First, to assess the properties of the chars based on the
thermochemical processing and the feedstock of origin. This can be
accomgished by analysing the chars using complementay series of chemical,
physical, and functional characterisation techniques. This chapter describes
chars from slow pyrolysis and hydrothermal carbonisation (HTC) of oak wood
(OW), water hyacinth (WH), andsaw wrack (SW) Biochars from WH and @/
produced at low (450 °C) and high temperature (600 °C) pyrolysis and two
commercial oak wood biochars produced at 450 and 650 °C were characterised.
Hydrochars from the same three feedstocks produced by HTC at 250/€re also
characterised. Thee char materials wereevaluated in the following chapters of
this work. The augmentation of biochars and hydrochars on anaerobic digestion
of model substrate cellulose was evaluated i€hapter 5. The effect of biochar
augmentaton on the anaerobic digestion of complex substrates, such as
microalgae and water hyacinth, is described in Chapter 6. The properties of these
biochars and their effecton anaerobic digestion discussed in Chaptsi5 and 6,

in addition to literature reports were further statistically evaluated by principal
component analysis in Chapter 7.

To establish he most important variables affecing both biochar and hydrochar
properties. To evaluate these materials, the thermochemical processing
conditions of temperature, and the composition of the biomasses were
considered According to the International Biochar Initiative,0oak wood chars
possessed the highest C content, resulting in Class116Q %). Whereaswater
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hyacinth and saw wrackchars were categorised as Class 230 and <60 %). The
greatest differences between these three feedstocks relied on the nature of their
carbohydrate fraction and the degradability during pyrolysis and HTC. The
lignocellulosic nature ofoak wood chars influenced their higher loss of volatile
matter and more developed surface area and porosity. The aquatic biomasses
WH and SWsuffered a dramatic loss of volatile matter and considerably lower
surface area. These d@rs also exhibited more nitrogen and a large content of
inorganic elements, principally Cl, Na, K, Fe, Ca, S, and Mg. The XPS analysis
allowed the evaluation of the surface chemistry of the chars, comprised
principally of -GG, GO and C=0 functional grgps. Both temperature and
biomass feedstock influenced the oxygenated and nitrogen functional groups of
the chars. Highertemperature BCs generally transformed the biomass towards
more stable and ordered structures as showed by the enhancement of the
proportion and peak intensity of GC groups, reduction of oxygenated functional
groups, and increasing proportion of pyridinicN and quaternaryN. Detailed
insight into the transformations of the biomass obtained during the pyrolysis
and HTC conversion revealed the major role of reaction temperature and
composition of the feedstocks

The work within this chapter has been published in Bioresource Technology
Journal, please see:QuintanaNajera, AlBlacker, LAFletcherand 821 OO0 O4 EA
effect of augmentdion of biochar and hydrochar in anaerobic digestion of a

s o~ A s A Nz _Aa

i TAAT O CRloresdacatedhinobgy 321 (2021): 124494,

4.2 Introduction

The reactions taking place during the thermal degradation of biomass are
influenced by the process conditions, primarily temperature, and the nature of
the feedstock. Even though the chemical reactions involved in pyrolysis and HTC
largely differ, they gererally involve the simultaneous degradation and
decarboxylation of biomass polymers with the formation of the chars by
condensation and aromatisation. The rate and predominance of these reactions
are governed by theoperating conditions of each thermochemgal treatment;
thus, each treatmentleads to products with different yields, and chemical and
physical characteristics[60] .

The chars were obtained via pyrolysis and hydrothermal carbonisation (HTC) of
oak wood (OW), water hyacinth (WH), andgaw wrack (SW) The OW biochars
produced at 450 and 650°C were purchased from a commercial pyrolysis plant
(Proininso) produced using a traditional kiln reactor.The WH and SWhbiochars
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were produced at the University of Leeds in a fixed bed pyrolysis reactor at 450
or 600 °C held for 1 h. All BCs were classified &sv-temperature (450°C) and
high-temperature (600-650 °C). Hydrochars derived from each feedstookere
produced in a 2 L batch higkpressure reactor (Parr USA) at 250 °C held for 1 h.
The chemical, physical ad functional properties of the resulting chars were
determined by a series of methods.

The chemical composition of the feedstocks and chars as evaluated by
proximate, ultimate, inorganic analysis and pH measuremerds described in
section 3.2.5. Proximate analysis was determined via thermogravimetric
analysis (TGA), which allows the calculation of volatile matter (VM), fixed carbon
(FC), ash, and moisture. Ultimate analysis of the main elements (CHNOS) also
allowed the calculation of H:C and O:C ratioX:ray fluorescence (XRF) was used
to determine the inorganic content, and pH was measured using a pH meter
following the addition of a known mass of char to distilled water. Pore volume
and surface area were determined using the gas adsorption method wittr and
CQ as adsorbate. To evaluate the functional groups located on the surface of the
chars, Fourier transform infrared spectroscopy using attenuated total
reflectance (ATRFTIR) and Xray photoelectron spectroscopy (XPS) were
performed. This series oftechniques allowed the examination of the effects of
the thermochemical treatment and feedstock on the characteristics of pyrolysis
and HCT solid products. The investigation of these properties provides an
understanding between process variables used in #ir production and the final
properties of the chars and their possible further applications.

4.3 Chemical composition

4.3.1 Untreated biomass

The composition of terrestrial plant biomass is comprised of cellulose,
hemicellulose, lignin, and protein, withsmaller quantities of other components,
such as inorganics, phosphorous, sulphur, and trace minerald33]. Free-
floating macrophyte aquatic plants exhibit rapid growth in warm climates by
adsorbing the nutrients from water bodies.These plants are composed mainly
of starch, sugar, pectin, proteins and lipidwith a considerably high ash fraction,
partially composed of alkali metals [134]. Aquatic biomass such as macroalgae
has a different composition including a range of hydrocolloids (alginates,
laminarin and mannitol), protein and mineral matter and smaller quantities of
other components such as polyphenols, and sulphated carbohydratg80].
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Factors such as botanical species, plant fraction, and climatic conditions can
influence the final composition of all ypes of biomasses.The inherent
heterogeneous composition of biomasgresentsa challenge for the design and
standardisation of their processing. Thus, when subjecting it to thermal
conversion, it is imperative to characterise the original feedstocks to celate
and further predict the composition of the char product§135].

The selected feedstocks oak wood, water hyacinth and the seawesalv wrack
have different origins and compositions. The growth environments for OW, WH
and SV were forestries, freshwater and marine, respectivelyAlthough both OW
and WH are plant biomassand both WH and SW are aquatic biomastheir
structure and characteristics differ significantly. Firstly, OW(Quercus ilex is
recalcitrant lignocellulosic biomass composed mainly of cellulose (44 %),
hemicellulose (24%) and lignin (24%), with negligible protein content[136].
Oak waste is usually used as a model feedstock for typical lignocellulosic biomass
given its lack of potentially hazardous elements and toxic compounds, such as
heavy metals[137]. Secondly, WHEichhornia crassipesis an aquatic perennial
free-floating plant and invasive macrophyte. The flexible morphology of WH
allows the hyperaccumulation of nutrients, adaptation to variable growing
conditions and invasive potential[138]. Theadaptive phenology characteristic
of such behaviour influences the chemical composition of WH. Nonetheless, WH
belongs to cellulosic biomass given its considerable content of cellulose and
hemicellulose, consisting of approximately 183 and 2243 % (db),
respectively. The lignin content of WH is considerably lower (B %) than the
reported for OW [139z141]. Moreover, WH is also rich in nitrogen and has
significant protein and inorganics, such as P and K42]. Thirdly, SNV (Fucus
serratus) is a brown seaweed composd of up to 55 % of carbohydratesmainly
alginate, laminarin and mannitol, with considerable amounts of nitrogen and
protein and high levels of mineral matterprincipally Na, K, Ca and Md43].The
results from the proximate and elementalanalysis of the untreated feedstocks
are shown inTables 4.1 and4.2.
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Table4.1. Proximate composition of biomass feedstocks and chaexpressed on

a dry basis.
) Volatile ]
W Char yield matter Fixed carbon Ash oH
(%) (%) db (%) db
(%) db

Oak wood

Untreated - 72.5 24.7 29 -
OW-HC250 59.5 57.9 38.5 3.8 3.9
OW-BC450 - 211 67.2 11.7 9.9
OW-BC650 - 11.8 73.9 14.3 9.3

Water hyacinth

Untreated - 85.6 0.02 14.6 -
WH-HC250 284 56.8 22.8 20.6 5.6
WH-BC450 59.4 30.9 35.2 33.9 9.1
WH-BC600 54.2 21.5 35.9 42.6 10.6
Saw wrack

Untreated - 74.5 11.3 14.2 -
SW-HC250 37.9 64.0 21.6 14.3 6.2
SW-BC450 39.8 48.4 18.8 33.3 111
SW-BC600 37.3 36.1 29.3 34.6 121

Table 4.2. Ultimate composition and atomic ratios of biomas$eedstocks and
chars expressed on a dry basis.

Material ¢ 4 N © S o:C H:C N:C
%)db  (%)db  (%)db (%) db (%) db

Oak wood

Untreated 50.8 7.4 15 374 0.0 0.55 1.74 0.03
OW-HC250 62.0 5.0 1.2 294 0.0 0.36 0.96 0.02
OW-BC450 65.7 2.7 0.6 19.3 0.0 0.22 0.49 0.01
OW-BC650 76.5 1.4 0.8 7.0 0.0 0.07 0.22 0.01

Water hyacinth

Untreated 38.7 3.4 2.7 40.8 0.2 0.79 1.04 0.06
WH-HC250 50.8 4.3 3.4 20.2 0.1 0.30 1.01 0.06
WH-BC450 26.1 1.4 1.7 36.9 0.2 1.06 0.65 0.05
WH-BC600 37.8 1.0 2.0 14.9 0.0 0.30 0.31 0.05
Saw wrack

Untreated 442 6.1 1.4 37.2 1.6 0.55 0.38 0.03
SW-HC250 54.9 4.6 24 22.7 1.1 0.31 0.99 0.04
SW-BC450 39.2 1.8 2.4 21.6 1.7 0.41 0.56 0.05

SW-BC600 40.4 0.9 2.3 21.6 0.3 0.40 0.27 0.05
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As expected, he volatile matter (VM) is generally high ranging between 72:5
85.6 %.0Wshowed the lowest ash contenof 2.9 %, highest FCof 24.7 %, low N

of 1.5 %and O:C atomic ratio of 0.55 in agreement with other reportd44]. WH

exhibited a considerablehigher ash content of 14.6 %, low FCof 0.02 % andan

O:Cratio of 0.79, similar to the one reported by Ye et al[142]. Whereas the
seaweedSWalso exhibited a considerabk ashcontent of 14.2 %,but O:C ratios
of 0.55, the values here observed werewithin ranges reported elsewhere
[66,145].

4.3.2 Proximate analysis

43.2.1 Biochars

The characteristics of the biochars derived from different feedstocks and
pyrolysis conditions are shown inTable 4.1. The \M content gradually reduces,
and the ash is enhanced by increasing pyrolysis temperaturédmong the
different BC types, the OWBCs exhibited thehighest reduction of VM,lowest ash
content and highest FC The WHBCs exhibited a similar reduction of VM,
whereas the ash and FC enhanced to similar values for both BCenversely, the
SW-BGsshowed less VM reduction, but similar ash concentration with increasing
pyrolysis temperature to the other BCs. These results agree with previous
reports where increasing pyrolysis temperature results in biochars with reduced
VM and enhanced FC and ash contenFigure 4.1). These changes are a
consequence ofhe volatilisation of organic matter, the reduction of OH and CH
functionality and an increase in C=C, resulting from an increase in carbon content
and aromaticity [73].

The most significantloss of VM andcompositional changes of biochaoften take
place at a tenperature range of 200 to 400 °(67]. Notwithstanding, some
lignocellulosic BCs could exhibit a high VM at relatively lowpyrolysis
temperature (Figure 4.2a). The VM content is related to thelegradation of their
main components cellulose, hemicellulose and lignin, which differ with
pyrolysis temperature. Hemicellulose is easily decomposed at 2860 °C,
whereas cellulose and lignirstart at 240-350 and 280-500 °C, respectively152].
Hence,at 450 °Cand below, lignocellulosic, and herbaceousparticularly OW-
BCsand WHBCs- suffered an extensive decomposition of the predominantly
cellulosic fraction, accompanied by adegree of carbonisation Above 500 °C
further dehydration, condensation and decarboxylation reactions predominate,
hence biochars produce at higher temperatures underwent more conjugation,
aromaticity and carbonisation[73]. WH suffered a considerable loss of VM, due



Chapter IV
84

to its easily degradable starch, cellulose and hemicellulose fractiofis53]. Both
cellulose and starch are polysaccharides formed by the monomer glucose linked
viar-(1-4) AT A(1-4) linkages, respectively[154]. In comparison to cellulose,
starch is less crystalline, less polymerised, and thus more easily degraded.
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Figure4.1. Triangle plot of the ash, volatile matter, and fixed carbon composition
of the obtained biochars and literature reports[21,28,151,69,88,144,14&
150].
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The VM content of algal BCs ais decreased with increasing pyrolysis
temperature but to a lesser extent than the other BCs as shownTable 4.1 and
Figure 4.2a. Algal biomass is comprised of carbohydrates, protein, lipids, and
unsaturated fatty acids. The fraction of these constituents is dependent on the
species, season, location ahcultivation technique [155]. Brown seaweed like
SWis comprisedprincipally of the carbohydrates laminarin mannitol and alginic
acid, and lesser amounts of protein and lipidg156,157]. The pyrolysis
degradation of algae carbohydrates differs significantly from cellulosic biomass.
Anastasakis et al.[158] investigated the pyrolytic behaviour of the main
constituents of brown algae alginic acid, mannitol, laminarin and ficoidan by
TGA and PyGC/MS. They demonstrated that each of these compounds follows a
different degradation pathway. The devolatilization of laminarin and fucoidan
occurs over two steps, the first at 342 and 202C, and the second at 540 and 710
°C, respedively. Most of the weight loss of alginic acid arises at 26850 °Cand
practically ends at 555°C. The maximum devolatilization of mannitol takes place
at 336 °Cand ends at 400°C[158]. Hence, theSW-BCs suffered a considerable
devolatilization of all its carbohydrate commnents, and in consequence, VM
intensified for SW-BC600.

The FC of raw biomas$eedstocks falls withinarange of 324.7 %and increases

up to 18.873.9 %(Table 4.1) after subsequentpyrolysis at 450-650 °C.The FC
comprises the carbon content remaining in the soli¢har after the volatilisation

of organic compoundsAsthe pyrolysis temperature increases VM is volatilised,
and the graphitisation degree of the chars increasedue to the dehydrogenation
and deoxygeration reactionsresulting in the generation of stable condensed ring
structures [68] . The pyrolysis of biomass originates BCs with higher FC than the
untreated feedstock. This enhancement as greater for OWBCs and WHBCs
and to a lesser extent for alggW-BCs Figure 4.2b). The greatest rise of FC took
place after treating the feedstocksat 450 °C since below this temperature is
where most changes took place and VM is lost. Whereas further increasing the
pyrolysis temperature to 600-650 °C slightly enhanced FC for OW and WB{s
and considerably more forSW-BCs. Enders et a[159] reported that increasing
the pyrolysis temperature enhances the FC fraction fdow-ashbiomass, such as
lignocellulosic biomass.In contrast, the FC could maintain unaltered or even
decrease for BCs with more than 20 % ash, as observed for WH. They suggested
that interactions between the organic matter and the inorganic constituents
during pyrolysis affected the formation of aromatic Gstructures and thus the FC
fraction. Furthermore, it is worth relating the raise on FC for &@-BC600 with the
two-step devolatilisation of algae constituents previously mentioned158].
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Another major difference among the biochars produced from the different
feedstocks relies on their ash contentKigure 4.2c). The loss of organic matter
leads to the concatration of the inorganic canstituents for all BCs in comparison
to the untreated biomassLike FC, most VM volatilisation and ash concentration
takes place below 450 °C. By increasing pyrolysis temperature from 450 to 600
650 °C the ash content slightlyincreased for all BCs. OVBCs exhibited
considerably lower ash content than WH and \8-BCs, although these latter
reached similar values. These results agree with previous reports stating that the
inorganic content of BC produced from woody biomass is sidgigantly lower
than BC from herbaceousd.g.,corn cops and stovers, wheat straws and grass)
and hydrophyte (waterweeds and algae) biomas§3]. Biochars derived from
lignocellulosic sources generally exhibited lower ash content than those
produced from other sources.

43.2.2 Hydrochars

Table 4.1 lists the chemical composition of oak wood, water hyacinth andaw
wrack hydrochars produced by HTC at 250 °C. HC samples exhibit different
properties to BCs, including a significantly highevM, and lower FC and ash
content. The HTC of the different biomasses redudéhe VM from 72.585.4 % to
56.4-64.1 %, although the net loss of VM for each substrate differed. Greater
differences were observed for the FC, which increases from2%.7% for the
untreated feedstocks to 21.638.5 % for the HCs. HTC of WH results in the
greatest enhancement of FC content from 0 to 23.0 %. Moreover, the ash content
of untreated OW andSW showed little variation after the HTC treatment.
Conversely, the ash content fo WH-HC further increased up to 20.6 %.
Accordingly, with the feedstock, the extent of VM loss, FC enhancement and ash
concentration followed the order WH>OW>8V. Since all HCs were produced
under standard conditions, the differences in the proximate compatson are
attributed to the nature of the original biomass.

Oak wood is composed of hemicellulose, cellulose, and lignin. Under subcritical
water conditions, hemicellulose is completely hydrolysedat approximately 180

°C, whereas cellulose and lignin hyaysis start at 220 and 200 °C, respectively.
Cellulose and hemicellulose are degraded into a series of intermediate pend
monosaccharides, acids, furfurals and hydroxymethylfurfural. The furfural
structures suffer further reactions of condensation, plymerisation and
aromatisation to form the hydrochar [60]. Lignin possesses greater thermal
stability than cellulose and hemicellulose. It has been suggested that at 250 °C
only a small fraction of lignin is hydrolysed into phenolic fragments that
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subsequerily polymerise [78,160]. In addition, the recalcitrant nature of lignin

is reported to interfere with the hydrolysis of both cellulose and hemicellulose
polymers, by slowingdown their decomposition [76]. The latter suggests that
while cellulose and hemicellulose fractions were greatly degraded during HTC at
250 °C most of the lignin remaina to form part of the solid fraction. Hence, the
reduced loss of VM for OW derived hydrochar could be due to the recalcitrance
of the lignin fraction.

Conversely, water hyacinth derived HC produced the greatest loss of VM content.
This could be attributedto the easily degradable compositiorof WH, comprised
principally of starch, cellulose and hemicellulos¢153]. Hemicellulose is easily
hydrolysed, which makes it a major contributor to the formation of HC
microspheres. Even though he hydrolysis of cellulose is limited by the
solubilisation of its crystalline fraction, most of the cellulose is expected to
degrade under the HTC conditions here employefl61]. Starch is more easily
degraded than cellulose. During HTC the crystalline structure of starch is
destroyed by melting, swelling and collapsgleaving glucosyl units that father
dehydrate into a furanlike compound, that contribute to HC formation
[162,163]. Unlike OWHC, the low levels of lignin of WH coulthterfere less in
the degradation of the cellulosic polymers. Therefore, the greater loss of VM
content for WH-HC could be attributed to the degradability of its components.

Similarly, saw wrack (F. serratu$ biomassis reported to efficiently degrade into
an HC struture, even at low HTC temperatures, such as 200 P1215]. Like most
biomasses,SW seaweed has a complex structure characterised by its protein,
carbohydrate (alginic acid, laminarin, mannitol and methypentoses) and lipids
content [143]. During HTC, the usually acidic pH promotes the hydrolytic
cleavage of the alginate polymer into the more easily degradable monomers, D
mannuronic acid and Lguluronic acid [164]. In comparison to lignocellulosic
biomass, the conversion of algal materials can take plaecsder milder HTC
conditions due tothe absence of cellulose and lignifL65]. Hence, the differences
in loss of VM and changes in chemicabmposition for WH and SW hydrochar
could be attributed to their composition, particularly the easily degraded
carbohydrates.

During HTC, not only volatile matter is degraded into watesoluble compounds,
but the acidic nature of subcritical water also solubilises some inorganic
elements into the liquid phase, reducing then the overall ash content of tH¢C
[60]. Therefore, the remaining solid HC partially retains both organic and
inorganic fractions, which could explain why the ash concentration cDW-HC
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and SW-HC remained like the original biomass Whereasthe ash content for WH
HC raised from 14.6 to 2@ %. Athough this HCsuffered the greatest VM loss,
which could explain why the inorganic fractionwas concentrated.In agreement
with the ash catent of the untreated feedstocks, the HCs derived from WH and
SW also &hibited a higher inorganic content than the terrestrial OW

4.3.3 Ultimate analysis

43.3.1 Biochars

Table 4.2 and Figure 4.3a show the ultimate analysis of the untreated biomass
and chars determined by the CHNOS content on a dry basis (db). Due to the ash
content variation between the different materials, the CHNO&«pressed on a dry
ash-free basis (daf) was also outlined for facilitating the direct comparison
between the organic compositions of the chard’he CHNOS daf values are listed
in AppendixTable A.1 and outlined in Figur e 4.3b. Asthe pyrolysis temperature
was raised, the content of C and N was enhanced, while O and H were reduced
for WH-BCs and more substantially for OWBCs. Both S\WABCs exhibited similar
CHNOS daf composition, with a little increased C content in comparison to the
untreated feedstock. The CHNOS values indicate hdtle graphitisation degree

of the chars increasd due to the dehydrogenation and deoxygenation reactions
which in consequence generates morstable condensed ring compoundd-dence

it is expected for the biomass to lose O and H while increasing the C content
during biochar formation. OWBCs and WHBC600 followed this behaviour,
while WH-BC450 and SWABCs to a lesser exnt.

The elemental composition of thedifferent untreated feedstocks and biochars
produced in this work along with literature reports were visualised by a Van
Krevelen diagram plotting O:C vs H:C atomic ratio$igure 4.4). The evolution

of the O:C vs H:C ratios facilitate information retrieval from the extent of
pyrolysis, degree of aromaticity and the type of reactions that predominate
during pyrolysis as shown in the bottom right of the dagram. The process of
carbonisation changes the chemical structure of biomass, mostly due to the
detachment of functional groups containing O and H. BCs produced at 2800

°C resembled the energy density of peat, lignite, and brown coal. These values
indicate an early stage of carbonisation and suggest the presence of uncharred
fractions of the primary components of the biomass, such as carbohydrates.
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Figure 4.4. Van Krevelen diagram of O:C and H:C atomic ratios of untreated
feedstocks and obtained biochars in comparison to literature reports
[21,28,151,69,88,144,14150]. Biomass and coal classification adapted
from [1667168].

The decrease of the H:C and O:C ratiasth increasing pyrolysis temperature
were comparable to the coalification process of biomass. The decarboxylation
and dehydration reactions intensified with temperature for all feedstocks. Most
BCs produced >400°C resembled brown and bituminous coal, idading OW-
BC450 andSW-BC450. Whereas those produced 600 °C, including OWBC650,
SWBC600 and WHBCG600, reduced the H:C ratio below 0.4 and resembled
anthracite. On the other hand, WHBC450 exhibited an average H:C ratio, similar
to other reports [169,170]. Although an exceptionably high O:C ratio sugges
lower degree of carbonisation than the rest BCs an@ predominance of
demethylation reactions. Notwithstanding, the decrease of H:C and O:C ratios
with temperature indicated the conversion of organic materials to aromatic C
structures with reduced carboxyl and hydroxyl groupg167].

Figure 4.5 shows the effect of pyrolysis temperature on the atomic N:C ratio of
BCs and compares it with several reports found in the literature. Ragdless of

the pyrolysis temperature, lignocellulosic BCs exhibited a very low N:C ratio,
while herbaceous BCs showed a greater variation. Feedstocks with intrinsic
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higher protein and thus N contentincluding algae, animas, and sludgesuffered
the greatest reduction of the N:C ratio when increasing the pyrolysis
temperature. This change could be attributed to the intensified loss of VM and
carbonisation taking placeunder more severe pyrolysis conditions.
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Figure 4.5. Correlation of feedstock and pyrolysis temperature on N:C ratio of
obtained biochars in comparison with literature reports [17,21,1737
181,38,69,87,144,149,151,171,172]

On the other hand, OW, WH an8WBCs produced at either 450 or 606550 °C
showed similar N:C ratios. It has been stated that pyrolysisemperature
determines the fate of Nsince nitrogen species tend to be converted into more
stable structures. As the temperature increases, the compositional changes are
accompanied by some N Esdue to the protein degradation and devolatilzation

of ammonium N from the biomass structure Further pyrolysis promotes
condensation reactions that convert C=N and C=0 groups into heterocyclic
compounds containing GN groups [182]. Nonetheless, it is also possible to
observe either an increase or no changes in-bbntent since the concentration of
other componentsis reduced due to devolatilization[67] .

4.3.3.2 Hydrochars

Table 4.2 and Figure 4.3a show the CHNOS of the hydrochars produced bTC
at 250 °C for 1 h on a dry basis. In comparison to the untreated feedstocks, the
hydrochar products exhibited a higher Gcontent accounting for 50.862.0 % of
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their composition, while the Ocontent reduced to 20.229.4%. The N content
considerably enhaxced for WH andSWHCs, while it slightly decreased for OW
HC. The H content was reduced for OW aSYWHCs, whereas it slightly increased
for WH-HC. From all HCs, WH biomass suffered the greatest loss of O and
enhancement of C and N content. This behaviowagrees with the observed
volatile matter since WH was the biomass that suffered the greatest net loss of
VM during HTC.

Figure 4.3b shows the changes of CHNOS of HCs on a dry-ask basis. The
behaviour was similar when comparing the CHNOS composition in daf and db.
These HCs also exhibit different propertiesrom the BCs. The €ontent was
typically higher than the intermediate temperature (450 °C) BCs, although they
contained similar or lower levels of O. The loss of H and &d the rise of C
content in HCs wvere mainly due to dehydration, deoxygenation, and
decarboxylation reactions. The reaction mechanisms taking place during HTC
are also dependent on the feedstock nature and in consequence their main
components.

Elemental molar ratios of O:C vs H:C of biomass and hydrochars produced in this
work alongside literature reports are displayed in a Van Krevelen diagram
(Figure 4.6). The diagram illustrates the chemical transformations that
predominated during HTC resulting in carborrich products. The decrease of the
H:C and O:C ratiosvith increasing HTC temperature were comparable to the
coalification process of biomass. Most HCs produced&225 °C resembled peat,
while those produced at 250°C resembled lignite and brown coal. The ratios for
OW-HC, WHHC and SWHC were very similar and resembled lignite.

ITAOEAI AGOGh 1106060 (#0 OEI xAA OAT AI
suggesting the predominance of dehydration and decarboxylation reactions. All
HCs exhibit a reduction of O:C and H:C ratios, except for the H:C ratioSUv*HC
which increased. As the HTC severity fansifies, dehydration reactions break
hydroxyl and carbonyl groups, and the formation of aromatic ring carbons is
enhanced. At high HTC temperature, fremdical reactions become involved in
the cleavage of aliphatt GC groups, resulting in extensive dehydration and
condensation that reduced the O:C and H:C rati¢s3]. The observed reduction
of O:C and H:C ratios with increasing temperature, supports the predominant
influence of the HTC temperature in the process of carbonisation.
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from [1667168].

The fate of N during HTC differed among the analysed HCEable 4.2). In
comparison to the untreated feedstock, the N content of O\WC reduced from
1.5t0 1.2 %, while WHHC andSW-HCwere enhanced from 2.7 and 2.4 % to 3.4
and 2.4 % db, respectively.Figure 4.3 visualises the fate of N after the HTC
treatment, showing a similar behaviour in both db and daf. During HTC, part of
the N is decomposed by hydrolsis resulting in deamination reactions, hence, a
fraction of the N is solubilised in the liquid fraction. The extent of N solubilisation
is influenced by processing conditions and feedstock principally by the reaction
temperature [191]. Increasing temperature enhances the solubilisation of N,
although the N species found in HC are strongly related to the biomass of origin.
Still, most of the N is soluldised during HTC, whereas a fraction remains or is
further incorporated into the solid HC in the form of more stable heterocycles N
species. The latter is due to chemical, precipitation and crystallisation reactions,
usually favoured by increasing HTC temgrature [192].
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Figure 4.7 shows the effect of HTC temperature on the atomic N:C ratio of HCs
and compares it with literature reports. In agreement with the ultimate
composition, the N:C ratio of the HCs exhibited thelfowing trend WH>SW>0W
as listed inTable 4.2. In a similar way to BCs, lignocellulosic HCs exhibited the
lowest N:C ratios, while herbaceous HCs varie@oth sludge and algae show the
highest N:C ratio in agreement with their higher protein content. Nonetheless,
the trend for most HCs was to reduce the N:C ratio with increasing reaction
temperature. Biomass with higher N content is reported to be more sgeptible

to N solubilisation.
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Figure 4.7. Correlation of feedstock and pyrolysis temperature on N:C ratio of
obtained hydrochars and comparison with literature reports
[17,66,188,193,134,145,146,183187].

Similarly, Kruse etal. [191] compared the HTC at 180, 220 and 250C and
reaction time of 1-12 h of the protein-rich Chlorella and carrot green biomass
with low N content. They observed a considerable reduction of N content in the
ChlorellaHC, which increased with temperature and reaction time. Whereas for
the carrot greenHC, the N content slightly enhanced with temperature but
decreased with reaction time.
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4.3.4 Inorganic composition

434.1 Biochars

Figure 4.8 shows the major inorganic elements within the untreated feedstocks
and the chars, while the values for all the inorganic elements are listed in
Appendix Table A.2. Analogous to the TGA analysilignocellulosic OW materials
showed the lowest inorganic content, comprised mainly of Ca, dland Fe.
Conversely, WH materials exhibited a wider variety of inorganics, including Si,
Ca, S, Fe, Al, Na and K, in agreement with other repq89] .
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Figure 4.8. Content of main inorganic elements of untreated feedstocks and chars
obtained by X-ray fluorescence KRH.

The chemical composition of WH is highly dependent on its growing
environment, which in this casewas collected from Lake Victoria where it was
exposed to wastewater discharge and other sources of contamination. WH is
reported to remove heavy metals from water, hence its substantial content of
inorganics and potential for sustainable phytoremediation & water [194]. SW
materials exhibited the highest inorganic content, comprised principally of ClI,
Na, K, Fe, Ca, S, and Mg. Seaweeds liswexhibit a greater abundance of
inorganics, principally Na, K and Ca bonded to carbonate ions and also
considerable amounts of Si[195]. The chenical composition of SW is also
influenced by the growing environment, thus the salinity of the seawater could
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also contribute to the high content of Na and CIThe latter suggests that the
amount and distribution of mineral ash in the chars were greatly dermined by
the feedstock.

The inorganic composition of chars was also influenced by the thermochemical
processing conditions, principally temperature.For all BCs, the ash content is
concentrated with the pyrolysis temperature due to the loss of C, H ard by
volatilization (Table 4.2). Notwithstanding, inorganic elements can form a bond
with organic volatiles, be released by vaporisation and end up in ¢hbic-oil. The
elements that largely remain within the solid biochar are alkali earth metals (Ca,
Mg), transition metals (Fe, Cu, Ni, Cd, Cr, Co, Mn, Zn) and ji@stsition metals
(Al, Pb)[196]. At low pyrolysis temperature, some labile ions (K and CI) can
vaporise, while others require more severe conditions (Ca, Mg, 8.and SiJ61].
The alkali metals Na and K can undergo both pathways, their principal destiny is
to remain within the biochar, although notably amounts can also be transferred
with the organic volatiles to the oil fraction. The concentration of K, Cl, Ca, Mg, S
and Si for the BCs remained unaltered or even concentrated when increasing
temperature. For all BCs, the content of Fe increased after the treatment, except
for OW-BC650, which unexpectedly reduced. Fe is strongly retained in the solid
char during thermal treatment, although a low transfer of Fe to pyrolysis oil has
also been reported[196]. The loss of organic matter concentrated the inorganic
fraction, thus, thepyrolysis conditions for BCs produced from the same feedstock
were reflected in the inorganic composition.

4.3.4.2 Hydrochars

The content of inorganic elements within HCs was lower than the BCs produced
from the same feedstock Figure 4.8). These variations reflect the different
reactions taking place during each thermochemical treatmenfThe subcritical
acidic conditions of HTC promote the solubi$ation of some inorganic elements,
although the majority often remained in the HC structurd68]. The removal of
inorganic elements bound by ionic bonds to organic structures within the
biomass is facilitated by HTC. The subcritical conditions increase the ionic
dissociation constant and lower the pH of the subcritical water resulting in ion
exchange and the dissolution of inorganic salts. The reason for either the
decrease or enhancementfoash content in HC is determined by the specific ash
chemistry of the feedstock. HTC generally reduces the ash content of biomass;
however, it does not always reflect on the compositional values due to the
simultaneous loss of C, O and H. Despite the lafsnorganic elements into the
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liquid phase, the overall concentration of inorganics within the HC can still
increase[183].

The concentration of inorganic elements for the HCs exhilad the following
order WH>SW>0OW from higher to lower, comprised principallyof Ca, Fe, Si, K,
P, S and MgKigure 4.8). Firstly, the inorganic content d the OWHC consisted
mainly of Ca and Fe, with values slightly higher than the untreated OW. Similarly,
Smith et al. [183] reported that the inorganic fraction of OW biomass is
comprised principally of Ca, K and Mg. After its treatment by HTC at 250 °C, they
observed that the concentration of Na, Mg, P and Fe in the HC remaiéaseto
the untreated biomass, although the overall ash content was reduced. Secondly,
WH-HC increased the concentration of inorganics by 63 % compared to the
untreated WH. From the analysed HCs, WAHIC exhibited the greatest
concentration of the ash fraction fom 14.60 to 20.55 %, due to a greater loss of
VM (Table 4.1). Nonetheless, some inorganic elements exhibited no significant
variation (Si, Al, and Fe)while others enhanced (Mg, P, K, Gand S). Accordingly,

it has been reported that feedstocks rich in Si and Fe often lead to HC with higher
ash content[183] . Besides WH-HC was lar@ly comprised of not easily removed
inorganic elements, such as Mg, Ca, P and[B42]. Thirdly, the HTC of SW
reduced the inorganic concentration of some elements (Na, Cl and K), while
increasing others (Mg, Si and Cah agreement with other reports[143]. Alkali
earth chlorides comprised of Na, K and Cl are reported to be easily dissolved into
the liquid phase, whereas the removal of P and alkaline earth metals Mg and Ca
is more limited. Furthermore, it has beensuggestedthat the HTC of biomass
containing alginate, such a§W, could incorporate divalent cations (Ca and Mg)
into the HC by promoting crossdlinking of alginate oligomers, thus limiting the
removal of these elementg183].

4.35 pH

The pH of the BCs and HCs rangidetween 9.1:12.1 and 3.95.6, respectively
(Table 4.1). As expected, the HCs ave acidic while BCs were alkaline. The
nature of the feedstock also influenced the pH of the chans the following order
OW<WH<W. In the case of BCshe pyrolysis temperature is the main factor
affecting the pH, followed by the chemical compositionThe functional groups
detached during pyrolysis are generally acidic (e.g., carboxyl, hydroxyl, and
formyl groups) resulting in a more basic structure.The concentrationof ash is
another large contributor to enhancing alkalinity [67]. Theash, as well as he
total base cations and carbonates content oBCs,enhances with pyrolysis
temperature, influencing the pH[197]. The latter agrees with the higher values
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observed for the SWBCs (pH 11.112.1) and WHBCs (pH 9.110.6) in
comparison to OWBCs (pH 9.29.9). Conversely for HCsmany organic acids
(e.g., acetic, lactic, formic ankkvulinic acids) formed during the HTC reduce the
pH of the system. Even though the process of HT@@nates several hydroxyl
and carboxyl groups, the HCs still exhibit an acidic pH6].

4.4 Surface area and porosity

4.4.1 Nitrogen isotherms

The N adsorption isotherms for the chars are outlined in Figure 4.9. The
amount of adsorbed nitrogen was very low for most chars, with only OM8C450
and OWBCG650 showing some uptake ablw partial pressure. It was not possible
to obtain an isotherm with meaningful and positive values foSW-BC450, which
could be related to the inability of N to access the narrow microporosity of some
chars [198]. Nonetheless, the Nadsorption isotherm for most BCs showed a
similarity with the Type lll, and given the hysteresis, also to isotherm Type V.
The shape ofType Il isotherm indicates weak adsorbentadsorbate interactions
and an accumulation at the nonporous and macroporous sites of the materadue
to condensation[199]. This accumulation results in isotherms with a resilient
rise of the adsorbed amount even near the saturation pressur&@he hysteresis
loop is considered an indicator of mesoporosity and iattributed to the filling
and voiding of the mesopores[114]. However, the hysteresis for the N
isotherms of most BCs and HCs started below pdpof 0.4 and there was no
defined closure. This behaviour has been related to the presence of lgpressure
hysteresis due to the swelling of the nosrigid porous structure or the
irreversible accumulation of molecules in poreg200].

Even though N adsorption at 77 K is the most used technique, its routine
application on heterogeneous materials often provides erroneous information.
The N isotherms obtained for the chars corroboratedthe influence of the
mentioned limitations. For instance,the inability to obtain an isotherm for SW
BC450, the weak adsorbenadsorbate interaction and condensation of the N
supported by the Type Il itherm profile. The SA values are a function of the
selective adsorptive, hence the importance to consider the limitations. The
adsorption with N2 at 77 K is often reported as unable to obtain correct
measurements for the SA ofchars [67]. Hence, it can be stated that the 2N
adsorption/desorption isotherms for the chars here tested do not correspond to
the real SA of the materials.
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4.4.2 Carbon dioxide isotherms

Theuseof CQ as an adsorptive overcomesome of the inherent problems of A
At 273 K, the kinetic energy of the COnolecules is larger in comparison to hlat
77 K, improving the ability of CQ to reach narrow pores, overcoming thus the
diffusional problems of N [198]. The @ adsorption isotherms of all BCs and
HCs resembled isotherm Type I, except for O\WC650, which resembled Type |
isotherm (Figure 4.10).

The Type Il isotherm is characteristic of both nonporous and macroporous
materials, which in this case suggested a wide microporositjl11]. Reversible
Type | isotherm, on the other handjs characteristic of microporous solids with
small external SA. The shape of thBype | isotherm isconcave against the/ p°
axis, where the adsorbed amount has a steep uptake and approaches a limiting
value at very low relative pressures, which is related to the accessibility of the
micropores rather than the internal SA. Moreover,tte shape of the O\ABC650
isotherm is Type I(b), which is an indication of a wider range of pores containing
not only micropores but also mesopore$199].
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4.4.3 Surface area

The SA and pore volume (PV) values for the changre obtained with the NLDFT
model (Table 4.3). The SA was considerably low with the Nadsorption (2.28

to 18.35 n¥/g), in agreement with the limitations previously mentioned.
Conversely, the SA of BCs and HCs obtained by @@orption were considerably
higher in a range of 39221 and 37-58 m2/g, respectively. The physical structure

of BC and HC differ largely. HCs exhibit the morphology of @&rse sphere,
whereas BC resembles the original morphology of the biomass accompanied by
a degree of aromaticity[25] .

Table 4.3. Surface area and pore volume of biochars and hydrochars from the
analysis of N at 77 K and C@at 273 K adsorption/desorption isotherms.

N2 adsorption at 77 K CQ adsorption at 273 K
Char SA(mz2/g) PV (cm?3/g) SA(m?2/g) PV (cm3/g)
Oak wood
OW-HC250 0.438 0.0067 44.02 0.0109
OW-BC450 3.356 0.0464 221.00 0.0776
OW-BC600 2.441 0.0513 237.00 0.0900
Water hyacinth

WH-HC250 1.343 0.0158 37.14 0.0094
WH-BC450 5.003 0.0489 38.69 0.0188
WH-BC600 5.338 0.0540 89.90 0.0264
Saw wrack
SWHC250 6.794 0.0784 40.55 0.1040
SW-BC450 - - 71.51 0.0230
SW-BC600 0.316 0.0047 63.51 0.0215

- Adsorption isotherm not obtained

Hence, BCs exhibited a considerably higher SA than HCs, which was enhanced by
increasing the pyrolysis temperature. OWBC450 and OWBCG650 were he chars

with the highest SA, with values of 221 and 237 #y, respectively. Although, the
other BCs exhibited lower SA with values of 39, 90, 72 and 642y for WH-
BC450, WHBC600, SWBC450 and SVWBCG600, respectively. These differences
agree with reports found in the literature where lignocellulosic BCs generally
exhibited significantly higher SA than BCs from other sources, such as
herbaceous, algae, animal, and sludggigure 4.11). The SA of the BCs produced

in this work along with literature reports were found in a wide range.
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Nonetheless, the general trend was an enhancement of SA with increasing
pyrolysis temperature up to a certain point.

This work
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Figure 4.11. Correlation of feedstock and pyrolysis temperature on the surface
area of the obtained biochars and comparison to literature reports
[28,35,1757178,181,2017204,37,38,69,92,14§148,173].

The higher SA for the OVBCs could be attributed to theidow ash content and
lignocellulosic composition. Low content of ash is regarded as a positive factor
for achieving greater SA since high ash concentration often leads to the loss and
collapse of the structure due to the partial fsion and swelling of inorganics
during carbonisation [25]. It has been established therole of lignin in
maintaining the physical structure of biomass during pyrolysis. For instance,
biomass rich in ligninis likely to develop macroporaus BG while biomass rich in
cellulose developsa more microporous structure [197]. The lower SAobtained
for both WH and SW Bs could be due to the cellulosic nature of the biomasses,
and their high volatile matter and ash coment. BC with high VM contentis
frequently reported to show low SA due to the decomposition and softening of
certain volatile intermediates that could further melt into the structure of the BC
and block the poreg25].

Increasing the pyrolysis temperature geneally led to BCs with greater porosity.
During pyrolysis below 350 °C, biomass suffers a rapid increase in porosity. At
higher temperatures 400600 °C, the porosity continues to increase, in the case
of lignocellulosic feedstocks, lignin slowly decomposedontributing to porosity.

At even higher temperatures €.g.above 600 °C) the porosity is not significantly
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enhanced, and in some cases, shrinking of the solid matrix takes place, affecting
thus the final structure [67]. It has also been suggested that the bwwif of the
carbon is the main responsible for the rise of the SA rather than the pyrolytic
temperature [59]. Nonetheless, the porosity of BCs increased drastically at 400
600 °C partially due b the releasement of molecules of water by dehydroxylation
[73].

In addition to pyrolysis temperature and the composition of biomass, other
factors could influence the SA and porosity of BC. Such is the case of the process
variables reactor type, heating rate, residence time, carrier flow rate (usual
nitrogen), recirculation of gas product and the techniques usedo cool and
condense the hot volatiles from the reactor. According to the contact between
gas and solid, conventional pyrolysis reactors can be classified into three
categories: entrained beds (traditional retort kiln), fixed beds (muffle furnace)
and fluidised beds. For instance, BC produced in a muffle furnace will contain
more ash, fixed carbonand less volatile matter than that produced in a retort
kiln. Microwave-assisted pyrolysis is suggested to provide higher SA and PV than
conventional pyrolizers. Microwave pyrolysis creates a smaller temperature
difference between the surface and the core of biomass, resulting in a higher
transfer rate and emptier micropores. Increasing the heating rate up to a certain
point could increase these parameter§205].

A residence time of60 minutes was employedfor producing the BCsallowing
sufficient reaction time for releasing the volatile matter and develop thus the
porous structure. Excessively prolonged heating rates and residence times could
result in pore blockage and collapse. Increasing the carrier flow rate could favour
the removal of volatile matter, although if it is too high it could decrease the
temperature of biochar [205]. The recirculation of pyrolysis norcondensable
product gas into the reactor increases the biwil yield affecting biochar[206].
Similarly, quenching condensation by circulating or spraying water is also
reported to increase the bicoil yield [207]. In summary, all these parameters
must be taken into consideration during pyrolysis for obtainingbiochars with
desirable features, such as SA and PV.

As expected, the HCs exhibited lower SA than BCs made from the same feedstock,
with values found in a narrow range of 3744 m?/g by NLDFT of CQisotherms.

All HCs were produced under standard HTC condins, hence the minor
differences in SA could be attributed to the nature of the different feedstocks.
Even though there is a correlation between the different biomass components
and the HTC products, the mechanisms of action for HC production are not
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completely understood [19]. The presence of water in HTC leagito a different
degradation pathway and reactions in comparison to pyrolysis. It has been
reported by SEM studies that the fibrous structure of the biomassould belost
by increasing the HTC process severity leading to a smoethsurface with a
lower surface area[60].

4.4.4 Pore size distribution and pore volume

The adsorption technique also allowed the estimation of the pore size
distributions (PSD) of the chars. C&allowed the analysis of micropores (0.35
1.0 nm), while N> covered mese and macropores (0.35100 nm) [115,116]. The
complementary analysis with both adsorptive covers a wider range of pore sizes
and provides a more robust analysisThe PSD obtained from the Nisotherms by
NLDFT analysiss displayed inFigure 4.12. The incremental P\turves allow the
differentiation between sizes for the most prevalent pores, whereas the
cumulative PV curves allow the estimation of the total PV of el char.

Figure 4.12 suggested that BCs made at different temperatures but from the
same feedstock exhibited similar PSD, comprised mostly of mesopores-%@
nm) and macropores (>50 nm). Firstly, both O\ABCs showed a wide distribution

of mesopores (550 nm) and a significant macroporous presence (600 nm) in
agreement with their higher SA. The significantly higher peak at 63 nm observed
for OW-BC450 inFigure 4.12a and the sharp step inFigure 4.12c suggest a
broad macroporosity for this material. Secondly the PSD of the WHBCs was
similar, both comprised of a wide range of mesopores (80 nm), and
particularly pores of 20 nm. The slightly higher PV for WHBC600 supports the
influence of higher pyrolysis temperature to obtain BCs with larger PV and PSD.
Thirdly, since it was not feasible to obtain an Nisotherm for SW-BC450, it is not
possible to evaluate the role of pyrolysis temperature on the PSD of seaweed BC.
Hence, SWBC600 exhibited the lowest PSD of all BCs, accompanied by a minor
mesoporosity, with a slight macroporosity at 63 nm.
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hydrochars.

BCs exhibit a larger SA and porosity than HCs due to the differences in physical
structure originating from the nature of each thermochemical treatment. During
pyrolysis, the removal of water and carbon mass creates shrinkage stress and
breaks the biomass structure. ice the surface of the material decomposes
faster than its interior, the result of these changes ishe creation of poresof
different sizes.The physical structure of the original biomass is retained up ta
certain extent, and more significantly for lignocellulosic materials, in agreement
with the larger PSD obtained for OWBCg[25].On the other hand, Ks exhibit the
morphology of a dense sphere with a highly aromatic corehell and a more
aliphatic outer shell. The density of the HC sphere structure results in low SA and
PSD[19]. Figure 4.12b outlines the mesoporosity (2-50 nm), and a significant
presence of macropores (5670 nm) for all HCs OW-HC exhibited a prevalent
macropore peak at 63 nm, in agreementith the observed for the OWBCs. WH
HC exhibited a low PSD, with a slight predominance at 4D nm.Contrary to the
behaviour observed for the BCs, the S\MC exhibited a largerand broader PSD
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(20-60 nm) than the rest of the HCsThe cumulative PSD of SWC was more
than four times larger than the obtained for OWHC and WHHC igure 4.12d).

For CQ adsorption, the BCs from the same feedstock but at different
temperatures showedsimilar PSD Figure 4.13). Most of the pores were found

in a range of 0.45 to 0.70 nm categorised as ultramicropores, according to IUPAC
[111]. In agreement with the SA and NPSD, the OMBCs showed a larger
porosity than the others. Both OWBC450 and OWBC650 exhibited
microporosity within a range of 0.450.60 nm. Conversely, SVBCs and WHBCs
offered a very low microporosity.
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Figure 4.13. Pore size distribution calculated fromcarbon dioxide (CQ) gas
adsorption isotherms. a) Incremental PSD of biochars; b) incremental PSD
of hydrochars; ¢) cumulative PSD of biochars; d) cumulative PSD of
hydrochars.

Further, all HCs exhibited a similar PSD rangingdm 0.45 to 0.72 nm, a

maximum peak at 0.560.55 nm and a rise tailed near 0.75 nm, indicating some
wider micropores. The pore volume (PV) of the chars was found in relatively
similar ranges with both N> (0.005-0.078 cn?/g) and CQ (0.009-0.104 cn#/g)
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adsaption methods (Table 4.3). Generally, the BCs showed a higher PV than
HCs, except for SWHC, which showed the greatest value (0.104 ciqg).
However, it is important to be cautious with the N adsorption data since the
isotherms showed poor adsorption and it proved to be unsuitable for SA
analysis.

4.5 Surface functionality

When analysing the properties of BCs and HCs, not only their bulk composition
is relevant. Thesurface properties are crucial by taking into consideration that
chars interact with their surrounding environment through their surface. The
surface of a solid considers the outermost layer of atoms, which is divided from
the bulk region by a layr of atoms known as the selvedge of the material. It is
common for the surface and bulk region to differ in composition, in terms of
atomic concentrations, chemical state and coordination numbel19]. Surface
chemistry is comprised of a diversity of functional groups formed by H, O, N, P,
and S heteroatoms incorporated into the carbon structures and aromatic rings
[61] . Nonetheless, the surface functionality of chars is composed predominantly
of oxygenated functional groups (OFGSs), including-GQ, C=0, OH and COOH
groups. Thesefunctional groups enrich the chars with attractive properties for
further applications. For instance, in aqueous systems, the OFGs enhance the
hydrophilicity of the chars and facilitate the interaction via hydrogen bonding
and complexation with organic canpounds and metalg63].

It has been reported that the concentration of the functional groups is dependent
mainly on the biomass composition and processing conditions, such as
temperature, the heating rate, the composition of the gas surrounding the
biomass during the carbonisation, and the postreatment (activation) [61].
Therefore, the surface chemistry of a given material influences its properties,
such as catalytic activity, adhesive properties, wettability, comict potential, and
failure mechanisms. It is important for the techniques employed for the analysis
of surface chemistry to be extremely sensitive and at the same time efficient at
filtering out the signals from a large number of atoms within the sampl§118].

To confirm the influence of feedstock composition and thermochemical
processing conditions on the surface functionality of the chars, two methis
were employed. First, ATRFTIR is commonly used for char analysis since it
provides a spectrum that allows the identification of the surface functional
groups. Among the advantages of FTIR are minimal sample preparation
requirement, short time for analysis and sensibility to organic and inorganic
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species [208]. Second, XPS provides a semuantification of the elemental
composition of a material by assessing the oxidation state of the surface
elements and the dispersion of each elementhe principal advantage of using
XPS for char characterisation is primarily directed to the analysis of OFGs by
examining the C 1s and O 1s photoelectron linefl19]. XPS can also reflect
chemical interactions at an atomic scale by elucidating the bonds between
adjacent atoms and structural charactestics for amorphous surfaces with
complex compositions [209]. Spectroscopic techigues, such as FTIR, have
proven to be useful, however, they do not provide a quantification. XPS, on the
other hand, is a powerful tool for the characterisation of the surface layers
accompanied by a quantitative naturg121]. Even though XPS is not routinely
employed, it has been gaining importance in this research area, while its
complementation with FTIR could provide a more detailed analysis.

45.1 Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectro scopy

Analysis of the feedstock biomass and selected chars by AFRIR was
performed to determine the changes in the surface chemical composition
resulting from the carbonisation treatments. Table 4.4 summarises the FTIR
adsorption regions for the identification of functional groups found on the
different chars. The features of the char spedirare dependent primarily on the
treatment temperature, heating rate, type of feedstock and the presence of
inorganic constituents [208]. The presence of the functional groups is outlined
in the spectra of the untreated feedstock and char materials produced from oak
wood (Figure 4.14), water hyacinth (Figure 4.15) and saw wrack (Figure
4.16).

All untreated feedstocks exhibited strong vibrations for most of the groups
outlined in Table 4.4. Functional groups associated with these peaksherefore,
change as the thermochemical treatment proceeds, in some cases with less
intensity. Particularly lower for the broad peak between 3650 and 3200 cri
attributed to the stretching vibration of aliphatic OH found in alcohol, phenoal,
and carboxylic groups. Hence, the intensity of the polysaccharide region,
hydroxyl, carbonate, and carboxylic groups reduced after the HTC and by
increasing the pyrolysis tenperature. The latter supports the dehydration and
decarboxylation reactions taking place during the thermochemical treatments.
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Table 4.4. Assignment of theFourier transform infrared (FTIR) spectroscopy
spectral band to the functional groups found on biochar and hydrochar
surface. Spectra assignment based ¢b81,208,210,211].

Wavenumber (cm?) Description Structure
3650-3200 Hydroxyl group —OH
\__H
2950-2920 Aliphatic v(CH) from -CH: groups /C\H
H\ H
2870-2840 Aliphatic v(CH) from -CHs groups oy
H
R
1715-1695 Aromatic C=C aryl group @
0o
1610-1550 Carboxylate anions &
e
0]
1426-1410 Carbonate group _o/‘é\o
1390-1310 Phenolic hydroxyl bend —OH
SO
1275-1200 Ether group \? ?\
. . O
1160-1020 Polysaccharide region (|3 (ll\
940-700 Out of plane hydroxyl bending \O—H
R H
840-790 Aromatic GH bending =
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Figure 4.16. ATRFTIR spectra ofsaw wrack untreated feedstock and char
materials.

The stretching vibration of aromatic groups at 846790 cnt! increases with
increasing temperature of thermochemical treatmentsuggestng an increase in
aromatic character during carbongation. The noncondensed and non
physically protected organic matter is not stable at temperatures such as 450 °C.
Hence, biochars produced at higher temperatures are characterised by
structural stability with high aromaticity. Thus, highertemperature biochars are
more refractory and during vibrational spectroscopy, they exhibit higher
reflectance values and overall aromatic charactef208]. Conversely, the
stretching vibration of aromatic groups at 17151695 cnr! was reduced for all
chars. The aromatic €H relative to the aromatic C=C could decrease after
pyrolysis temperature above 500°Cdue to the increased formation of condensed
polyaromatic sheet structure[212]. Furthermore, mineral/inorganic impurities
present in the char often result in intense absorption features. Inorganic
constituents such as carbonate, silica, clay mineralgjuartz and other ash
components have a significant impact on the IR spectra of chdR08].
Accordingly, WH and SW chars éibited remarkably higher IR absorption than
OW chars, possibly associated with their high concentration of inorganics.

In general, FTIR indicated that there were changes in structure wittHTC and
pyrolysis temperature and the selected feedstockATR-FTIR is a highly used
sensitive tool for evaluating the variationsin aliphatic and aromatic and
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functional carbon materials. Nevertheless, the implementation of a second
method, such as XPS, could complement the data obtained by FTIR and provide
a more detaied and robust analysis of the changes that functional groups
suffered during pyrolysis and HTC treatment$120].

4.5.2 X-ray photoelectron spectroscopy (XPS)

45.2.1 Survey spectra

Table 4.5 summarises the assignment of the peaks observed dme XPS survey
and highrresolution C 1s, O 1s and N 1s spectra of the chars. The XPS analysis of
the BCs was performed at ultrehigh vacuum (UHV), whereas HCs analysis took
place at near ambient pressure (NAP). These respective conditions were chosen
basedon the high carbonisation and stability of the BC that allowed the use of
UHV, and the high degree of the volatile matter of the HC that required NAP. It is
important, however, to reiterate the limitations of comparing BCs and HCs since
they were analysedwith different equipment and methodology.

Table 4.5. Assignment of X-ray photoelectron spectroscopy KPS peaks to
chemical elements found on the surface of biochar and hydrochar. Peak
assignment based 0118,120,213].

Survey surface peaks

Cls O1ls Ni1s Nals Cl2p Ca2p Si2p K2p Mg2p S2p P2p

Binding
energy 284 532 399 1072 202 350 100 297 52 165 136
(Ev)

XPS analysis allows the assessment of the elements found on the surface of the
chars by the calculation of total peak intensity and the relative sensitivity of each
element.Figures 4.17 and 4.18 show the XPS survey spectra obtained from the
BCs and HCs, respectivelyAs expected for carbonaceous materwl the
outermost layer of all BCs and HCs are formed primarily by C, followed by O, and
different extents of N and inorganic elements
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Figure 4.18. XPS survey for hydrochars analysed at NAP.

The peaks Ar 2s (320 eV), Ar 2p (247 eV), Ar 3p (12 eV) observed in the XPS spectra of HCs
are due to the flow of argon used during the analysis.
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Table 4.6 details the atomic ratios calculated from the XPS surveyshére was

no consistent trend for the C and O content towards increasing the pyrolysis
temperature, whereas N content appeared to reduce. On the other hand, the HCs
exhibited a considerable N corgnt, particularly large for SW-HC250, but lower

O values than the BCsalthough the HCs were analysed under different
conditions (NAP). The chars also exhibited significant amounts dafiorganics,
including Na, ClI, Ca, Si and K, principally for WH a8V, due to their higher ash
content. Nonetheless, it is important to point out the inability to obtain absolute
values with XPS analysis since this technique cannot detect H atoms. This affects
the ratio of the measured elements C, N, O, and inorganics and thasults in
different values than those obtained from elemental analysis.

Table 4.6. Normalised atom ratio of surface elements expressed as (%) for
biochars and hydrochars derived from XPS survey.

Char C (0] N Na Cl Ca Si K Mg S Al P
Oakwood
OW-HC250 73.49 1546 3.89 - - 0.04 7.12
OW-BC450 81.05 1597 1.21 - 0.13 0.87 0.37 - 0.21 0.2
OW-BC650 78.62 17.00 0.86 - - 2.03 0.59 - 0.23 - 0.28 0.39
Water hyacinth
WH-HC250 79.12 9.71 2.78 - 0.74 260 4.05 0.37 - 0.62
WH-BC450 57.98 2120 331 0.15 6.03 189 167 293 0.46 - 4.38
WH-BC600 67.29 1894 148 0.05 142 262 413 0.64 0.19 - 3.24
Saw wrack
SWHC250 71.27 10.14 14.37 - - - - - - 1.26 - 2.95
SWBC450 61.57 1858 191 264 752 119 0.76 3.96 0.38 - 0.10 0.79
SWBC600 43.20 2848 0.20 7.77 10.77 0 092 6.91 0.29 - 0.93
- Not detected

To identify the differences in the content of C, O, and N between the surface and
matrix of the chars, the results from XPS analysis were compared with those of
CHNOS elemental analysis-{gure 4.19). For strengthening the comparison, the
O:C and N:C ratios were expressed on a daf basis, while H content was excluded
for the elemental values due to the inability of XPS to detect the H elent. The
O:C and N:C ratios calculated from the XPS showed variability in comparison to
those obtained by elemental analysis. The absence of a linear correlation is
commonly observed for heterogeneous materials, such as chars. This indicates a
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difference between the surface composition and the bulk composition of the
chars[214].
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Figure 4.19. Correlation of the surface composition by XPS and the bulk
composition by CHNOS analysis for char materials: a) O:C ratio; b) N:C ratio.

The ratios are expressed on a dry asfree (daf) basis. Elemental values were recalculated
without considering H for more accuracy when compardto XPS data according tf{214].

The O:C ratio obtained from elemental data was generally higher than the
obtained by XPS analysis suggesting a higher O content in the bulk than on the
surface. However, it is expected to observe variability between the CHNOS and
XPS methods. CHNOS givdetultimate composition, whereas XPS is considered
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a semiquantitative method. XPSrovides the atomic and/or moles ratios of the
different chemical bonding states from the outermost layer of the sampld.20] .
The obtained Gcontent was generally higher with XPS tha CHNOS, influencing
thus the O:C and N:C ratios. Sudiscrepancy in carbon between surface and bulk
indicates heterogeneity of the chars and could be attributed to the preferential
rearrangement of the Ccontaining groups located on the surfacg214]. It is
important to outline that the XPS C:O ratio obtained from the main XPS survey
corresponds to the oxygen bound to carbon. Hence for ¢hXPS C:O ratio of
biochars, the amount of oxygen bound to carbon is not 100 %, since a certain
amount of oxygen would be associated with inorganic moietiese(g.,CaO or
SiQ). This is of particular relevance for the lower O:C ratios obtained with XPS
for WH and SW chars, given their higher ash content as observed in XRF analysis
[121]. Accordingly, WH and SW chars also exhibited a generally lower N:C ratio
by XPS than CHNOS, whereas the N:C ratios of OW chars were relatively similar
with both methods. This agrees with the higher C content obtained by XPS and
the role of greater inorganic content in the case of WH and SW chars.

Figure 4.20 allows the comparison of the XPS senguantification of the
inorganic elements located on the surface of the chars and the bulk values
obtained by XRF. Both techniques reaed relatively similar values with the
predominance of Ca, Si, Na Al, Cl and K. The XPS inorganic content increased with
pyrolysis temperature for OW andSW, although not for WH. AccordinglySW

BCs showed the highest inorganic content, followed by WBCsand finally OW

BCs. On the other hand, HCs showed lower inorganic content than their
corresponding BCs, except for OWMC250which exhibited a considerably higker
content of Si. Regardless of the differences between XPS and XRF, the inorganic
content showed consistency between the surface and the bulk of the chars. The
latter suggests a relatively uniform distribution of inorganics throughout the
char materials.
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4522 Oxygenated functional groups

While the full survey spectrum provided a general breakdown of thewsface
chemistry of the charsTable 4.7 summarisedthe detailed analysis of tle oxygen
surface functionality obtained from the highresolution C 1 sand O 1 s spectra
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Table4.7. Assignment of highresolution C 1s, O 1s and N 1s XPS peaks found on
the surface of biochar and hydrochabased on[118,120,213].

High-resolution Binding )
Surface group energy (Es) Assignment
Cls
GC 284.4-285.2 Aromatic C=CC-C, GH
GO 286.1-286.6 Hydroxyl, phenolic, ether
Cc=0 287.6-288.2 Carbonyl, quinone
COO 288.8-289.3 Carboxyl, ester
A-N* 291.3 Transition due to conjugation
O1s
0o=C 531.3532.3 =0 in carbonyl, carboxyl, aromatic structure
o-C 533.3-533.9 G-O-C, GOH, GO-P in phenol, ethers, and aromatic structure
N1s
GN-C 397.5-398.9 Pyridinic (N-6)
GN-C 399.0-400.4 Pyrrolic (N-5)
GN+C 401.5-401.8 Quaternary-N (N-Q)
CGN*O-C,-NO 403.9-404.1 N-oxide (N-X)

Figure 4.21 shows the C 1s XPS spectra for the chars with the groups assigned
according to Esvalues for carbonaceous materialsThe broadening of the XPS
spectra and the number of peaks used to fit the complex spectra of each char
sample varied. The differences in spectra broadening are a result of the optical
components of the beamline determined by the excitation energy of eacaraple.
The observed asymmetry of the C 1s peak shape is common for amorphous
carbon materials, such as biochar and hydrochar, and it has to be neglected when
fitting the C 1s spectra for avoiding a potential misinterpretation of the data

[215].



Chapter IV

120

C110d

3),,] OW-HC250 B) | WH-HC250 110] SW-HC250
04 1 1001
80 901
S 704 © 801
x 60] X 70

g o

U 50 560

1 OW-BC450

CPS x 102

CPS x 102
S
S

CPS x 102

CPS x 102
N W

N — B ——— —————— 1
300" 256 2527 288 284 280 2017 T28s 285 T2827 279 291 288 285 282 279
Binding energy (eV) Binding energy (eV) Binding Energy (eV)

Figure4.21.C 1s XPS spectra for char materiala) oak wood; b) water hyacinth;
c) saw wrack.

Table 4.8 shows the semiquantification of the groups assigned to the peaks
deconvoluted within the C 1s spectra. Highetemperature WH and SW BCs
generally showed an enhancement of the proportion andgak intensity of GC
groups andareduction of OFGs. Whereas all OW chars maintained a similacCC
peak intensity. The contribution of CC of aromatic and aliphatic species on the
surface of the chars could be regarded as an indication of the transformati@f
carbon aromatic structures due to dehydration and aromatisation reactions
[209].
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Table 4.8. Relative XPS peak area expressed as (%) for the higgsolution C 1s,
O 1s and N 1s spectra of biochars and hydrochars.

Cls O1s N 1s

Char GC GCO C=0 COO A-Asg Oo=C O<C N-6 N-5 N-Q N-X
Oak wood
OW-HC250 314 341 195 150 - 16.3 837 178 59.1 98 134
OW-BC450 30.0 289 18.1 183 4.7 10.8 89.2 21.0 613 9.6 8.1
OW-BC650 296 46.6 12.7 111 - 341 65.9 476 304 131 8.9

Water hyacinth

WH-HC250 151 389 3938 6.2 - 16.7 83.3 324 111 286 276
WH-BC450 225 499 111 164 - 35 965 33.9 437 10.0 10.0
WH-BC600 450 315 158 738 - 67.6 324 418 338 165 8.0

Saw wrack
SWHC250 256 526 155 6.3 - 23.1 76.9 342 282 126 250
SW-BC450 144 511 305 4.0 - 702 29.8 16.0 50.8 20.0 152
SW-BC600 264 476 153 108 - 79.2 20.8 274 285 214 227

- Not detected

The feedstockconstituents influence the char composition, and hence their OFGs
content. Most chars showed a predominance ofQG and C=0 groups with smaller
contributions of COO and particularly for OVWBC450 the presence ofh-A*
transition peak due to the conjugation from the aromatic structures ora
electrons in aromatic rings[213]. The greater proportion of OFGs for WH and
SWBG450 °Cand HCs agrees with their higher O content observed in the CHNOS
analysis. Even though the temperature is key for the fate of oxygen groups and
the rearrangement of irregular rings to more stable six rings, no obvious trend
was observed for the @0, C=0O1d COO group$121]. Therefore, the analysis of
O-containing groupsis further accompanied by the O 1s spectréFigure 4.22).
The deconvoluted Ols spectrum was used to specify the upper and lower
constraints of the three oxygenated peaks identified at the . The predominant
OFGswere O-C from phenolic aad aromatic ether moieties and C=0 from
aromatic carbonyl groups. Accordingly, the O 1s showea predominance ofO-C
groups for most low-temperature BCs and HGswvhereas he content of the O=C
groups within the BCs was greater for those produced at higheéemperatures.
The raise in pyrolysis temperatureis reported to promote the loss of hydroxyl
and ether groupsand the formation of double bonds between oxygen and small
ring systems[121].
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Figure4.22. 0 1s XPS spectra for char materials: a) oak wood; b) water hyacinth;
c) saw wrack.

4523 Nitrogen function al groups

In addition to the N-content estimated from the XPS survey, the higtesolution

N 1s spectra could provide a better understanding of the nitrogen functional
groups (NFGs) of the chars. As outlined ifable 4.7, the N 1s XPS spectra were
deconvoluted into four peaks pyridinic -N (N-6), pyrrolic-N (N-5), quaternary-N
(N-Q), and oxideN (N-X) (Figure 4.23). Pyridinic-N is a émembered ring
bonded to two Gatoms and it is usually localised in the graphite edge. Pyrrolic
N is a 5Bmembered ring comprised of one atom of N bonded to two carbons and
one hydrogen in a pentagon ring216]. QuaternaryN is a 6membered ring, also
known as graphiticN, comprised of N bonded to three nearestdjacentG-atoms
[217]. N-oxide is a Bmembered ring, also known as pyridineN-oxide, conprised
of a pyridinic-N bonded to an oxygen atom. The-Nixide is often formed after the
reaction of the chars with oxygen upon exposure tambient air for prolonged
periods [218].
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Foremost, the total relative amount of N on the surface of BCs and HCs was
estimated at 0.863.31 % and 2.7814.37 %, respectively(Table 4.6). Given the
smaller relative content of N 1s in comparison to C 1s and O 1s, some peaks
within the N 1s XPS spectra were very small and reached similar intensities as
the background Figure 4.24). This trend was observed on the spectra fadBW
BC600 and all the HCs. Nonetheleshl-5 and N6 groups were found to be
dominant N-components on the surface of the chars in agreement with previous
reports [218,219]. The relative amount of Ncomponents differed among the BCs
with their pyrolysis temperature and origin feedstock (Table 4.8). As pyrolysis
progress, the N atoms are integrated into the carbon matrix of the biochar by
creating N-Q, N5 and N6 species[68]. Lowtemperature BCs showed a
predominance of N5, followed by N6 and different amounts of NX and NQ. The
aboveagreed with reports stating that N6 and N-Q are the only dominant NFGs
on chars produced at severe pyrolysis conditiong219]. By increasing the
pyrolysis temperature, the biomass is transformed into a more stable and
ordered structure where N incorporates into the sp planar graphite of BC
increasing the proportion of NQ and N6 [216] . Therefore, the evolution of NFGs
within the BC structure is a function of the severity of the pyrolysigonditions.
Under mild pyrolysis, the nonstable pyridines, protonated N5, and NX are
converted to N-6. During the condensation of the carbon matrix, N atoms
incorporate into the graphene layers by substituting C atoms, whereas thehis
converted to N-6. However, under the pyrolysis temperature employed in this
study (600-650 °C), the N5 is not drastically affected since it can only disappear
completely if heated above 900 °C. Thus, the higher-8N when increasing
pyrolysis temperature could be attributed to two transformations of 5
membered ring N-containing structures: (i) conversion of pyridineN to N-6
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accompanied by the loss of oxygen; (ii) 18 suffers a ring expansion resulting in
N-6 [218].
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Figure4.24.N 1s XPS spectra for char materials: a) oak wd; b) water hyacinth;
c) saw wrack.

The NFGs on the surface of the BCs with their origin feedstock followed similar
trends for most of the BCs. The summary of-Bland N6 of the biochars from OW
and WH was found in a range of 76 to 82 % with smaller relative amounts of N
Q (9.616.6 %) and NX (8.012.5 %). TheSW-BCs, on the other hand, exhibited
the lowest content of N6 and in consequence a greater proportion of XD (20.0
21.4 %) and NX (15.222.7%). Chars produced under mild pyrolysis do not
exhibit considerable proportions of NQ. Thusthe initially existing N-Q species
could be pyridinic forms associated with oxygen functionalitie$219]. Hence, the
relatively larger proportion of N-Q observed folSW-BCs, particularly for the low
temperature SW-BC450,could be N-6 associated with oxygen. The higher X of
SWBCs could be due to their exposition to the ambient, resulting in the
transformation of N-6 into N-X. It has been suggested that the origin of the
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material has marginal or no importance on the final distributionof the NFGs in
the resulting biochars[218]. However, fo the BCs here analysed, there was a
moderate difference with their origin feedstock, although the pyrolysis
temperature remained the most important parameter influencing the evolution
of their NFGs.

On the other hand,HCs were comprised principallyof N-5 and N-6, which
summarised 43.579 % of the total NFGs on their surface, whereas the X and
N-Q ranged at 13.427.6 % and 9.828.6 %, respectively.The low N-containing
OW-HC showed a predominance of 48, with small values of NX and N6.
Conversely, he high N-containing WHHC was primarily comprised of N-6,
similar amounts of N-Q andN-X, and a considerably smaller fraction of N-5.
Whereas the composition of SWHHC followed the order N-6>N-5>N-X>N-Q.
Regardless of the differences observed between the HCs here analysed, HTC
temperature was stated as the determinant factor influencing the evolution of
nitrogen groups.

During HTC at 200 °C, the condensation reactions involved in the formation of
HC spleres result in an initial low conversion of nitrogen species into NQ.
Likewise N-6 and NQ groups located on the edge of the HC interact with O
resulting in oxidation and transformation into N-X groups. By increasing the
temperature to 250 °C, the Nb reduces while N6 increases, although the
mechanisms for this are not clear yet. For instance, it has been suggested that the
decrease of N5 is due tothe cleavage of hydroxyl groups from pyridine resulting

in N-6, and to the condensation of pyrrole into NQat a valley position. While the
increase of N6 has been attributed to the conversion of pyridine and the
cleavage of hydrogen bonds in certain D structures during the
depolymerisation reactions [220]. Since only one HTC temperature was
employed for the HCs here studied, it is difficult to assess the effect of
temperature on the NFGs. However, the measad relative content of the N
components on the HCs generally agrees with the described behaviour.

4.6 Conclusions

Determination of the resulting properties of chars and how they vary due to the
thermochemical treatment conditions and origin biomass is necessary for
assessing their potential applications. In this chapter, the chemical, physical and
functional properties of six biochars and three hydrochars were describedA
correlation was observed between the composition of the feedstocks, principally
their carbohydrate fraction and the severity of the thermochemical treatments
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over the final properties of the charsProximate, ultimate, FTIR and XPS analysis
indicates the increasing loss of volatile matter and O content, while an
enhancement of aromatic C content with increasing temperature. The
recalcitrant nature of the oak wood is maintained with a lower loss of VMarger
surface area and more developed microporosity. Where&g&Wand WH exhibied
a greater loss of VM leading to chars with high ash and O:C ratio and lower SA.

CQ adsorption at 273 K proved to be a superior methoda Nz at 77 K for the
analysis of & and porosity of the chars. The PV analysis could be complemented
with both adsorbates, given that C®provided a detailed description of the
microporosity, whereas N facilitated the mesce and microporosity analysis. The
chars are heterogeneous materialsomprised of micro, meso and microporosity
resulting in variable SA and PV value$iCs exhibit a considerably lower SA than
BCs due to their microsphere shape. For the BCs, the feedstock played a major
role in the final physical structure since lignocelllosic OWBCs showed the
highest SA. In addition, increasing the pyrolysis temperature enhanced the SA of
the BCs from all feedstocks.

The surface functionality of the chars proved to be one of the most important
properties. XPS proved to be a powerful tectique for the semtiquantification of

the OFGs and inorganics on the surface of the chars. The XPS analysis indicated
that the major functional groups containing C and O includ€-C, GO and C=0

for all chars. In agreement with the bulk content of inorgaris analysed by XRF,
the surface of the aquatic chars showed a wide distribution of metals, including
Ca, Na, ClI, Si and K. The FTIR spectra for BCs from the same feedstock were
similar, whereas HCs showed a higher intensity indicatingmore surface
functionality. HCs are generally considered to have higher functionality because
of higher levels of humin formed during the HTC processHence, the
characterisation of surface functionality by different techniques, such as XPS and
FTIR, complemented each other byroviding more detailed and consistent
results.

In conclusion, the variability observed between the different chars can be
attributed to a series of factors. Firstly, the thermochemical treatmergmployed
(pyrolysis or HTQ. Secondly, the process conditions, principally reaction
temperature. Thirdly, the feedstock diversity and composition, mainly the type
of carbohydrates, presence or lack of lignin and metal content comprising each
feedstock. Thefollowing chapters will rely on the characterisation of the chars
here discussed for assessing their potential applicationsin the
biotransformation of substrates for the generation of gaseous biofuels.
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ChapterV
Charaugmentation on anaerobic digestion b

model substrate

5.1 Overview

Chapter 5 aimed at assessing the potential of biochar and hydrochar as
amendment additives and immobilisation supports for the anaerobic digestion
of the model substrate cellulose in batch digesters. The feedstocks used for char
production included the lignocellulosic (oak wood), seaweedsaw wrack) and
aquatic plant (water hyacinth). Biochars were obtained by pyrolysis at low
temperature (450 °C), including a chemically activated biochar with Mgg&land
high temperature (600-650 °C). Hydrochars from the same feedstocks were
produced by hydrothermal carbonisation at 250 °CBiomethane production
improved with the addition of lower-temperature biochars from oak wood and
water hyacinth, having doubled the methane production rate. Hidner-
temperature biochars had no significant effect on anaerobic digestion, whisaw
wrack-derived BCs and all HCs regardless of the feedstock, exhibited a
detrimental effect. HC addition in AD could be considered a trigger for VFA
production, particularly acetic and propionic acid. The versatility of AD relies on
the possibility to design a process for producing VFAs, methane and hydrogen
either separately or simultaneously. The influence of feedstock and
thermochemical treatment over the chemical, phys@al and physicochemical
properties of the chars was established in Chapter 4. The latter facilitated the
correlation between such properties and the effect of these chars over AD. From
the wide differences of properties exhibited by the chars, surface oxyge
functionality appeared to be the most important feature improving digestion
performance.

The addition of oak wood biochar chemically activated by magnesium
impregnation was also detrimentalto digestion. However, different outcomes

can be achieved depeting on the chosen activation method. The latter suggests
that biochars produced by metal activation could be regarded as unsuitable
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materials for AD, although other methods, such as physical activation are worth
investigating. Additional AD experiments denonstrated the capacity of the chars
to serve as immobilisation supports for the anaerobic sludge and subsequent
digestions.

The work within this chapter has been published in Bioresource Technology
Journal, please seelQuintana-Najera, AJ Blacker, LAIFAOAEAO AT A ' " 2]
effect of augmentation of biochar and hydrochar in anaerobic digestion of a

i TAAT O CBloresdacatedinobgy321 (2021): 124494,

5.2 Introduction

The demand for biogas produced by AD continues to grow not only for the
countries where this robust technology hasbeen decades established but also
for emergent economies. Recent policy changes towards reducing GHG
emissions by decarbonising transport are supporting the injection of
biomethane into natural gas gridsNonetheless, the dvelopment of biomethane
and biogas into a sustainable energy future fluctuates among countries since it
depends on technological advances, feedstock availability, prevailing market
conditions and policy priorities [13]. Hence, the importance of enhancing the
performance and economic viability of the AD process.

AD turns organic matter from a wide variety of locally available residues into two
valuable products biogas (biomethane and carbon dioxide) and organic
fertilis ers (bio-digested slurry) [46]. Biogas, a renewable and energych fuel,
can be used to generate heat, electricitand steam. Additionally, biogas can be
further upgraded to biomethane and directly employed as transportation fuel;
or be purified to achieve the natural gas quality and be employed for different
purposes|[47]. The digestate, on the other hand, is unsuitable as a combustible
solid fuel due to its high ash content and potential for slagging and foalj. Hence,
the digestate is typically used as a fertiliser in agriculture, where it must meet
certain criteria to ensure a minimum quality according to the British Standards
Institution (BSI) Publicly Available Specification (PAS)57].

In generd, the AD process faces two major problems: operational instability and
the quality of the digestate. Easily biodegradable biomass is rapidly hydrolysed,
which results in the accumulation of intermediary metabolites, such as organic
acids and ammonia. Larg amounts of these compounds inhibit the

microorganism, being the methanogens the most susceptible, resulting in an
unbalanced digester[16]. Some of the reported approaches for prewvding
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digester failure and improving methane yields are the optimisation of
operational conditions, cadigestion, two-phase process, theaddition of trace
elements, cell immobilisation and the amendment by the addition of adsorbent
materials. The addition of carbon materials like biochar activated carbon,
graphite, graphene, carbon nanotubes, and carbon cloth is suggested to improve
AD efficiency[48]. The advantages of using chargver other adsorbent carbon
materials include their low cost, potential to use a wide range of feedstocKer
their production, environmental sustainability, improvement of the digestate,
and their advantageous physicochemical properties that can be further tailored
to fulfil desired characteristics[31].

The integration of different conversion technologies is proposed to improve the
development of biomethane in a more sustainable industry. Righi et §R21]
demonstrated through a Life Cycle Assessment (LCA) that coupling pyrolysis to
the AD of cornstover enables a strong reduction of GHGs emissions, without
affecting abiotic resource depletion. They also highlighted the economic input of
combusting biochar and noted the potential of biochar for improving digestate
quality. Other studies have also mphasized the potential of incorporating
pyrolysis and HTC with AD for improving digestate quality in terms of nutrient
retention and reducing nutrient leaching. For instance, Parmar et a[185]
studied the integration of HTC products in AD, suggesting a beneficial output for
enhancing biogas yields and digestate quality. Similarly, Brown et §6] stated
the importance of integrating HTC of macroalgae with AD for maximising energy
efficiency, through HC combustion and digestion of the process waters. In
addition to the potential of combusting BC and HC for energy output, other
synergistic applications for these materials can be exploited. The addition of
chars is reported to provide positive effects on AD, including mitigation of
ammonium inhibition, promotion of methanogens proliferation, increasing
methane yields, reducing lag time and improving idestate quality[48]. Recently,
char materials obtained from the thermotiemical treatment of biomasshave a
growing interest in maintaining operational stability in AD.

The potential of char materials in AD is due to theiattractive characteristics,
including porosity, surface area (SA), alkalinity and large availability of
functional groups [21,25]. A welldeveloped porous structure s attractive for
providing a large surface of interaction for the immobilisation and protection of
cells and biofilm formation [99]. While oxygenated functional groups (OFGSs) on
the surface of chars are reported to serve as anchoring and interaction sites for
biomolecules, whether they be whole cells, s or inhibitory compounds [80].
Conductive materials (CM), mainly carbonaceous CMhave been appliedto
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improve AD performance by facilitating the syntrophic metabolism, increasing
thus acceleration ratesand thermodynamic and kinetic efficiencies[91]. OFGs
within the redox-active structures quinonehydroquinone moieties and/or
AT T EOC Albdkadn systems within the chars aromatic sukstructures
facilitate the direct interspecies electron transfer (DIET) interactiond222]. The
latter arises whenCM, such as BCs, replace the role of conductipdi and/or c -
type cytochrome appendages found on the outer cells, responsible for DIET
interactions [91]. The BCs catalyse the reductive reactions by facilitating the
transfer of electrons from bulk chemical electron donors to a receiving organic
compound between H-producing bacteria and H-consuming methanogens,
enhancing thus reaction rates and kinetic efficiencieR7,93]. Futthermore, the
addition of chars has been reported to provide a buffering effect for the
intermediary organic acids of AQJ48]. Given the importance of pH for achieving
a syntrophic balance, pH adjustment is often necessary for countbalancing the
variations resulting from organic acid generation. The above represents a
challenge and cost, especially at a large scale and in rural communities that
generate electricity and gas with rudimentary digesters. Hence, it is attractive to
assess char augmentation as an option for improving AD performance and
maintaining a balanced pH byeplacing pH adjustment.

The physicochemical propertiesof the charsintended for industrial applications
might require improvement by an activation agent[60]. The activationcan be
performed by physical or chemical methods. The objective is to modifthe
essential properties that govern the catalytic activity of carbon material, such as
SA PV, andsurfacefunctionality. Theprocess of activationis reported to increase
the PV and SA of BGvhich facilitates high mass transfer fluxes and catalyst
loading [76]. Moreover, the activation increases the content @FGs helping to
a better attachment, thus improving the enzyme activity and cell performance,
reusability and temperature tolerance [24]. Unlike physical activation, the
implementation of chemical agents donates the possibility of employing low
temperatures, reducing then the energetic requirements. However, the
utilisation of chemical agents creates pollution concerns, which the physical
activation does not present. Furthermore, the mechanisms of action of the
different activation agents differ. For instance, CfQactivation involves GCQ
reactions that remove carbon atoms, while widening the pores. KGattivation
enhancesthe SA and PV bydisrupting the char structure [60]. Magnesium
activation is reported to enhance the ion exchange capacity of biochand
surface funcionality [223], andto improve the phosphate adsorption capacity of
BC[224]. These properties arereported to improve AD performance during BC
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augmentation. Thus, themportance of tailoring and optimising these featuress
related to the selection of the activation method, and its final applicatiofv6].

Given the nature of the thernochemical processes and the great differences
between biomass sources, the properties of BC and HC differed largely as
described in Chapter 4. Regardless dlfie recent growing interest in AD, their
application still requires deep comprehension and extensi& assessmentTo
date, a detailed investigation of the properties of BC and HC and their effect on
AD has not been reported. Hence, an understanding of the physicochemical
characteristics of the chars is of great importance for their successful
development as adsorptive additives during AD.Therefore, the overall aim of
this Chapter is to investigate the effect of biochar and hydrochar during the
anaerobic digestion of model substrate cellulose. He impact of char
augmentation on conventional singlestage mesophilic anaerobic digestion
includes a correlation to the characterisation of the chars from Chapter 4.
Magnesium-activated BGs evaluatedas an adsorbent additive. Furthermore, the
capacity to immobilise anaerobic sludge on the chatis also investigaed.

5.3 Biochemical methane potential with biochar and

hydrochar augmentatio n

This section aims to evaluate the ibchemical methane potential (BMP)of
cellulose during AD with the augmentation of biochar and hydrochar. The chars
were produced from the feedsto&s oak wood (OW), water hyacinth (WH), and
saw wrack (SW)and were divided into intermediate-temperature BCs (450 °C),
high-temperature BCs (600650 °C) and HCs (250 °C). Chapter 4 comprised the
detailed characterisation of these materials, whileéTable 5.1 summarises the
most important properties. For the AD experiments, standard process conditions
described in Chapter 3 were employed unless stated otherwise. The digesters
were fed with cellulose 5 gVSL at an ISR 1, and char load 3 % (w/v)and
incubated at 37 °C for 28 daysl'he BC experiments were run in triplicate, while
the HC and cellulose control were run in duplicatéA blank was run in duplicate
and subtracted from the displayed BMP valesto confirm accuracy(Equation 3 -

6). It should be noted that the kinetic parameters maximum methane yield
(BMPmax), methane production rate @m), and lag phase @ AOA AAOAA 1
modified Gompertz modelwhere R states the fitting of the model(Equation 3-
11). Thebiodegradability (BD) indexis obtained from the experimental BMP and
the maximum theoretical BMRn (Equation 3 -10). The focus of these results will
initially be on the AD performance and effect of chars on the methane yields,
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kinetic parameters, VFAs and pH in comparison to the nechar control. Then,
the discussion will move towards the correlation between the remarked
differences and the properties of the chars.

Table 5.1. Summary of the most relevant properties of the chars used for
anaerobic digestion amendment.

Volatile
Ash C N 0]
Char matter pH SA (n#/g)
(%) db (%) db (%) db (%) db

(%) db
OW-HC250 57.9 3.8 3.9 62 1.2 29.4 44
OW-BC450 21.1 11.7 9.9 65.7 0.6 19.3 221
OW-BC650 11.8 14.3 9.3 76.5 0.8 7 237
WH-HC250 56.8 20.6 5.6 50.8 34 20.2 37.1
WH-BC450 30.9 33.9 9.1 26.1 1.7 36.9 38.7
WH-BC600 21.5 42.6 10.6 37.8 2 14.9 89.9
SWHC250 64 14.3 6.2 54.9 24 22.7 40.6
SW-BC450 48.4 33.3 11.1 39.2 24 21.6 715
SW-BC600 36.1 34.6 12.1 40.4 2.3 21.6 63.5

5.3.1 Biochemical methane potential

Figure 5.1 illustrates the cumulative BMP curves for cellulose digestion for the
effect of biochar and hydrochar augmentationn comparison to the cellulose
control. There was a lag phase of2 days formost BC systems before they began
methane generation, except foSW-BCs whose initial productionextended until
the 17t day (Figure 5.1a). The BMP omost BC systems was found near the mid
exponential phase by the 7 day, although, OWBC450 and WHBC450 exhibited

a faster production rate by reaching the steadystate earlier than the remaining
systems.Figure 5.1b shows the curves with HC addition, no initial phase was
observed as methane was generated since day 1. This may be due to the presence
of VFAs adsorbed onto the surface of the HCs that coudd initially used by the
methanogens. After this, initial burst, a secondary lag phase occurs followed by
a recovery and further production of methane.
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Figure 5.1. Cumulative biomethane production during anaerobic digestiorof
cellulose (control) andwith the addition of a) biocharand b) hydrochar.

Replicates:biochar (n=3), hydrochar (n=2), cellulose control (n=3), blank (n=2).

The final BMP for theexperiments augmented with WHBC450 and OWBC450
showed a significant difference over thecellulose control (p<0.05) (t-test),
corresponding to 10.61 and 7.34 % improvement, respectivelyT@able 5.2).
Conversely, the addition of O\ABC650 and WHBC600 resulted in 5 % less
production than the control, though nonsignificantly different (p> 0.05)
(ANOVA)and considerably less than the highest producers. The addition of both
SWBCs drastically affected methane generation, with almost 85 % less final BMP
than the control. The hiodegradability of biomass into biogas during AD is
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usually limited to 60 %[37]. Cellulose itself is relatively easily dgradable, under

similar AD conditions it is reported to provide a biodegradability of 58 %4225].

Table 5.2. Experimental yields and kinetic parameters obtained withthe
modified Gompertz model of theAD of cellulose with char addition.

Experimental

Gompertz model

Char BMPaxp BDcha BMPrax b ]
(mL CH/g R2
(mL CHy/g V9 (%) (mL CHy/g VS) (days)
VSday)
Oak wood
OW-HC250 45.85 11.05 68.78 1.22 0.0 0.946
OW-BC450 285.46 68.82 285.69 28.08 1.46 0.993
OW-BC650 251.63 60.66 262.45 13.06 2.60 0.972
Water hyacinth
WH-HC250 111.20 26.81 11041 24.38 151 0.973
WH-BC450 294.15 70.91 298.39 27.31 1.18 0.988
WH-BC600 266.03 64.13 321.28 12.32 3.30 0.979
Saw wrack
SWHC250 73.85 17.80 75.79 6.31 0.0 0.930
SWBC450 38.25 9.22 41.64 4.88 17.33 0.973
SW-BC600 41.05 9.90 56.24 1.90 3.63 0.884
Cellulose
265.93 64.11 284.85 11.81 0.20 0.985

control

Maximum BMPn of cellulose 414 mL ChHg VS; maximum methane yield (BMRax),

methane production rate (m), lag phase ¥ Qh
validate the model.

Table 5.2 also shows the biodegradability index for all BC systems within a
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range of 9 to 71 %. Accordingly, the highest methane producers exhibited the

highest BD values. The digestion of cellulose itHC addition resulted in a 57
83 % lower yield than the control anda considerably lower BD index (1% 27 %)
than the rest. WHHC250 was the least inhibitory, followed bySWAHC and finally
OW-HC. The greater level of inhibition increased for high lignktontaining HCs

such as OW. In summary, seaweeatbrived BCs and HCs, regardless of the
feedstock, may not be suitable for enhancing AD yields. Whereas systems

augmented with low-temperature OW and WHBCs, showed a positive impact

having improved methanogenes compared to the control.
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5.3.2 Kinetic analysis

Table 5.2 outlines the kinetic parameters obtained for the cellulose digestion
experiments calculated as described in sectio8.3.8 The systems supplemented
with BC, particularly the lowtemperature BCs, exhibited higher R values,
indicating a better fitting than the HCsThe production of methane started early
in the digestion, hence st systems exhibited low} values The highest BMRax
of 321 mL CH/g VS was achieved by WHBC600, whereas WHBC450 andthe
OW-BCs obtained similar values to the controllThe highestum was observed for
OW-BC450 (28 mL Chk{g VSday) and WHBC450 (27 mL Ck{g VS-day), which
represented 2.4 and 2.3 times the obtained with the control, respectively
Conversely, SW-BCs and HCs reached considerably lower BMR and pm. In
summary, the kinetic parameter most positively affected by char additionwas
Um as shown for OWBC450 and WHBC450, which resulted in the most
significant enhanceanent.

5.3.3 VFAsand pH

Figure 5.2 shows the alcohols and VFAs accumulated at the end of the AD
experiments augmented with the different chars. Those systems that produced
higher amounts of methane (OWBCs, WHBCs, and control)also resulted in a
lower accumulation of VFAs and alcohol8Both OWBCs and WHBCs reduced
the accumulated VFAs to less than half the contraComplete degradation of VFAs
by the mentioned systems indicates efficient digestion profiles. Conversely, the
addition of all HCs led to a considerably higher accumulation of VFAs. Given that
the same processing conditions were employed for all systems, the large
differences in the VFAs could be due to the added char. BC addition is reported
to accelerate the formaton of acetic and butyric acid and further VFAs
degradation[36]. Regardless of the positive effect of adualj BCto acceleratethe
VFAs production and consumption, it is argued that it has no significant effect on
the average final VFAsaccumulation [37]. Other reports state a considerable
effect of BC in promoting the growthof microorganisms involved in VFA
degradation and methane production.Thus, the lower accumulation of VFA
could be due to the tandem reaction of syntrophic acetate oxidation and
hydrogenotrophic methanogens[88,226]. Moreover, Shanmugam et al28]
suggested the adsorption of VFAs by activated carbon and BCs, especially for
materials with high surface area. In the case of hydrochar, Mumme et Hl7]
reported a similar behaviour where HC contributed to the cellular stress. They
attributed this detrimental effect to the biodegradable fraction of hydrochar that
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is converted into inhibitory VFA, suggesting that HCs contribute to the VFA
formation.
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Figure 5.2. \blatile fatty acidsaccumulatedat the end of the anaerobic digestion
with the addition of biochar and hydrochar.

The pHof the digesterswas measured once the chars were added and before the
AD started and at the end of the AQFigure 5.3). No pH adjustment was
performed for evaluating the effect of the chars on the pH of the digesters. BCs
are known to be more alkaline due to the enhancement of inorganics in the chars
after pyrolysis, whereas HCs are well known to be acidic as shownTable 5.1.
Accordingly, all systems supplemented with BC showed an initial alkaline pH
similar to or higher than the control. The digesters augmented with HCs started
closer to neutrality, with WH-HC atproximity to the control. Whereas those
supplemented with OW andSW-HCs started slightly belowNevertheless, most
systems started at a suitable pH since the optimal value for singgtage AD is pH
6.8-7.4. Similarly to this work, many reports that evaluged char addition in AD,
performed no adjustment on the pH[17,34,231,232,35,39,148,202,227230].
While others adjusted the initial pH within a range of 6.8.0
[28,36,101,171,172,201,233] This range was generally reached in this work
without requiring pH adjustment, except for theSWBCs systems. The addition
of the SWBCs enhanced the alkalinity of the digesters (pH9). This could be due

to their increased Ncontent and increased levels oflkali and alkaline earth
metals. The analysis of metals by XRF described in Chapter 4 showed a large
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contribution of Cl, Na, K, Fe, Ca, S, and Mg for tR&/BCs. Initial alkaline
conditions facilitate the hydrolysis of carbohydrates. However, pH as alkak as
the observed for SW-BCs could detriment further VFA consumption and
methanogenic activity. Acetic acids are the main precursor for methane
production and were the most accumulated VFA for the HC systems, although
WH-HC exhibited a considerable amounof propionic acid. The conversion of
propionic acid into methane is not thermodynamically favourable, hence its
toxicity [51]. The increasing accumulation of these acids and reduction of pH
stress the sy$em resulting in a poor conversion towards methang49].

10

[ Jinitial pH [_]Final pH

ow ow ow WH WH WH SwW SwW SW  Control
HC250 BC450 BC650 HC250 BC450 BC600 HC250 BC450 BC600

Figure 5.3. Measurement of pH at the beginning and end of the anaerobic
digestion of cellulose (control) and with the addition of biochar and
hydrochar.

The range within dotted lines corresponds to the optimal zone (pH 6.8-7.4) for AD.

At the end of the AD process, the pH of all reactors had been reduced to different
extents. The SWBCs and HC systems suffered the greatest pH variations,
because of VFAs accumulationh& HC systems reached pH levels unfavourable
for methanogens (pH 5.36.4), while all BCs systems and the control reached final
pH values close to the optimal range (pH 8-7.4) for singlestage AD. In
agreement with the low VFAs accumulation, the systenBW-BCs, WHBCs and
the control showed minor changes inpH. Given theobserved pH variations, it
was not possible to attribute a buffering effect from either BC or HC.
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5.3.4 Effect of biochar augmentation

The effect of different BCs on the anaerobic digestion of cellulosas evaluated

in terms of methane yield and methane production ratesThese findings
indicated that, while BCs had a range of characteristics that may imprové®Anot
all the BCs are the same and some BCs may be better suited for RBss et al.
[234] reported toxic and/or inhibitory by -products generated during the
pyrolysis of seaweed, such as phenols,-mtrosodimethylamine, and 5methyl-
furfural. The presence of these compounds otihe seaweedSW-BCs could have
affected microbial metabolism which resulted in poor AD performance Even
though there are several reports of BC addition in AD, there are none regarding
BC produced from seaweed or other algae sources which highlights the
importance of stating the unsuitability here observed.

In this work, it has been demonstrated thatower temperature BCs enhanced the
methane production rate and yield during AD.Even though there was no
significant difference in BMP between the systems augmented with OBC450
and WHBC450 (p<0.05(ANOVA) their addition wasthe most successful having
improved methanogenesisand double production ratecompared to the control.
Conversely, higher temperature OWBC650 and WHBCG600 offered no
significant difference in comparison to the control (p>0.05)t-test). The latter
states the importance of pyrolysis temperature and biomass of originin
designing biochars that aim to be used in AD.

Shanmugam et al28] studied BCs derived from woody and herbaceous biomass
produced within a range of 400900 °C. The ddition of all BCs on the AD of
glucose andbio-oil aqueous phase (BOAPIMproved the biogas production and
COD reduction. For théD ofglucose, they added BC switchgrass and woody BCs.
The highest yield 330332 mL CH/g CO (1.7#1.8 times the control) was achieved
with the lower temperature BCs of both feedstocks. For the AD of the more
complex BOAP substrate, they tested canola meal BC and wo&{y The control
exhibited very low BMP (24 mL Ckig COD), which once again was improved by
the lower-temperature BCs. The woody BC had the highest improvement (12
times the control). The best performancewoody BCs &iowed higher electric
donating capacity (EDC}han the other adsorbents (350 and 3381S/cm). They
alsopossessed a neutral pH (7.0 and 7.3), similar VM (41 and 40 %), FC (4.7 and
6.8 %), ash (4.7 and 6.8 %gnd small SA(8.0 and 5.7 mé/g). However, they stated
limitations during the measurement of SA by traditional Madsorption and BET,
thus the reported SA is questionable. In addition, the BCs exhibitesurface
functionality composedof phenazine and quinone moietiesThey attributed this



Chapter V
139

improvement to the presence ofedox-active moietiesand inorganic moieties in
the BCs It is worth pointing out that they did not considerthe high content of oil
and crude proteinin the canola meal that could have resulted in BCs nbging
favourable to AD.Notwithstanding, they supported the role of the BCs aa
catalyst mediaing the electron transfer during the fementation of glucose and
more complex substrates Like this work, they observed a similar trend
regarding pyrolysis temperature and BCs with suitable properties for AD.

Qin et al.[35] studied the addition of BG produced at 500 °Cfrom different
feedstocks into the AD of glucose The results differed for each BC the
parameters methane vyield and production rate improved with woodyBC
addition in comparison to their control. Conversely, corn stalBC drastically
reduced both parameters, also leadingto a decreasein the methanogen
Methanosarcinapopulation. They attributed the enhancement to the properties
of the woody-BC, includingtheir high SA andEDC Accordingly, Shen et al.
[148,173] used woody andcorn stalk BC produced at 710 °C, observing no
significant effect on BMP yields but an improvemerninh methane production rate.
They attributed the positive effect of BC on production ratéo buffering capacity,
DIET,SA, C®@adsorption andlesseningNHsz inhibition .

Given the differences observed in this work and the literature, it is important to
outline the necessity ofdeveloping an understanding of how the BC properties
affect their fitness for AD augmentation. In addition, it could be benefcial to
establish a methodology with standadised conditions (e.g. inoculum, ISR,
substrate) for reducing the process variablesThis knowledge could resultuseful
since these given properties can be tailored by controlling the pyrolysis
conditions and feedstock seletion [31]. In this section, a discussion about the
properties of OWBC450 and WHBC450 that could have influenced their
positive effect on ADis outlined. Nonetheless, Chapter 7 will covea detailed
compilation of the reports found in the literature regarding biochar addition in
AD in correlation to their properties and effect on AD.

Given the large differences between the lower temperature BCs from OW and
WH, it is important to understand which inherent physicochemical properties
could have influenced their positive impact on AD. These chars were
characterised in detail in Chapter 3Both BCs showed comparable alkaline pH
and volatile matter (VM) content. OW-BC450 showed low ash content, high SA
(Sce = 221 n¥/g) and pore volume (PV=0.08 cn?/g). Conversely, WHBC450
exhibited a considerably higher ash content, low SA£{&= 39 n¥/g) and PV (0.02
cmd/g). The high SA and porosity of OWBC450 couldhave provided the support
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and environment for the interaction and/or adsorption of microorganisms. This
benefit could have been reduced for WHBC450.However, reports of BCs with
low and high SAexhibiting the same positive effect on ADave neglected the role
of SA. Nanopores contribute largely to the porsity of BCs, although the reduced
size of these pores limis their access to microorganisms. Even for BCs with high
SA, the predominance of microporosity could reduce the area of interaction
between BC and the neroorganisms|[92].

The inorganics within the BCs could provide a source of alkalinityconductivity,
and trace nutrients, especially for WHBC450 given its considerably higher ash
content. The soluble inorganis (Cl, Ca and Kare reported to enhane BC
conductivity and subsequently improve DIET interactions [235]. The
concentration of these elements was 934, 10393 and 8633 ppm for WBIC450
and 0,30470 and 3896 ppm for OW-BC450, respectively. Notwithstanding the
redox properties of the BCs originated principally from their organic electron
accepting and donating maeties, and to a lesser extent from their inorganic
constituents [93].

The XPS analysis dfoth OW-BC450 and WHBC450 showed a large contribution
of OFGsThe C1s spectra showed-O, C=0 and COO groups for both BCs and a
AT T OOEAGGETOOATA KO E IBL4s®dud\té theEbnfiigation from
the aromatic structures ora electrons in aromatic fings [213]. The O 1s spectra
for both BCs exhibited a large content of @, followed by O=CThese groups
could indicate hydroquinone and quinone moieties, respectivelyKllipfel et al.
[93] reported that BCs produced at 406600 °C showed an extensive redox
buffering capacity dominated by quinone/hydroquinone functionalities. Whilst
increasing pyrolysis temperature reduced these groups. The above agrees with
the behaviour observed for OWBC650 and WHB@G00. These systems reached
BMP yields close to the control, suggesig that no further functionality benefits
were provided.

The greater Ncontent of WH-BC450is accompanied by avariety of surface
nitrogen functional groups (NFGs) The NFGs are reportedtio provide sites for
the adsorption of organic and inorganic compounds. NFGs can also contribute to
the electrocatalytic potential for redox reactions. The above is the combined
effect of pyridinic -N (N-6) and quaternary-N (N-Q) with an adjacent Gatom to
redistribute the charge and subsequently promote the redox reactiofiL82]. In
summary, OW and WHow-temperature BCs could have favoured the intimate
proximity between the substrate-oxidisers and the methanogens. The
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functionality and redox capacity of these BCs could have triggered syntrophic
DIET interactions and enhancd the methanogenic performance.

5.3.5 Effect of hydrochar augmentation

The addition of HCs exhibited a negative impact on methane yields and kinetic
parameters. The greater level of inhibition increased forthe high lignin-
containing OWHC. This is probably a combination of OWHC acidic nature (pH
3.9), increased hydrophobicity and aromaticity, and the presence of increased
levels of phenolic functionality as observed in the FTIR analysis. Generally, the
supplementation with HC from these three different HCs is regarded to inhibit
methanogenesis. Comparetb BC, there are fewer reports of the addition of HC
during AD. Those that have been carried out, however, repothe favourable
effect of HC on AD, which is contrary to this study. For instance, Codignhlez

et al. [90] emphasised the influence of HTC temperature on the e@sof spent
coffee HC produced at 180, 220 and 250 °C as a substrate for AD. The HC
produced at 180 °C was successfully degraded, whereas HC produced laigher
temperature reduced the BMP yields and extended the lag phase. They attributed
this behaviour to the increase of hydrophobicity with raising HTC temperatures.
A greater hydrophobicity reduces the contact of the HC surface with the
inoculum. Moreover, HC produced at low temperature is more labile and easily
degraded for its further uptake as a substte. Similarly, reports of the addition

of HC and H&Slurries to AD increased the methane vyields [66,89,90].
Nonetheless, nost studies aimed to useHTC as a prdreatment and HC as a
substrate, whereas ths study ains to evaluate their potential as supports and
not substrate. The HG used for this work were produced at 250 °C, generally
higher than the reports mentioned above. Thus, the addition of loemperature
HC could favour AD, by acting as a substrate rather than a support.

It is suggestedthat as the temperature of HC increases, the HC became more
inhibitory towards methane generation This effect could be attributed
principally to the humic acids(HA) largely present in the HG. The HA can act as
electron acceptors improving the acetic acid production, while further
competing for them with the methanogens, reducing thus VFAs consumption and
methane generation[89]. Similar behaviour was observed in these experiments
since HC augmetation resulted in a considerable accumulation of VFAdn a
separate set of experiments, the humic acids (HA) were separated from the
hydrochar by alkaline extraction. The amount of HA within the OWAC250
corresponded to 26.6 % of the HC solid. Given tf@W-HC250 load of 3 %, the
total amount of HA added to the digesters corresponded to 7.98 g/L, which could
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have affected methanogens. Khadem et §236] reported that up to 1 g/L of HA
could inhibit up to 75 % of the methane production rate of all hydrogenotrophic
methanogens. Even though the content of HA was not measured for the other
HCs, similar inhikitory contributions could be inferred. In addition to the humic
substances, HTC often results irundesirable N-containing by-products of
Maillard reactions, such asmelanoidins and Nheterocycles, which have a
considerably inhibitory effect over fermentative bacteria [237]. Moreover, the
acidic nature and the high levels of phenolic functionalitpbserved in theFTIR
analysiscould also have affected the BMP production.

Even though the addition of hightemperature HC in AD does not favauthe
production of methane, it could be considered a trigger for VFA production,
particularly acetic and propionic acid. The versatility of AD relies on the
possibility to design a process for producing VFAs, methane and hydrogen either
separately or simutaneously. The usefulness of the latter could support the
demand for VFAs to be employed as precursors for a series of valuable
compounds, such as biopolymers, biofuels, alcohols, aldehydes or ketoigs] .
There is a growing interest in the development of sustainable routes of
production of acetic acid from renewable sources since the current main route
for its production is based on the carbonylation of methanol duringhe steam
reforming of fossil fuels[238]. Hence, the addition of HC could be recognised as
a promising option for VFAs production rather than methane.

5.4 Use of activated biochar for anaerobic digestion

The physicochemical properties of the chars that govern their potential as
adsorbent material can be further improved by an activation treatmenf60] . The
activation process could be performed by chemical or physical methods. For the
former, the raw material is impregnated with a reagent (e.g., MgCENCE, HsPOy,
KOH or NaOH), and subsequently pyrolysed under an inert atmosphere. For the
latter, the raw material is initially carbonised, followed by the activation with
either steam or carbon dioxidg105]. Modifications on essential properties, such
as surface area (SA), poreolume (PV), poresize,and surfacefunctionality could
offer several advantages. For instance, a greatgorosity and SA could facilitate
mass transfer fluxes and catalyst loading76], whereas agreater number of
surface functional groups could enhance interaction sites for a better attachment
of cells[24] . A previous study performed within the research group by Takaya et
al. [224] investigated theimprovement of the phosphateadsorption capacity of
biochar due to activation.Phosphate recovery is environmentally ssential in
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agricultural and industrial wastewater, due toits causing eutrophication in
water bodies. Phosphataiptake with BCsis a sustainable approach thatequires
an adsorbent material with a wide surface functionality They compared
chemical activaton (MgCk and FeCk) and physical activation (KOH and kDz) of
oak wood biochar. B activated with MgCk exhibited the greatest phosphate
uptake. BCs activated with FeCs, and KOH showed a modest phosphate
adsorption capacity, whereas B&H20, reduced the adsorption capacity and was
considered detrimental. Given the better performance observed for BRIgCb,
this activated BC was selected for AD experimentdence, ths section evaluates
the potential of activated BC asan adsorbent materialin AD. As stated in the
previous section, lowtemperature OWBC450 positively influenced AD
performance. Therefore, the overall aim of the present study was to investigate
the effect of activated lowtemperature OW-BC during the anaeobic digestion of
cellulose. The activated OWBC453MgCl was obtained by impregnation in Mgl
as described in Chapter 3. The digestion conditions consisted of inoculum 10 g
VSI/L, cellulose 5 g VS/L, ISR 2, and biochar load of 1 and 3 % (w/v).

5.4.1 Biochemical methane potential

Figure 5.4 shows the cumulative BMP generated during the AD of cellulose
augmented with 1 % of activated OWMBC. Given the SR of 2 used for this
experiment, the cellulose control showed an improved performance than the
observed in the previous section with an ISR of 1. Notwithstanding, for the
system amended with the activated BC, methane generation started until day 8
of digestion. The control, on the other hand, started producing methane on day
1 and quickly reacheda steadystate. The behaviour is different to the observed
with traditional non -activated OWBC450, whose effect improved biomethane
production rates and yield. This suggests that activated OWBC450MgCl
affected the microbial population, whose recovery took up to 28 days to reach
BMP values close to the control.

Small amounts of metals, such as Fe, Ni, Ca, and Mg, are reported to stimulate
biogas and biomethane gneration given their essential role in the metabolic
functioning of microorganisms[239]. Given the methodology employed for the
activation of OWBC, the Mg in the BC exceeded the recommended. Further, the
addition of activated OWBC at 3 % resulted in a null biomethane production
suggesting greater toxicity by increasing char loadSimilarly, Suanon et a102]
studied the effect of magnetite iron nanoparticle{FesQs) in the AD of sludge
obtaining improved methane production. However, the increasing comntration

of the nanoparticles affected the yields singeat loads of 0.5 %, the methane
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production was improved whereas at 1 % it was strongly inhibited. The
attributed this behaviour to the toxicity of (FesQs) nanoparticles and the release
of the metal into the liquid bulk.
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Figure 5.4. Effect of the addition of oak wood biochar activated with magnesium
on biomethane production during anaerobic digestion

Replicates OW-BC450MgCl (n=2), cellulose control (n=2), blank (n=2).

Table 5.3 outlines the kinetic parameters obtained for the cellulose digestion
experiments. The final BMP yield obtained with OWBC4503MgClI addition was
only 8 % less than the control, although the BD index was relatively good in both
cases (D-77 %). The parameters most affected by OMBC450MgCl addition
were 1 and um with values of 4.6 and 5.6 times slower than the controlThe delay
for the methane gerration with the addition of OW-BC450MgCl at a load of 1
% and the null production with 3 % indicate inhibition or even toxicity. This
inhibitory effect could be due to the high amount of Mge&H-0O employed during
the production of the BC, and the effecof the products resulting after the
thermal degradation. According to Huang et aJ240], the thermal decomposition
of MgCkAH20 above415 °C leads to the products outlined ifcquation 5-1. It is
worth remarking that both, MgO and HCI are highly inhibitory for cell
metabolism. There are even reports on the effective antimicrobial activity of MgO
nanoparticles against bacteriayeast and the formation of biofiimg[241].
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Table 5.3. Experimental yields and kinetic parameters obtained with the
modified Gompertz model.

Experimental Gompertz model
Char BMPexp 8o BMPrax Hm .
(mL CHi/g %) (mL CHi/g (mL CHy/g (days) R?
VS added) VS added) VSday)
OW-BC450-MgCl 290.65 70.20 386.93 16.57 7.98 0.980
Control 317.60 77.18 354.94 93.02 1.74 0.998

BMPexp experimental final methane yield; BD biodegradability; BMirax maximum
methane yield;um methane production rate;] 1 A C; Rez@efiicieAt of determination to
validate the model.

0 Q8 @FOH © O QY 06 & LOD Equation 5-1

The methodology here usal has been reported to provide highly adsorptive
MgObiochar nanocomposites with an excellent capacity for removing
phosphate and nitrate from water[107]. Nonetheless, his same methodology
might not be the most adequate for obtaining activated biochar that enhances
AD and promotes cell adhesion Therefore, it is worth considering other
activation protocols, by either employing lower concentrations of metalsor
other chemical reagents oreven moving towards physical activation. It is
possible to control and tailor the physicochemical properties b biochar by
controlling the method and activation process. Hence, understanding the
properties that biochar must meet for improving AD and selecting an activation
method with the best chance of delivering them are of great importance. In this
study, it was stated that the chemical activation method here employed resulted
in BC with increasing metal content that exhibited a detrimental effect on AD.
Other approaches for increasing the surface area and porosity of biochar to
desirable levels can be obtaineavith other methods and activation conditions.

5.5 Cell immobilisation on chars during anaerobic digestion

The immobilisation of whole cells on porous materialgdlike biochar, is similar to
adsorption since it often involves the same physical and chemical in&ctions.
The cells are initially attached to the support (adhesion) and each other
(cohesion). Afterwards, the firmly attached cells commencemultiplying by
remaining attached, thus colonising the support, at the same time that they get
entrapped into the macro andmicro-porous regions of the matrix [242,243]. The
physicochemical parameters of surface area, particle size, pore structure and
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functional groups of the support are of great importancefor immobilisation
[244]. The interacions between the cell and the support depend on the chemical
characteristics of the surface of both.tlhas been reported the importance of
OFGs on the surface of the matrix materials for the hydrophilic character, and the
promotion of electrostatic interactions that lead to a greater immobilisation
performance [27]. Moreover, the surface chemistry of the support has shown a
direct effect on the bacterial population and catalytic actity of the immobilised
system[97]. The support materials should count withthe presence of functional
groups for multipoint bindings between the support and the cells[245].
Therefore, the chars used in this work generally fulfil the characteristics
mentioned above. The chars exhibited a large availability of OFGs, and
particularly for OW-BCs a considrably large surface area as described in
Chapter 4.

The potential of the chars to immobilise the anaerobic sludge, followed by the
capacity of the attached cells to produce methane during AD was investigated.
Only OW chars were selected for this experimérbecause they areconsidered
reference materialsin the research group andgiven their predominance in the
literature. Thus, two consecutive AD runs under standard conditions
incorporated with the chars OWHC250, OWBC450 and OWBC650 were
performed witho ut replicates. First, digestion with the inoculum 5 g VS/L and 3
% (w/v) of chars at 37 °C for 48 h without substrate addition took placeSince
the medium was not supplemented with a carbon source, it was assumed that
there was no further bacterial growth. At the end of the fermentation,the
supernatant was decantedand the charswere collected and placed in a sieve.
Afterwards, the chars weregently washed with distilled water to remove the
excess sludge that was not immobilised onto the biochar matersgas described

in section 3.3.10. These chars wereemployed as the source of both char and
inoculum for seeding a second AD batch incorporated with cellulose at 5 g VS/L.
Since the amount of inoculum was not fixed for the second run, it is not possible
to state the ISR, although it is assumed to be relatively lo@iven the short length
of the first digestion, methane generation was measured just on the second
digestion. The first digestion aimed to promote the immobilisation of the
microorganisms on the suface of the chars. While the second digestion aimed to
assure that the only inoculum supplemented to the reactors corresponded to the
cells previously attached to the chars. Hence, the BMP generated during the
second AD was attributed to the anaerobic stige immobilised onto the chars.
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5.5.1 Biochemical methane potential

Figure 5.5 illustrates the cumulative BMP of the second AD fed with the sludge
immobilised on the chars. The system incorporated with OVYB(650 started
methane generation sooner than theest. OW-BC450 amnl OWHC250 started
methane generation on the 10 day of the digestion, although the latteshowed
poor production. The lag phase was followed by a stepped BMP production and
reach of steadystate after 3339 days of fermentation for the BC systems.
Whereas the HC system reached a rapid stabilisation atesser BMP yieldlt can
be assumed a seedindrastically below the initially 5 g VS/L used for the first
digestion since the only inoculum provided to the second AD batch was attached
to the chars.
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Figure 5.5. Cumulative biomethane production during the anaerobic digestion of
sludge immobilised onoak woodchars(n=1).

The initial inoculum concentration influences the rate of biodegradability of the
substrate, hence low initial values result in slower anaerobic fermentatiof246] .
The prolonged lagphase and stepped curve suggest deceleration of growth,
due to an adapation of the culture to the digestion conditions. The growth curve
of bacteria undergoes various phases accompanied by an adaptation to
concentrations of nutrients and inhibitors that causes small time lags. The shape
of the growth curve is influenced by aseries of factors, including the type of
bacteria, physiological state of the initial inoculum, initial concentration of
inoculum, process conditionsand type and concentration of substratg247].
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The differences between the char systems generally agree with the sdrved in
section5.3.1. The lower temperature OWBC exhibited better performance than
the higher temperature BC and dramatically better than HJable 5.4 shows the
kinetic parameters obtained with the modified Gompertz model. Accordingly,
the immobilisation on OW" #tuvn A@EEAEOAA OEA 1 hi CAOO
(13.6 mL CHi/g VS-d) almost doubing the observed for OWBC650, although
similar BMPnax. OWHC250 exhibited the smallest lag phase (4.1 days) but
reached considerably lower methane yields. The BMP yields and production rate
here achieved were lower than the previously obtained for cellukwe and biochar
digestion experiments 6.3.1). Notwithstanding, the production of methane by
itself indicates that anaerobic sludge immobilised on thehars was transfered

to new digesters for the continuity of AD. The adaptation time required before
methane production could be due to the fewer inoculum available since the
provided consisted only of the attached to the chars. Regardless of the necessary
long time for adaptation, the generation of methane is an indication of the ability
of the biochars, particularly OWBC450, to successfully attach the anaerobic
sludge and allow the digestion performance.

Table 5.4. Experimental and kinetic parameters obtained with the modified
Gompertz model for the anaerobic digestion of sludge immobilised on

chars.
Experimental Gompertz model
Immobilised BMPexp 8o BMPrax Hm )
system (mL CHi/g (mL CHi/g (mL CHi/g R2
(%) (days)
VS added) VSadded) VSday)

OW-HC250 37.9 9.1 36.6 2.3 4.1 0.996
OW-BC450 260.1 62.7 272.8 13.6 8.1 0.989
OW-BC650 248.3 59.9 277.8 7.1 4.6 0.928

BMPexp experimental final methane yield; BD biodegradability; BMPmax maximum
methaneyield; pni AOEAT A P OT A OA OE ;R coellidichtbifetdrmidatiogto DE A O A
validate the model.
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5.6 Conclusions

It can be considered that the addition of biochar from lignocellulosic and
herbaceous sources produced at lowemperature (450 °C) can improve
methane production during AD. The methane yields for the biochars produced
at higher temperatures (600650 °C) from oak wood and water hyacinth were
significantly lower. Seaweed biochars and all hydrochars, on the other hand,
proved to drastically inhibit methanogenesis. A relationship between the nature
of the parent materials along with the thermochemical processigp conditions
and their influenceon AD was established.

Hence, the obtained positive effect could be attributed to a summary of beneficial
properties such as high surface area and OFGs for €B&Z450 or even a greater
content of OFGs, NFGs and conductiveonganics for WHBC450.Furthermore,

it was established the ability of the biochars, particularly OWBC450, to
successfully attactto the anaerobic sludge and allow the digestion performance.
Although the proposed method of lowtemperature biochar addition was
successful in batch tests, it is worth considering other feedstocks, physical
activation methods, immobilisation methods and the potential of hydrochar in
the production of VFASs.

Conversely, methane potential and hydrolysis efficiencies of cellulose vee
noticeably decreased in the presence of seaweed biochars, hydrochars and metal
impregnated biochars. These detrimental effects could be attributed to
characteristics such astoxic or inhibitory by -products originating from the
pyrolysis of seaweed Humic acids, acidity, andundesirable N-containing by-
products of Maillard reactions in the case of hydrochars.
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ChapterViI
Biochar augmentation onthe anaerobic digestion

of complex substrates

6.1 Overview

Given the favourable effect oflow-temperature biochars (BC) on anaerobic
digestion stated in Chapter 5the further augmentation of the oak wood biochar
produced at 450 °C (O\ABC450) on the digestion of more complex substrates is
undertaken in this Chapter. Factorial design of experinmés (DoE) was
performed to evaluate the effect of crucial processing conditions, such as
inoculum-to-substrate ratio (ISR), biochar load and C/N ratio. The content of this
chapter is divided into two sections according to the substrate used for AD, (i)
microalgae Chlorella vulgaris and (ii) aquatic plant water hyacinth (WH).

Firstly, the anaerobic co-digestion (AcoD) of C. vulgariswith a reference
substrate with known degradability, in this casecellulose, allows the effect oBC
augmentation on C/N ratos to be investigated and allows optimum C/N ratio to
be controlled. To establish the potential of BC foenhancing methane generation
during AcoD, exploratory and further DoE experiments were performed. An
initial augmentation of BC at ISR 08.9 and CN ratio 10-30 offered a pH
buffering effect and increased the biomethane yielddy 1.8-4.6 times the
controls. BC addition amended significantly AcoD, supporting the stability of
digestion under less favourable conditions. The effect of the process variables
was further studied with a 2"3 factorial design and response optimisation.
Under the design conditions, the variables had less influence over methane
production. Higher ISRs and C/N ratios feoured AcoD, whereas increasing
amounts of BC reduced the biochemical methane potential (BMP) but enhanced
the production rate (um). The factorial design highlighted the importance of ISR
and BCload on AcoD, establishing an optimum of 2:1 and 0.58 % (w/y)
respectively.

Secondly, a full factoria"2 experimental design and further optimisation were
performed to identify the best processing conditions for the AD of WH. An ideal
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ISR of 1 was established while increasing it dropped the BMP vyield andl.[The
contour plot demonstrated that the maximum BMRBxp and BMPhax values can be
obtained at BC loads of 1.8 and 00.5 %, respectively. Whereasgwas favoured

at all BC loads and more significantly at 3 %. However, BC addition had no
significant effect on thedigestion of WH. The subsequent AD of WH samples
collected from different locations in India and Uganda resulted in highly different
BMP yields. BC addition had little effect on BMP performance, and in some cases,
it even reduced the BMP.

The performanceand trends obtained from the factorial regression models and
optimisation differed largely between the codigestion of C. vulgaris and
cellulose and the AD of WH samples. The effect and amendment potential of
biochar were influenced by the digestion condions and substrate, particularly
when working with complex substrates. Therefore, it is necessary to create an
understanding of these relationships to establish the best AD conditions.

The first part of the work within this chapter has been published in Bresource
Technology, please seel QuintanaNajera, AJ Blacker, LA Fletcher, AB Ross
O)1 & OAT AA T £ AOCi AT OAOET -Higebtidn ofiCEldrela= A O
vulgarisAT A A A BibrésbuiceTécinobgy (2022) 343, 126086.

The second part othe work within this chapter has been published in Energies,
please seedQuintanaNajera, AJBlacker, LA Fletcher, DGBray, AB RosS3 Th®
Influence of Biochar Augmentation and Digestion Conditions on the Anaerobic
Digestion of Water HyacintEnergies(2022) 15, 2524.

6.2 Introduction

The use of complex substrates in anaerobic digestion is key for developing the
biogas industry of a country or a region. For achieving this, several aspects must
be taken into consideration, such as feedstock availdity, economics, regulatory
issues, and national bioenergy production targets. To promote an efficient AD
scenario, the substrate selection should be based on the-use or recycling of
existing and longterm available raw materials. Agricultural, industrial,
municipal waste and food crops are considered to represent the highest market
maturity and economic efficiency in biogas plantsNonetheless, agricultural
residues require pre-treatments for decomposing the lignin fraction and making
the fermentable castituents available. Whereas food crops compete with food
security and prices[248]. Alternative options that could represent a reliable

A C
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supply include the growth of microalgae and the utilisation of nonedible plants
with rapid growth, such as water hyacinth (WH)[249,250].

Microalgae is an attractive feedstock for biofuel production due to their highly
productive growth, and photosynthetic solar efficiency that doubls that of
terrestrial plants. Other advantages include the utilisation of land areas
unsuitable for food production, utilising carbon dioxide emissions, resulting im
lower land-use footprint and providing carbonneutral biofuels [249]. However,
microalgae have demanding nutrient requirements, a composition subjedb
seasonal growth variations, and a recalcitrant cell wall that difficult its hydrolysis
and increases the economic and energetic cog&7] .

Strategies under investigation to improve the economic and energetic feasibility
of microalgae digestion include the integration of microalgae cultivation to
remove nutrients from wastewater followed by subsequent caligestion with
different sludges[47,251]. Extraction of oils from microalgae and hydrothermal
treatment to produce biocrude and subsequent digestionf the process waters
[66,252]. Furthermore, continuous advancements in strain improvement,
cultivation and harvesting techniques, strengthen the potential of microalgae as
a biofuel substrate [47]. Therefore, copling microalgae cultivation with AD
could overcome some of the inherent limitations, while improving the economic
and energetic efficiency. Microalgae as a substrate in AD could allow direct use
after cultivation while avoiding the dewatering step[253]. Hence, microalgae are
considered a reliable and consistent feedstock supp[y#7].

4EAOA AOA AEAEEAOAT O OUDPAO 1T &£ 1 EAOI Al CA,
Chlorellavulgaris[249] . The uses o€. vulgarisare mostly related to the food and
pigments industry, although it is considered a promising sustainable source of
biomass for bioenergy[254]. C. vulgarisis productive biomass with rapid
growth, high protein, and low content of toxic compounds dthough its
composition and recalcitrant cell wall hinder its biodegradability (BD)[253]. BD
corresponds to the breaking down of a substrate into smaller compows by
microorganisms. The ability to biodegrade a substrate is limited by the
complexity, toxicity and bioavailability of the compoundg47]. One of the main
limitations of the breakdown of biomass with a high Ncontent, suh as
microalgae, is the generation of ammonia. The unionised ammonia (BHN) is a
hydrophobic molecule that passively diffuses into the cells, leading to a proton
imbalance and/or potassium deficiency that induces cell distress. The
methanogenic bacteriaare highly affected by ammonia toxicity since it inhibits
enzyme synthesis and in consequence their performand@53]. Increasing the
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BD of microalgae can be achieved by physieahemical pretreatments, however,
this is often unemnomically or energetically unjustified [255]. Hence, another
promising approach to improve microalgae degradation is the anaerobic €o
digestion (AcoD) in combination with other feedstoc239].

AcoD of substrates offers several technological, ecological, and economic
advantages over monedigestion. Mono-digestion of protein-rich feedstocks can
be accompanied by imbalanced C/N ratios, resultingn longer retention time,
poor methane production or even digester failure. A properly balanced €o
digestion of two or more substrates, on the other hand, can provide synergistic
effects, improve the process stability, methane yield, kinetic parameters, and in
consequence the econmic viability of biogas plants[54]. Reported C/N ratios
are found in the range 1530, although the optimal valuedepends mainly on the
feedstock[256]. For ingance, optimal C/N ratio reports include crops 2(257],
corn stover 25 [256], algae 2530 [258], microalgae (Chlorella sp and
Scenedesmus $R0-25 [259]. The latter supports the importance of a balanced
C/N ratio for achieving optimal microalgae Ac®.

Furthermore, identifying novel feedstocks highly available in certain regions or
countries can be an economical and productive option for AD. Such is the case of
water hyacinth (Eichhornia crassipes one of the most invasive aquatic weeds
growing throughout the tropical zone around the globe. WH is an aquatic
invasive macrophyte with adaptative phenology characteristic of invasive
behaviour. The flexible morphology and capacity to hypeaccumulate nutrients
available in water bodiesdonate WH an outstanling adaptation and invasive
potential. In natural environments, WH outcompetes and negatively affects flora
and fauna, hence the importance of its removal from water bodies and further
utilisation for economic viability [138]. The zones most affected by WH include
Souheast, Central and Western Asia and Central America. WH grows
uncontained in water bodies in over 50 countries and is predicted to expand into
higher latitudes as temperatures rise due to climate chand260]. Limited efforts
and resources have been directed to controlling WH given the costs and labour
requirements, and the fact that developing countries are the most affect¢261].
Eutrophication on rivers, lakes, water regrvoirs and estuariesare an increasing
problem due to increasing deforestation and effluent production from WWTP,
leaching from farmland, and industrial development. Given its biology, the
eradication of WH is practically impossible, and due to ithigh-water content
(95%) its transport, storage or disposal is very costly262] .
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Hence, directing the control of WH toward sustainable utilisation could increase
the energetic and ecological development of urban and rural areas. Among the
several advantages of AD, the ability to process weéiomass makes this
technology highly suitable to utilise WH for methane generatiof263]. The high
ash and water content of WH complicates its use in gasification or pyrolysis,
hence it has been suggested the use of WH as a feedstock for compost or biogas
production. The methane yields obtained during the AD of WH are generally
found in a rangefrom 114 to 240 mL CH/g, however, there is limited work for
this substrate. The carbohydrate fraction of WHcomprised mainly of cellulose
and hemicellulose is accompanied by protein, which could offer a substrate with
an adequate C/N ratio (~1530) for AD[142,261]. Nonetheless, WH composition
varies with its location and growth conditions, thus, more research is necessary
to assess and improve the BMP yields and the viability of digesting WBB3]. It
has also been suggested the potential to treat WH by HTC for obtaining valuable
products [134,264,265].

To enhance the hydrolysis of complex feedstocks and obtain efficient methane
yields, it is necessary to explore and establish suitable AD conditions, including
inoculum to substrate ratio (ISR), establistsuitable pre-treatment options and
investigate the potential for improving digestion using adsorptive additives,
such as biochar. The inoculation influences the initial activity and performance
of the digester. Hence, ISR is an essential operating conditithat needs to be
evaluated for optimising digestion[266]. The implementation of optimum ISR
helps maintain the digester stability, avoid the accumulation of VFAs, and reduce
the necessity of nutrient media supplementation while obtaining better methane
yields [267]. As discussed in Chapter 5, BC augmentation in AD enhances the
methane production rate and yields, particularly using the lowtemperature BCs.
Many studies have reported the digestion of. vulgari§d54,251,254,258]and WH
[140,2687270], dthough the addition of BC as an additive for improving AD has
not been evaluated fo these feedstocksThe effect of BC addition olBMP has
varied considerably during this research andamong the literature. Hence, it is
important to study the BC addition on the AD o¥ariable complex substratesand

to evaluate the impact of BC load sincean excessive addition couldbe
detrimental to methanogenesig20].

Therefore, this chapter aims to identify the potential for biocharto enhance
methane generation during the AD of complex feedstocks and to establish
optimal conditions. In continuity with the results of Chapter 4, O\ABC450 was
selected for the augmentation due to its positive performance in AD. The content
was divided into two sections, (i) the AcoD ofC. vulgarisand cellulose, and (ii)
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the AD of water hyacinth. Thdirst section aimedto investigate the effect of BC
addition during the AcoD ofC. vulgarisand cellulose.This was bllowed by the
application of factorial design 23 for identifying the optimum C/N ratio, BC load
and ISR. Thesecond section aimedo evaluate and optimise the ISR and BC load
for WH digestion, and further test the obtained optimal conditions on the AD of
different WH samplescollected from different locations.

6.3 Effect of biochar during the anaerobic co -digestion of

cellulose and microalgae at variable C/N ratios

Table 6.1 outlines the experimental conditions employed in this experiment.
Standard AD conditions with modifications were used for this experiment, as
described in Chapter 3.The composition of C. vulgariswas analysed as: i)
biochemical (protein 40.5 %, lipids 15.6 %, and carbohydras 36 %); ii)
proximate (volatile matter 77.1 %, fixed carbon 14.3 % and ash 8.6 %); iii)
ultimate (C 54.6%, H 8.1%, N 9.3%, O 19.5 %).The digesters contained OW
BC450 at 0 and 3 % (w/v), and fixed concentrations of inoculum and cellulose.
WhereasC. vulgarisaddition was calculated based on its CHNOS composition to
achieve the C/N ratios 10, 20 and 30. Hence, lower C/N ratios required me&o
microalgae for increasing the N fraction, which resulted in lower ISR. The
selected C/N ratios started at ideal values and moved down to unsuitable ranges
to establish the potential of the BC in ameliorating critical processing conditions.

Table 6.1. Experimental conditions for the anaerobic cedigestion of cellulose
and Chlorella vulgariswith oak wood biochar (OW-BC450)addition.

Total

Biochar Cellulose C. vulgaris

System C/N ratio substrate ISR
(%, wiv) (g/L) (g/L)
(9/L)
OowB10 3 10 5 4.5 9.5 0.5
C10 0 10 5 4.5 9.5 0.5
owB20 3 20 5 15 6.5 0.8
C20 0 20 5 1.5 6.5 0.8
OwWB30 3 30 5 0.9 5.9 0.9
C30 0 30 5 0.9 5.9 0.9
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6.3.1 Biochemical methane potential

Figure 6.1 shows the cumulative BMP curves for the AcoD of cellulose ad
vulgarisat the given C/N ratios All systems started generating methane fronday
one, exhibiting a negligible lag phase. The neBC controls at the three C/N ratios
rapidly reached maximum production and steadystate, whereas the BC systems
showed an initial plateau, followed by a second exponential and stationary
phase.For the non-BC controls, redung the C/N ratio and ISR resulted in lower
BMP yields. Increasing the N content (lower C/N ratios) is reported to enhance
ammonia accumulation and toxicity that affects the digester balancf258].
Reducing the ISR below 0.8 facilitates the proliferation of acidogens and
acetogens while inhibiting methanogeng123]. Nonetheless, the C/N ratio and
ISR showed no significant effeabver the final BMRxp yield (p>0.05) (ANOVA).

Figure 6.1a shows the total cumulative volumetric methane generated at the
given C/N ratios.The final volumetric methane productionat each condition was
improved by the BC addition At the mostfavourable C/N ratio of 30and ISR 0.9
the OWB30 produced569.9 mL CH), 1.8 times more methane than the control
C30(321.9 mL CH). At the C/N ratio of 20 and ISR 0.8the addition of BC
improved the methane generation even more, wittOWBQ20 (622.4 mL CHa4)
representing 2.6 times the control C20 (237.6 mL CHh). The highest
improvement in AD performance due to BC addition was observed the most
unfavourable conditions. At the lowest C/N ratio of 10and ISR 0.5the OWB10
(869.8 mL CHy) corresponded to4.5 times the control C10(193.8 mL CH,). The
increasing volumetric production of biomethane at lower C/N ratios is due to
more microalgae substrate added for increasing the N fraction, which also
resulted in different ISR at each conditior{Table 6.1).

Figure 6.1b shows the BMP curves by considering the total amount of substrate
added.For the systems augmented with BC, similar final BM#kp yields ranged at
233-241 mL CH/g VS, in agreementvith the average 222 mL Cklg VS reported
for the AcoD ofC. vugjaris and potato processing wastg254]. These valueslso
corresponded to an enhancement of 4.6, 2.6 and 1.8 times their control,
respectively. Evaluating the total volumetric methane expressed as mL of GH
rather than BMP highlighted the influence of BC addition in this casthat
different amounts of substrate were addedThe reducing BMP yields obtained at
lower C/N ratios and ISR could be attributed to the less favourable conditions
for AcoD. The dramatic improvement of BMP yields due to the BC addition
suggested that BC add have ameliorated the cedigestion of microalgae and
cellulose, particularly under less favourable conditions.
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Figure 6.1. Cumulative biomethane production duringAcoD of cellulose andC
vulgaris with and without biochar (OW-BC450) at different substrate C/N
ratios and ISR, expressed ag)total volumetric methane (mL CH:); b) BMP
(mL CH/g VS).

Replicates:OWB10, OWB20, OWB3(h=3), C10, C20, C3 (n=2), blank (n=2).

6.3.2 Kinetic modelling

BMPmnax at the C/N ratios of 10, 20 and 30 was 5.6, 3.0 and 2.0 times higher for
the systems augmented with BC in comparisoto their control, respectively
(Table 6.2). The nonBC controls quickly reached the steadgtate, which was
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reflected in their higher um in comparison to the BC systemd’he ANOVA stated
that both variables BMRhax and pm had a statistically significant difference with
the BC addition (p<0.05). Hwever, neither the C/N ratio nor ISR showed
significance over these kinetic parameters (p>0.05). Increasirtge C/N ratio and
ISR reduced the period of the lag phase, although not significantly (p>0.05). BC
addition was the factor with the highest influene over the AD kinetic
parameters, suggesting that BC positively influenced AcoD performance.

Table 6.2. Kinetic parameters of the firstorder model and modified Gompertz
model for anaerobic cedigestion of cdlulose and C. vulgariswith the
addition of OW-BC450.

Biomethane Modified Gompertz model
BMPrn BMPn
System BMPep (ML BDons - Hm ]
(mL CHi/g (ML CH/g  (mL ChHi/g R2
CHi/g VS) (%) (days)
VS) VS) VSday)

OWB10 506.5 242.6 47.9 296.0 104 150 0.969

C10 506.5 52.9 10.4 53.0 248 0.45 0.993
OWB20 459.6 243.9 53.1 2835 10.7 0.00  0.969

C20 459.6 93.0 20.2 932 54.4 1.21 0.993
OWB30 444.4 244.4 55.0 283.0 10.6 0.00  0.937

C30 444.4 138.0 31.1 138.9 289 0.82 0.991

Maximum methane yield (BMRwy), methane production rate (im), lag phase Y qh AT A
coefficient of determination (R?).

6.3.3 Biodegradability

The BMRBnfor C.vulgarisAT A AAT 1 O1 1T OA xAO POAAEAOAA
values of 607 and 414 mL Ciig VS, respectively. The considerably higher BMP

yield for C. vulgarisis due to its more energetically dense protein and lipid
content [258] . Table 6.2 shows the variable BMPh at each C/N ratio resulting

from the variable amount of microalgae added for achieving the ratios and used

for calculating the BD of the systems.

The BD with the addition of BC and no#BC controls at the three C/N ratios
ranged from 4855 % and 1031 %, respectively. The achieved BD values were
far from the theoretical maximum. This is partially attributed to the limiting
biodegradability of microalgae resulting from their thick and recalcitrant cell
wall. Even thoughC. vulgarisvas physically pretreated or cracked in a balimill,
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its BD was only improved up to a certain extent since it has been stated that a
fraction of undigested microalgae usually remains intact throughout the AD
process [253]. Furthermore, the BDs were genally lower in comparison to
those obtained in the previous sections for the AD of cellulose as a meno
substrate (BD 6470 %). Hence, an inhibitory effect originated principally byC.
vulgarisand low ISR could have hindered the BD and BMP values, lessstially
for the systems supplemented with BC than the controls and directly correlated
to the reduction ofthe C/N ratio.

6.3.4 Volatile fatty acids and pH

Figure 6.2 shows the VFAs accumulated at the end of the AcoD experiments. The
systems that produced lower amounts of methane also resulted in higher VFAs.
The control systems C20 and C30 showed similar final accumulation (980 mg
total VFAs/L), while C10 rezhed 1239 mg total VFAS/L. On the other hand, the
BC systems OW10 and OW30 exhibited negligible amounts, whereas OW20
accumulated 363 mLof total VFASI/L.
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Figure 6.2. Volatile fatty acids produced during the anaerobic coedigestion
(AcoD) of cellulose andC vulgaris at different substrate C/N ratios with and
without the addition of OW-BC450.

The higher VFA levels exhibited by the controls increased at lower C/N ratios,
which could be relaed to the lower ISR used in each condition. For instance,
Raposo et al[271] studied the impact of ISR on the AD of sunflower oil cake.
They obsened a significant VFAs accumulation at an ISR of 0.5, which drastically
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reduced at ISR 0.8, slightly less at ISR 1 and 1.5, and reached almost none at ISR
2.0 and 3.0. Hence, they suggested ISR 0.8 as a limit value for assuring the
stability of the AD process. Notwithstanding, none of the conditions here tested
reached toxic levels since acetate inhibition on methanogens is only reported at
concentrations above 1619 mg/mL[272].

The pH of the systems was measured at the beginning and the end of the AcoD
process Figure 6.3). All systems started with similar pH (7.47.7), which by the
end of the fermentation suffered negligible variations on the reactors
supplemented with BC. The nofBC controls, on the other hand, suffered a
drastic pHreduction (pH 5.3-5) that intensified at lower C/N ratios. The drastic
changes in pH could be due to the accumulation of VFAs, ammonium and reduced
buffering capacity of the systems. The pH, in consequence, affected the
methanogens metabolism, whichis reported to exhibit great sensitivity to pH
variations, especially below their active range (pH 6:7.4), and likewise to
ammonia and VFAs accumulatiofb5].
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Figure 6.3. Initial and final pH measured during theAcoD of cellulose andC
vulgaris at different substrate C/N ratioswith and without the addition of
OW-BC450.

The changes in pH agree with the BMk» values, as those systems whose pH
suffers more variation also produced less methane. The latter suggests that OW
BC450 could have providd a buffering effect given its alkaline nature (pH 9.9).
Similarly, there are reports of BC having a positive buffering role in A[39,226].
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A digester with adequate alkalinity would stabilise the AD process from
variations of VFAs and pH. However, if the alkalinity is insufficient, the digester
would undergo acidosis and the methane production would ceag@73] .

6.3.5 Biochar in anaerobic co -digestion

BMP and BD were hinderedby the increasing addition of C. vulgaris(C/N
reduction) and in consequence the increase of-Bontent. This behaviour was
drastically observed for the controls, whereas it was considerably milder for the
BC systems. As dcussed in Chapter 5, the better BMP performance in the
presence of BC could be attributed to the beneficial properties of BC. Including
alkalinity, large surface area, surface functionality and potential role as a
facilitator of syntrophic metabolism viaDIET interactions[93]. This experiment
demonstrated that BC addition could fulfil the necessyt of an alkaline source,
avoid drastic changes in pH and maintain the stability of the AD process under
the conditions here studied. However, it is desirable to establish the best blend
ratios for the substrates and inoculum for achieving positive synergss,
nutrient balance, avoiding inhibition, and optimising methane productivity
[274]. Hence, the following section evaluateshé optimum conditions for the
AcoD of microalgae and cellulose to obtain a better BMP performance.

6.4 Optimisation for the anaerobic co -digestion of microalgae

and cellulose using a factorial design 2 *3

To determine the optimum processing conditions for the AoD ofC vulgaris and
cellulose, a full factorial2"3 experimental design was performed. The study
comprised three independent factors C/N ratio, ISR and BC load at two levels,
with three replicates and three centre points as shown inTable 6.3. The
inoculum was fixed at 10 g VS/L, whereas the amount of substrate added ranged
from 5 to 10 g VSI/L for achieving the corresponding ISR. The amount Gf
vulgarisand cellulose added for each C/N ratio and ISR were calculated based on
their chemical composition. For achieving the C/N ratios of 7, 16 and 25, the ratio
of C. vulgarigo cellulose were 0.8:0.2, 0.3:0.7 and 0.2:0.8, respectively. The main
objective of this experiment was to investigate and optimise the effect of BC load
and ISR under variable C/N ratios.
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Table 6.3. Design matrix for the full factorial 2*3 design used for the anaerobic
co-digestion of Chlorella vulgarisand cellulose.

Orthogonal coding Actual value

Reactor no. C/N ISR BC load C/N ratio ISR B((:()/Lc):ad

R1, R2, R3 1 1 -1 7 1 0

R4, R5, R6 1 1 1 7 1 3

R7, R8, R9 1 1 -1 7 2 0
R10, R11, R12 1 1 1 7 2 3
R13, R14, R15 0 0 0 16 1.5 1.5
R16, R17, R18 1 1 -1 25 1 0
R19, R20, R21 1 1 1 25 1 3
R22, R23, R24 1 1 -1 25 2 0
R25, R26, R27 1 1 1 25 2 3

6.4.1 Biochemical methane potential

Figure 6.4 shows the average BMP produced by each condition of the factorial
design for the AcoD ofC. vulgarisand cellulose. All systems started producing
methane from day one exhibiting a quick exponastial phase while reaching the
steady-state by the 10th day of digestion. The final BMP yields differed by up to
17 % among the conditions since they were found in a range of 2499 mL
CHi/g VS. The highest BMP yield was obtained by the systems with C/§,2SR
1.0 and BC load 0 %, while the lowest yield was obtained by C/N 7, ISR 1.0 and
BC load 3.0 %. In summary, BMP yields were enhanced by increasing the C/N
ratios due to more favourable conditions but reduced by increasing the BC load.

6.4.2 Kinetic modellin g

Table 6.4 shows the kinetic parameters obtained with the modified Gompertz
model. The values of BM#axwere gradually improved as the C/N ratio increaed
and the BC load reducedTlhe period of lag phase was almost negligible for all
systems, while ph showed the greatest variation. The highestyof 70.2 and 66.2
mL CH/g VS-d, were obtained at the conditions (C/N 7, ISR 2.0, BC 3.0) and (C/N
25, ISR 2.0BC 3.0), respectively. The rest of the systems exhibited values of 40
55 mL CH/g VS-d, corresponding to 1639 % lower pm than the best performers.
The effect of the C/N ratio showed no evident trend overgwhile increasing
both ISR and BC load resulted in the most significant enhancement.
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Figure 6.4. Biomethane productionfor the full factorial 2”3 experimental design
used for the anaerobic cadigestion of cellulose andChlorella vulgaris

Replicates: all runs (n=3), blank (n=2).

Table 6.4. Average methane, fermentation and kinetic parameters for the
experimental design conditions used for the anaerobic edigestion of
Chlorella vulgarisand cellulose.

Independent
Variables Experimental Modified Gompertz
BC BMPexp BD TAN BMPMax Hm ]
C/N ISR oad (mLCHJ/g (%) (mg NHs- (mLCH/g (mL CHJ/g (d)
VS) N/L) VS) VSd)
7 1 0 270.1 47.3 20.8 265.9 45.3 0.0
7 1 3 247.3 43.3 30.3 242.2 42.8 0.0
7 2 0 277.6 48.6 17.2 274.9 59.0 0.0
7 2 3 259.0 45.3 243 258.6 70.2 0.0
16 1.5 15 275.0 57.7 19.5 274.0 49.5 0.0
25 1 0 298.9 65.9 17.2 294.2 41.8 0.4
25 1 3 287.5 63.4 22.2 283.7 44.4 0.1
25 2 0 295.7 65.2 15.5 298.5 49.7 0.1
25 2 3 272.5 60.1 171 270.2 66.2 0.2

BMP=xp maximum experimental methane yield, BD biodegradability, TAN total ammonia
nitrogen measured on the supernatantBMPnax maximum theoretical methane yield,pum

methane production yield,) A O O Aléyfphake. T A
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6.4.3 Biodegradability

Table 6.4 shows the BMRh for the AcoD ofC. vulgarisand cellulose at each
condition. As previously statedthe variable BMPrh is obtained from the mixture
of the substrates at the different C/N ratios The BMRh at the C/N ratios 7, 16
and 25 corresponded to 571, 477 and 454 mL GH VS, respectively. The
differences in BMR+ in addition to the BMRxp dramatically affected the BD
values, which rangedrom 43-to 66 %. Even though the BMR increased when
lowering the C/N ratio, the actual BMP and BD values were reduced due to the
complexity, recalcitrance, and difficult biodegradability ofC. vulgaris[258].
Hence, an inhibitory effect originatedoprincipally by reducing ISR, increasing the
content of C. vulgaris and in consequence, reducing the C/N ratio could have
hindered the BD values.

6.4.4 Fate of organic nitrogen

To study the fate of organic nitrogen at the end of AcoD of microalgae and
cellulose, both solid and liquid phases were separated and analysetigble 6.4).
The total ammonia nitrogen (TAN)in the liquid phase was measured by
spectrophotometry, while the N-content on the decanted solid was quantified by
elemental CHNDS analysis Figure 6.5). TAN values were considerably low for
all experimental conditions (17-30 mg/L), slightly higher with BC addition and
at a lower C/N ratio. This behaviour cotrasts that reported by Lu et al.(2019)
for the AcoD ofChlorella spwith septic tank sludge. They obtained a final TAN of
approximately 200-2300 mg/L, although even these levels showed no inhibitory
effect over methanogenic activity. The N content of the reamning solids was
comprised of the digestate, and BC was slightly higher at a lower C/N ratio and
without BC addition, although the general values were similar to the N content
of the inoculum. This behaviour, in addition to the BMP yields and BD, suggests
adequate digestion of the microalgae, without ammonia inhibition even at the
lowest C/N ratios.

6.4.5 Volatile fatty acids and pH

Figure 6.6 exhibits the VFAs accumulated at the end of the AcoD experimental
design. The less favourable conditions in terms of lower ISR and C/N resulted in
a greater VFA accumulation. Nevertheless, such low concentrations could be
considered negligible in all cass.
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Figure 6.7 shows the pH at the beginning and end of the AcoD. No pH adjustment
was performed to evaluate the effect of the processing conditions C/N ratio, ISR
and BC load. The initial pH (7.5.9) was smilar for all systems, although higher
than the optimal levels for the AD process (pH 6-7.4). By the end of the
digestion, the systems exhibited different pH variations with final pH of 6-3.3,
within the optimal range. Increasing ISR and C/N ratio reaced the final pH, with

a statistically significant effect (p<0.05). This effect is contrary to the expected
since higher ISR and balanced C/N ratios are associated with pH buffering. Even
though BC is an alkaline additive and it previously proved to offes buffering
effect on AcoD, under these conditions its addition had no effect on the pH
(p>0.05) (ANOVA).
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Figure 6.7. Initial and final pH measured during the anaerobic caligestion of
cellulose andChlorella vulgarisat different substrate C/N ratios

6.4.6 Regression model fitting

The parameters BMRxp,, BMRhax and um were selected as response variables for
the analysis of the factorial design. The regression models obtained were
statistically significant with p<0.05 and Fvalue>Fcritical at the 0.05 alpha level
(Table 6.5). The centre points included in the 2-design protected against
curvature from secondorder effects, validating the fitting of the firstorder
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regression model (p<005). Equations 6-1, 6-2 and 6-3 show the factorial
regression models for BMBxp, BMRhax and pm, respectively. These regressions
exhibited R2 of 0.73, 0.85 and 0.84, respectively. Hence, only -PF % of the
variability cannot be explained by the modelsThe adjusted R 0.69-0.80 values
were fitted to the actual size of the model and the number of factgreshereas the
prediction R2 0.58-0.67 indicates the variability that the model would explain
during the prediction of new data. In brief, the significance and fitting of the
guadratic models to the experimental data were satisfactory.

Table 6.5. Evduation of factorial regression models by analysis of variance.

Analysis of Variance (ANOVA)

Variable BMPexp BMPnax Mm
R? 0.73 0.85 0.84
Adjusted R 0.69 0.80 0.79
Prediction R 0.58 0.67 0.66
F 15.24 15.51 14.64
Feritical 251 251 2.51
Model p-value 0.00 0.00 0.00
Lack of fit p-value 0.882 0.932 0.367

BMP:xp=275.95 + 12.58*CN +0.13*ISR9.53*BC7 4.69*CN*ISR Equation 6-1

BMPnax=273.58 + 13.13*CN + 2.00*ISR9.86*BCz7 4.32*CN*ISR ~ Equation 6-2

Mm=52.11 + 8.83*ISR + 3.48*BC + 3.45*ISR*BC Equation 6-3

From the analysis of variance, each factor and interaction @dctors offered a
specific coefficient and pvalue (at 95 % confidence) as listed iTable 6.6. The
significant specific coefficients (p<0.05) for the factors and interactions are part
of the regression models. Even though the factor ISR was nemgnificant for
BMP:=xp and BMPhax, the ceefficients were kept based on the hierarchy principle.
This principle promotes internal consistency by indicating that if a model
contains a high order term (CN*ISR), it must contain all the lower order terms
(CN and ISRR[127]. The factors C/N ratio and BC lahinfluenced both BMRxp
and BMPRhax, with no significant effect from ISR. The C/N ratio did not affect the
response variablepm, which was influenced exclusively by ISR and BC load and
their interaction.
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Table 6.6. Statistical evaluation of the factors and interactions comprising the
factorial regression models

Coefficient probability

BMPexp BMPmax Hm

Term Coefficient p-value Coefficient p-value Coefficient  p-value
Constant 275.95 0.000 273.58 0.000 52.11 0.000
CN 12.58 0.000 13.13 0.000 -1.91 0.080
ISR 0.13 0.951 2.00 0.246 8.83 0.000
BC -9.53 0.000 -9.86 0.000 3.48 0.003
CN*ISR -4.69 0.047 -4.32 0.018 -1.42 0.185
CN*BC 1.69 0.705 0.15 0.927 1.28 0.231
ISR*BC -0.95 0.671 -1.30 0.447 3.45 0.003
CN*ISR*BC -1.98 0.380 -3.15 0.075 0.02 0.984

6.4.7 Influence of main factors and interactions

In this experiment, the factor ISR showed no statistically significant differences
in BMPexpand BMPnax (Table 6.6). Moset et al[123] reported that regardless of
the substrate used, the BMP enhanced as the ISR increased over a eanigl.5
2.5, although not significantly.Similarly, De la Rubia et al[266] studied the
influence of ISR from different inoculum sources on the AD of the process water
obtained from the hydrothermal carbonisation of dewatered sewage sludge.
When using sewage sludge inoculum, they observed that the 1SRd no
significant difference over BMP. These reports agree with the negligible impact
of ISR on BMP observed in this experiment. Regardless of the nature and
complexity of the substrate used, the BMP was not affected by ISR if an
appropriate range was setcted (ISR 1.€2.0).

ISR enhanced the response variablen showing a statistically significant effect.
The initial inoculum concentration is reported to influence the rate of substrate
hydrolysis. Hence, higher ISR often results in faster anaerobic fermextion and
as a consequence, an enhanced production raf246]. Similarly, Raposo et al.
[271] studied the impact of ISR 0.8.0 on the AD of sunflower oil cakeThey
observed a maximum production rate at ISR 2.0. However, unlike the linear trend
observedin this study, they obtained highemnm at ISR 2.0>1.0>3.0>0.8>1.5>0.5.

The impact of microalgae and cellulose addition to changing the C/N ratio
showed a significant difference over BMBp and BMRnax but not over pm. The
range of C/N ratio selected for tiis experiment started at an optimal ratio of 25
and moved downward to less favourable conditions. Hence, higher BMP vyields



Chapter VI
169

were obtained according to the following C/N ratio order 25>16>7. Similarly,
Bohutskyi et al [258] observed a synergistic effecof co-digesting algae and
cellulose. They reported the highest methane yields and production rate at C/N
ratios of 21 and 34 than lower ratios or even the monaligestion of each
substrate. Therefore, ireasing the C/N ratio enhanced methane yields but did
not influence the production rate.

BC load had a statistically significant effect on all variables (p<0.05). For BMP
yield, the coefficient of BC load had a negative value, which indicates that
increasing the BC load would result in lower BMP. This response contraststh
the one observed in the previous section, where BC drastically enhanced BMP
yields at ISR 0.80.9 and C/N ratio 1030. On the other hand, increasing BC load
led to higher um which partially agrees with previous experiments with the
addition of this same oak wood BC in Chapter 5. The addition of BC at a load of 3
% during the AD of cellulose slightly enhanced BMP yields (7 %), whereas it
doubled pum. Reports of BC addition during the Af microalgae demonstrated
the importance of BC load. Deng et dB7] studied the AD ofLaminaria digitata
and Saccharina latissimaat variable BC loads. FoL. digitata, a BC addition of
0.06 and 0.125 % enhanced BMP yields aneh, whereas higher BC loads of 0.5
and 1.0 % reduced both parameters. Conversely, for the AD $flatissima BC
loads <0.5 % had no signitant influence, whereas BC load of 0.5 and 1.0
enhanced both BMP andum. The latter suggests that BC load influenced BMP
yields and production rate, but the effect level was subjected to the substrate
employed. Therefore, it is necessary to establish theptimum BC load for
achieving the highest BMP yield and productivity for each potential substrate.

6.4.8 Optimisation of biomethane production

Graphical interpretation of the responses facilitates the examination of factors
and interactions in regression models Contour plots with a combination of the
three factors C/N, ISR and BC were used for visualising the optimum areas for
each response variableKigure 6.8). As expected, the contour plots for BM&p
and BMRnaxwere similar. The stretching of the axis indicates that maximum BMP
values can be obtained at C/N 225 and BC 01.5 regardless of the ISR. The
contour plots for um differed since maximum values werebtained at ISR of 1.7
2.0 and BC load of -B, regardless of the C/N ratio. The interaction plots for BMP
showed that the C/N ratio played a major role Figure s 6.8a and b). This factor
also interacted strongly with the rest, suggesting a predominant influence. In the
case ofum, ISR exhibited the major effect, while its interaction with BC load was
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significant on the response in agreementvith the regression models Figure
6.8c¢).
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Figure 6.8. Contour plots for interaction effects and optimised area obtained by
response surface regression for a) BMiRp, b) BMPhaxand ¢) pm.

Factorial regression optimisation for methane production was carried out using
the desirability (D) function by considering the response variables BM#p,
BMPmax and pm. D function assesses how the combined variables satisfy the
responseto find the best joint operational conditions for all response variables

D values arefound between O and 1, where O represents an undesirable
response, 1 a desirable and ideal response, and intermediate values indichtav
adequate, or desirable are the optimised conditions. Thus, the goal of
optimisation is to improve these parameters to achieve maxinm desirability
[128].Table 6.7 outlines the optimum conditions for the AcoD, consisting of C/N
25, ISR 2.0 and BC load 0.58. Further, response optimisation for obtaining
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maximum biomethane allowed the prediction and evaluation at other C/N ratios.
The regression model and response opthisation probed to be useful when
working with variable C/N ratios due to variability in substrate composition and

availability.

Table 6.7. Factorial regression optimisationby desirability function for the AD
parameters BMRxp, BMRhaxand pm.

BC load BMPexp BMPmax Hm
C/N ISR D
(%) Fit Fit Fit
25 2 0.58 294.40 293.12 56.67 0.62
16 2 0.34 283.32 284.22 55.58 0.53
7 2 0 272.90 274.93 54.01 0.43

Desirability (D) has a range of zero to one, wherene represents the ideal case and zero
indicates that at least one response is outside the acceptable limits

To corroborate the AcoD conditions obtained from the regression modednd
optimisation, a further ADexperiment was performed. The D function stated that
optimal methane generation could be achieved at a C/N 20, ISR 2 and BC load
0.58 % (w/v) (Table 6.7). Thus, these conditionswvere further evaluated with
the addition ofthe BC of study (O\WBC450) andanother BC (WHBCA450) that in
Chapter 5 proved to be equally satisfying-igure 6.9 shows the BMP values for
the digestionof C. vulgarisand celluloseat C/N 20, ISR 2 an@Cload 0 (control)
and 0.58 % (w/v) . The final yield for the nonBC control was 296 mL Ckig VS
whereas the addition of OWBC450and WH-BC450resulted in 312 and 286 mL
CHi/g VS, respectively. The augmentation of OMBC450 reached higer BMP
than predicted (Table 6.7), although it isimportant to remark that another
inoculum batch was used for these experimentdNonetheless, the addition of
0.58 % of OWBC450 improved the BMPby 6.4 % in comparison to thenon-BC
control, whereas the addition of WHBC450 resulted ina similar BMP t the
control. However, the addition of BC showed no significant differendeom the
control (p>0.05) (t-test). The properties of OW-BC450 and WHBO50 were
described in Chapter 4,while their positive effect on AD was established in
Chapter 5 The addition of 0.58 % of biochar achieved the highest BMP yields,
supporting the optimised conditions.
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Figure 6.9. Biomethane production for anaerobic cedigestion of cellulose andC.
vulgaris under optimal conditions C/N 25, ISR 2 an®Cload 0.58 % (w/v).

6.5 Evaluation and optimisation for the anaerobic digestion of

water hyacinth augmented with biochar

To determinethe fermentation conditions and effect of biochar on the AD of raw
water hyacinth, a full factorial 2*2 experimental design was performed. OW
BC450 was selected for this experiment given the positive effect stated in
Chapter 5. WH sample, named WMBU, wa collected from the Goyal Ra Pond

in West Bengal India, oven-dried, and size reducedto 2-5 mm. The two
independent factors of the study were ISR (R) and BC load (63 %) with 3
replicates and 3 centre points as shown iffable 6.8. The hypothesishere tested
was that the factors ISR and BC load can influence the specific methane potential
as well as the degradation kinetics.

Table 6.8. Full factorial 272 experimental design used for the anaerobic digestion
of water hyacinth.

Orthogonaldesign Actual value
Reactor no.
ISR BC load ISR BC load (%)

R1, R2, R3 -1 -1 1 0

R4, R5, R6, -1 1 1 3

R7, R8, R9 0 0 1.5 15
R10, R11, R12 1 1 2 0
R13, R14, R15 1 1 2 3
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6.5.1 Biochemical methane potential

The cumulative BMP curves obtained by each condition within the factorial
design for the AD of WH & shown inFigure 6.10. All systems started producing
methane from day one exhibiting a similar behaviour up to the ® day of
digestion. Afterwards, ®me systems exhibited a quicker exponential phase,
although they all reached the steadystate by the 20" day of digestion. The final
BMP yields were found in a range of 165.3 to 208.9 mL @Bl VS, comprising up
to 21 % of the difference among the conditios. Generally, BMP yields appeared
to increase at lower ISR and BC load.

240

4
NN
o N
S o
! 1

180

160
140
120

Cumulative Biomethane Potential (mL CH,/g VS)

100
80
——ISR1,BCO
60 —=— |SR1,BC3
40 4 ISR1.5,BC15
—4— ISR 2,BCO
204 —4—|SR2,BC3
O v T T T T T
0 5 10 15 20 25 30
Days

Figure 6.10. Biomethane production for the full factorial 222 experimental
design used for the anaerobic digestion afBUwater hyacinth.

Replicates: all runs (n=3), blank (n=2).

6.5.2 Kinetic parameters

The values of BMRax obtained from the digestion of VBUWH gradually
improved by reducing the ISRTable 6.9). This trend could have been influenced
by the greater energy andsubstrate demand for cellular maintenance and
growth exerted by higher inoculum concentrations and in consequence higher
ISR. The trend is less clear for the BC load, since higher values improved BMP
at an ISR ofl, while the opposite was observeat anISR of 2. On the other hand,
MUm appeared to be improwed by reducing ISR and increasing BC load. The period
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of lag phase was almoshegligible for all systems, showing no apparent trend
with the independent variables ISR and BC load.

Table 6.9. Kinetic parameters calculated with the modifiedGompertzmodel for
the full factorial 2”2 experimental design used for the anaerobic digestion
of VBUwater hyacinth.

Variables Experimental Modified Gompertz
BMPexp BMPmax Um
BCload BD }
ISR (mL CHy/g (mL CHy/g (mL CHy/g R2
(%) (%) (days)
VS) VS) VS-day)
1 0 208.9 65.0 222.8 15.0 0.0 0.9740
1 3 194.1 60.4 204.4 15.3 0.2 0.9777
15 15 190.2 59.2 203.0 13.7 0.2 0.9807
165.3 51.4 171.8 10.0 0.0 0.9823
2 3 182.9 56.9 197.4 12.2 0.0 0.9790

6.5.3 Biodegradability

The anaerobic BD can be used to evaluate the performance of WH digestion.
Firstly, the BMPm for VBU7 ( xAO AAI AOI AOAA AU OOEIT C
expressed on a dry astiree (daf) basis, corresponding to 383.4 mL Ciy VS.

The BD for the conditions of the study ranged from 51.4 to 65 %l éble 6.9).
However, the BD values showed no consistent trend concerning the independent
variables.

6.5.4 Volatile fatty acids and pH

The amount of VFAs accumulatedn the digestate at the end of the AD
experiments was negligble for all experiments (Figure 6.11). The pH was
measured at the beginning and the end of the digestion period. No pH
adjustment was performed to evaluate the effect of ISR and BC load. All systems
were maintained at a suitable pH initially at 7.67.7 and finallyat 7.1-7.2 (Figure
6.12). In summary, the independent variables ISR and BC load did not affect the
accumulation of VFAs and pH of the digester.
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Figure6.11. Volatilefatty acids accumulated at the end of the anaerobic digestion
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Figure 6.12. Measurement of pH at the beginning and end of the anaerobic
digestion of VBUwater hyacinth.

6.5.5 Regression model fitting

The parameters BMRxp,, BMRhax and um were selected as response variables for
the analysis of the factorial design. The regression models obtained were
statistically significant with p<0.05 and Fvalue>Fcritical at the 0.05 alpha level
(Table 6.10). The R exhibited by the factorial regression models for BMBy,
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BMPmaxand pm states that only 9.817.6 % of the variability cannot be explaed
by the models.The adjusted R 0.78-0.87 values were fittedto the actual size of
the model and the number of factors whereas the prediction R 0.68-0.79
indicates the variability that the model would explain during the prediction of
new data.Therefore, the significance and fitting of the quadratic models to the
experimental data were satisfactory.

Table6.10. Analysis of variance for théactorial regression modelsfor VBU water
hyacinth anaerobic digestion

Analysis of Variance (ANOVA)

Variable BMPexp BMPhmax Hm
R? 0.9017 0.8627 0.8243
Adjusted R 0.8749 0.8253 0.7763
Prediction R 0.7929 0.7166 0.6797
F 33.64 23.04 17.20
Model p-value 0.000 0.000 0.000
Lack of fit p- 0.521 0.447 0.479

value

The regression models for BMBp, BMPhax and pm, are outlined in Equation s
6-4, 6-5 and 6-6, respectively. The significant specific coefficients (p<0.05) for
the factors ard interactions were part of the regression models Table 6.11).
The independent variable ISR was significant for all responses, although the
negative cefficients suggested that increasing ISR could result in lower BMP
yields and kinetic parameters. However, the independent variable BC load had
no significant effect on the responses. Given the significant influence of the
ISR*BC interaction over the varibles BMRx,and BMPhax, the coefficient BC load
was maintained for these regression equations due to the hierarchy principle
[127].

BMPexp= 188.3-13.7*ISR + 0.7*BC + 8.1 ISR*BC Equation 6-4
BMPmax= 199.9-14.5*ISR + 1.8*BC + 11.0*ISR*BC Equation 6-5

pm=13.2-2.0*ISR Equation 6-6
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Table 6.11. Statistical evaluation of the factors and interactions comprising the
factorial regression models for VBU water hyacinth anaerobic digestion

Coefficient probability

BMPexp BMPmax Hm
Term Coefficient p-value Coefficient p-value Coefficient  p-value
Constant 188.3 0.000 199.9 0.000 13.2 0.000
ISR -13.7 0.000 -14.5 0.000 -2.0 0.000
BC 0.7 0.667 1.8 0.429 0.6 0.055
ISR*BC 8.1 0.001 11.0 0.001 0.5 0.145

In this experiment, it wasobserved that increasing the ISR affected the response
variables BMRxp, BMRhax and pm. Conversely, most reports state that higher
initial ISR results in faster anaerobic fermentation and enhanced BMP yields
[267,276]. Others state that increasing the ISR within an adequate range offers
no difference [246,277]. Finally, there are reports with variable or ambiguous
results. For instance, De la Rubia et gl266] studied the influence of ISR from
different inoculum sources: granularbiomass from wastewater reactors treating

a brewery; granular biomass from sugar beet industries and a flocculent
inoculum municipal sewage sludge digestate. When increasing the ISR, the
brewery inoculum enhanced BMP, whereas the sugar beet reduced. Corsedy,
the digesters fed with sewage sludge were not significantly affected by ISR
variations. Holliger et al.[122] advised the use of inoculum with very low
endogenous methane production, and low ISRs for the AD of substrates that
result in moderate BMP. This advice could be applied to the conditions used for
this experiment since the sewage sludge blank exhibited very low endogenous
BMP and the AD of water hyacinth offered moderate BMP and BD.

Even though BC addition improved BMP yield andnt espedally at an ISR of 2
(Table 6.11), the effect of BC was not statistically significant. Similarly, Qin et al.
[35] studied the impact of four woody biomass BCs (pine wood, oak wood,
applewood and bamboo) and two agricultural waste BCs (rice straw and corn
stalk) produced at500 °C They also employed AMPTS systems with a substrate
comprised of anaerobic sludge and glucose 9 g/L, ISR 0.18, and biochar 0.5 %
(w/v). T he addition of allBCsreduced the lag phasgwhile systems augmented
with woody BCs enhanced BMP vyields by-25 % and pun by 40-50 %. However,
there was no significant difference in BMP values between the control and the
systems with agricultural waste BCsThese BCs exhibited a considerably lower
surface area than woody BCs. Hencéhety suggested thata small surface area
indicated a poor conductivity for the BCs, which failed to promote the
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attachment of cellsand DIET interactions.However, it has been reported thathe
electrical conductivity of the BCs is not a ratdimiting factor for its role in the
DIET processand other properties could be responsible for enhancing the
methanogenic rate[48,91,92].

Furthermore, Deng et al.[37] proposed a cascading circular bioenergy syem
by incorporating pyrolysis and anaerobic digestion. Vilste wood was pyrolysed
at 700 °Cin a rotatory kiln operated by a pyrolysis plant (Premier Green Energy).
The primary use ofthe BC wador augmentation into AD, while the remaining BC
and syngas vere combusted for providing heat to the pyrolysis reactor. The
resulting BC was sieved to a patrticle size @5-500 pum and characterised with a
SA 161.5 rd/g, pH 8.959.22, TS 87.8 %and electrical conductivity (EC) 252
puS/cm. They aimed to assess the effect of BC on the AD of seaweed wet feedstock.
They used similar AD conditions to this work, with a substrate concentration of
5 g VSIL, ISR 2 and BC load 0f031-1 % (w/v) . They stated the importance of
BC load sinceBMP was mly enhanced with the addition ofBC0.031 and 0062
%, whereashigher BC loadded to lower BMP than the control. Further addition
of BC inhibited methanogenesis, which has been previously attributed to
substrate sequestration and changes ithe diversity of microorganisms. Small
BC loads had a favourable effect on propionic acid by accelerating both its
production and degradation, whereas it did not affect butyric acidThey did not
observe a buffering effect provided by théBC, although the pH was mainiaed
within an adequate range. It is important to remark that this BC wapyrolysed
at 700 °Cwhich would result in a highly aromatic structure. Whereas in the
previous chapters, it was pointed out the advantage of lower temperature BCs
for AD amendment. h summary, he boost of BMP with the addition oBCvaries
significantly and for each report, the optimal char loading is dependent on the
BCproperties and the selected feedstock.

The coefficient for the interaction of ISR*BC load for the variables BMB and
BMPnax were considerably high, almost of the order of the individual ISR
coefficient. This suggests a correlated effect of both ISR and BC load over the BMP
yields. Similarly, Cai et aJ233] investigated the effect of BC load and ISR on AD
of food wastes. They observed that BC addition generally improved AD
performance, while at an ISRof 2, BC addition had little effect on BMP. By
reducing the ISRo 1 and 0.8, the BMP performance was drastically improved by
BC addition. They suggested a correlation between the amount of BC and the
concentration of inoculum (ISR) for establishing the déctiveness of BC. In
addition, they attributed the positive effect of BC to the immobilisation of cells,
the promotion of biofilm growth, and the ability to facilitate the DIET process.
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6.5.6 Optimisation

Figure 6.13 shows the contour plots for the graphical interpretation of the
variables ISR and BC load over the AD performance. The response variables
BMPexp, BMRhax and pum were favoured by ISRs closer td. The stretching of the
Y-axis indicated that maximum BMExp and BMRhax values can be obtained at BC
loads of 1.8 and G0.5 %, respectively. Whereapm was favoured at all BC loads
and more significantly at the highest loads close to 3 %. It can be ctuded from
these plots that ISR had a major rolen the response variables, while its
interaction with BC load was significant on the responses BMkp and BMPhax as
statedin the regression models Table 6.11).
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Figure 6.13. Contour plot for the optimised area of the methane parameters.

Factorial regressionoptimisation for methane production was carried out using
the desirability function by considering the response variables BMfp, BMRhax
and pm. Table 6.12 shows the optimum conditions obtained from the regression
analysis with a Dvalue of 0.88, which indicates that all responses were predicted
within acceptable limits. Hence, the AD of water hyacinth at an ISR of 1 and BC
load of 0 % could provide the ighest possible BMP.
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Table6.12. Factorial regression optimisation for the AD of water hyacinth.
Selected parameters: BM&p, BMPhaxand pim.

BMPEXxp BMPmax Hm
ISR BC ) ) ) D
Fit Fit Fit

1 0 209.40 223.56 15.07 0.88

Composite desirability (D) has a range of zero to one, where one represents ideal case
and zero indicates that at least one response is outside the acceptable limits.

The present study showed that the AD of water hyacinth was improved by ISR
with values close to 1. Even though BC addition offered no statistically significant
effect on AD performance, it was observed that BC loads <1.5 % favoured BMP
yields. Whereaspm was mainly benefited by BC addition, particularly at higher
loads ~3 %. This behaviour contrasts with the results obtained for the
experimental design for the AcoD o€. vulgarisand cellulose, where ISR was not
statistically significant over BMP and lowBC loads enhanced digestion. Such
variations between complex feedstocks suggest the necessity to establish the
best AD conditions for each substrate, including the addition of biochar.

6.5.7 Effect of biochar load

In the previous optimisation section, the best digestion conditions were
established at an ISR of 1 and BC load of 0 %. Nonetheless, thetmanplots
suggested a positive influence of BC loads <1.5 % over the BMP and particularly
Mm. To corroborate, the further digestion of VBUWH at ISR 1 with the addition

of OWBC450 at 0.25, 0.5, 0.75 and 1.0% (w/v) was performedn addition, a
control for the digestion of5 g VS/L of VBUWH as a substratewithout BC was
run in parallel (Figure 6.14).

The BC load of 0.5 % reached slightly higher BMP yields (4 %) and improved p
by 1.7 times the control. Conversely, the addition of 0.25, 0.75 and 1% of ©W
BC450, exhibited a detrimental dect on BMP yields. Similarly, Shen et 4lL73]
added 0.81.5 % of corn stover B(produced by fast pyrolysis at710 °Cduring

the AD of sludge. At all BC loads, the final BMP was only ~1 % higher than the
control, whereas the production rate was favoured principally at 0.8 % BC load.
Linville et al. [232] reported a similar behaviour for the AD of dod waste
amended with fine walnut shell biochar (FWSB) produced at 900C. Small
amounts of FWSB biochar (0.4 %) improved AD, while higher doses (0.7%)
exhibited an inhibitory effect.
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Figure 6.14. Cumulaive biomethane production during anaerobic digestionof
VBUWH substrate augmented with O\ABC450 at variable concentrations.

Replicates: all runs (n=2) VBU-WH control (n=2), inoculum blank (n=2).

6.6 Anaerobic digestion of water hyacinth feedstocks from

different sources

WH represents a major problem in many locations and is prevalent across Sub
SaharanAfrica and India. Due to a current collaborative project (BEFWAM
Bioenergy, fertilisers, and clean water from Invasive Aquatic macrophyse
(BB/S011439/1), extensive samples of WH are available from different regions
in India and Uganda. Therefore, this section has investigated the AD behaviour
of four WH samples from different sources, three from India and one from
Uganda.

6.6.1 Anaerobic digestion of water hyacinth substrates

Tables 6.13 and 6.14 describe and summarise the chemical and biochemical
composition of the WH substrates, respectivelyln agreement with the AD
performance for VBUWH, further WH substrates were digeste@t an ISR 1 and
amended with BCFigure 6.15 shows the cumulative BMP obtained from the AD
of untreated WH feedstocks augmented with OVBC450 at BC loads of 0, 0.5 and
1.0 %. All systems exhibited a rapid initial methane geration. The final BMP
yields for the controls without BC were significantly different (p<0.05) (ANOVA),
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exhibiting the following order VBUWH > MMWH > PWWH > UGWH. These
differences could be attributed to the chemical composition of the WH samples
since the highestBMP was achieved by the WH samples with the highest C/N
ratio (Table 6.13).

Table 6.13. Description and chemical composition of untreated water hyacinth
feedstocks.Data produced by BEFWAM group.

BMPrh
Water ) VM FC Ash
) Sampling C H N (0] S C/N (mL
hvacinth i GO OO0 e e ) 8 o) raio ch
site () () () () () ratio
substrate db db db g
VS)
GoyalPara
VBUWH ) 73.43 10.39 16.18 34.24 4.09 181 43.68 0 17.8 3834
pond, India
Mula
MM-WH Mudtha 76.82 1535 7.83 36.26 4.64 295 48.09 0.23 123 331.8
River, India
Pawana
PW-WH 73.99 1230 13.71 3299 463 3.11 4507 049 106 351.3
River, India
Lake
UGWH Victoria, 85.35 0.02 14.63 36.10 3.14 249 4355 0.09 145 3526
Uganda

VBU Visva Bharati University, MM Mula Mudtha, PW Pawana, UG Ugandéyl volatile
matter, FC ixed carbon BMPRh theoretical methane potential.

Table 6.14. Biochemical composition of untreated water hyacinth feedstocks.
Data produced by BEFWAM group.

Water ] o ) ) Free
) Cellulose Hemicellulose Lignin Oils Protein*
hyacinth %) %) ) ) %) Sugars**
0 0 0 0 0
substrate (%)
VBUWH 32.1 255 4.7 0.44 8.42 8.69
UGWH 25.1 22.6 6.8 1 12.39 11.75

*Determined by Kjedahl conversion (factor 4.64)** Determined by difference
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Figure 6.15. Cumulative biomethane potentiabluring the anaerobic digestionof
water hyacinth feedstocks with and without the additionof OW-BC450at
biochar load: a) 0.5 % and b) 1 % (w/v) (n=3).

The biochemical composition also seemed to influence AD performance. For
instance, VBUWH showed more cellulose ad hemicellulose, but less lignin than
the UGWH. The cellulosic polymers are easily hydrolysed and converted into
methane. Whereas increasing the recalcitrant lignin content often restricts the
access to the carbohydrates, affecting thus their fermentatio [278].
Furthermore, UGWH exhibited a larger content of protein and oils than the VBU
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WH, which could have been detrimentato AD. A large protein content would
result in more inhibitory ammonia released into the digestate, whereas the
slower degradation rate of lipids leads to their accumulation, which is reported
to block the mass transfer process for the methanogen256,279]. In summary,
the best performance for the digestion of VBWVH in comparison to UGNH
could be due to a more accessible, degradable, and balanced composition.

Similarly to the previous section, the addition of O\ABC450 at 0.5 % improved
the BMP for the digestion of VBWH by 4%, whereas it reduced the BMP for the
other WH substrates by 1941 % (Figure 6.15a). Increasing the BC load at 1 %,
on the other hand, increased the BMP for PWH by 10 %, although it reduced
the digestion of MMWH, UGWH ard VBUWH by 2, 1 and 32 %, respectively
(Figure 6.15b). Even though all WH substrates were fundamentally alike, the
influence of BC load on BMP performare differed among them.

6.6.2 Kinetic parameters

Table 6.15 shows the kinetic parameters obtained by fitting the experimental
BMP data to the modified Gompertz model. Methane generation started on day
one, hence, the lag phase was neghtge for all systems. The addition of OW
BC450 0.5 % improved the p for VBU-WH and PWWH by 1.7 and 1.6 times the
control. Increasing BC load at 1 % still improved 4, although to a lesser extent.
Conversely, the BC load of 0.5 % reduced then for MM-WH and UGWH,
whereas increasing the BGo 1 % exhibited no difference with the control.
Nevertheless, BC addition had no significant effect on the kinetic variables
(p>0.05) (ANOVA)

6.6.3 Biodegradability

BMPr yields were calculated based on the chemical composition of the WH
substrates (Table 6.13q AU OOET ¢ "1 Ul A6O0 ANOAOGEIT T Al
free (daf) basis. The BMR values for VBUWH, MMWH, PWWH and UGWH
were estimated at 383.4, 331.8, 351.3 and 352.6 mL @y VS, respectively. The
BMPr» for each WH substrate was usedo establish the BD of the AD
experiments. The BD values ranged from 25.8 td@67 % (Table 6.15). The ability

to biodegrade a substrate is limited by the complexity, toxicity, and
bioavailability of the molecule. For instance, MMVH showed some of the highest
BMP yields and the lowest BMf, hence the considerably higher BD (59-80.7
%). Once again, BC addition had no statistically significant effect on the BD of WH
substrates (p>0.05) (ANOVA).
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Table6.15. Kinetic parameters calculated with the modified Gompertz model for
the anaerobic digestion of water hyacinth feedstocks.

Experimental Gompertz model
BMPexp BMPmax Hm
(mL CH/ g B0 (mLCH/  (mL CHY/ 1 R2
(%) (days)
VS) gVs) g VS-day)

VBUWH 208.9 545 222.8 15.0 0.0 0.974
VBUWH + BC 0.25% 170.4 44.4 172.3 26.9 1.9 0.983
VBUWH + BC 0.5% 217.7 56.8 2174 249 1.5 0.991
VBUWH + BC 0.75% 173.3 45.2 179.3 17.4 1.0 0.990
VBUWH + BC 0.1% 141.7 37.0 1451 13.0 0.4 0.978

MM-WH 201.3 60.7 196.6 202 0.0 0.967

MM-WH + BC 0.5% 163.3 49.2 164.6 15.8 0 0.989
MM-WH + BC0.1% 196.6 59.2 194.5 175 0.0 0.981
PW-WH 177.1 50.4 172.9 19.8 0.0 0.977
PW-WH + BC 0.5% 141.4 40.2 140.5 32.6 0.2 0.995
PW-WH + BC1% 194.9 55.5 194.6 19.9 0.0 0.978
UGWH 91.6 26.0 934 6.8 0.0 0.987
UGWH + BC 0.5% 53.7 15.2 54.4 5.0 0 0.983
UGWH + BC1% 90.8 25.8 94.2 7.0 0.0 0.986

6.6.4 Volatile fatty acids and pH

Figure 6.16 shows the intermediary alcohols and VFAs accumulated at the end
of the digestion. The intermediaries mostly found were methanol, acetone,
ethanol, and acetic acid, although their total amounwvas below 40 mg/L for all
experiments, which could be considered negligle. In agreement with the
behaviour observed on the previous DoOE, increasing the BC load affected the
digestion of VBUWH and MMWH, resulting in a greater VFA accumulation.
These two WH substrates exhibited the highest C/N ratios, 17.8 and 12.3,
respectively. This is of relevance since thgroduction and accumulation of VFAs
during AD ishighly related to the nature of the employed feedstockparticularly
the C/N ratio [20]. In the case of PWVH, the addition of BC 0.5 % exhibited a
greater acetone and ethanol accumulation, in agreementith the lower BMP
yields in comparison to the control. By comparing the effecof BC in such
different and complex substrates, it was not possible to outline an evident trend,
although the concentrations of alcohols and VFAs were too low to have a
significant effect on the systems.
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Figure 6.16. Volatile fatty acids and alcohols accumulated at the end of the
anaerobic digestion of water hyacinth substrates as analysed by GC.

Furthermore, the pH was measured at the beginning and the end of the digestion
period, without pH adjustment. All systems started at a suitable pH of Z&8 and
suffered little variation by the end of the digestion with values ranging from 6.8
7.4 (Figure 6.17). In summary, the digestion of the different WHs resulted in
minimal accumulation of VFAs and pH variation without exhibiting a significant
difference due to BC addition.



Chapter VI
187

@) | [ initial pH [ Final pH [ initial pH [ Final pH

VBU VBU-BC 0.25% VBU-BC0.5% VBU-BC0.75% VBU-BC 1% MM MM-BC 0.5 % MM-BC 1 %

©) [Z7] Initial pH [ Final pH d) [ initial pH [] Final pH

pH
HH

PW PW-BC 0.5 % PW-BC 1 % uG UG-BC 0.5 % UG-BC 1%

Figure 6.17. Measurement of pH at the beginning and end of the anaerobic
digestion of the water hyacinth substrates augmented with biochar. A)
VBUWH; b) MM-WH; ¢) PWWH; d) UGWH.

6.7 Conclusions

This study demonstrated the importance of the C/N ratio, ISR and BC load during
the AcoD ofC. vulgarisand cellulose. BC addition drastically improved the low
biomethane yields achieved under unfavourable digestion conditions (ISR 0.5
0.9). Under these coditions, the BC provided a pH buffering effect and promoted
the consumption of VFAdor methane generation. The latter supports that BC
addition could fulfil the requirement of an alkaline source, avoid drastic changes
in pH and maintain the stability ofthe AD process under the conditions here
studied.

The further factorial design and regression models highlighted the beneficial
role of BC at higher C/N ratios, suggesting that the BC effect is highly dependent
on the digestion conditions. Lower BC load$avoured the BMP yields while
increasing the BC load favoured 4 hence the subsequent optimisation analysis
facilitated defining the ideal conditions. Regardless of the complexity of the
substrate here used, the final BMP was not affected by ISR if an egjyiate range
was selected (ISR 1:42.0). As the C/N ratio is reduced, the BC load should also
be reduced to achieve better performance.
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The regression model for the AD of WH established the importance of the ISR in
the process, although it suggested thancreasing ISR could result in lower BMP
yields and . The BC load had no significant effect on the production of methane,
although it showed a positive interaction with the ISR. The further optimisation
stated that an ISR closer to 1 was ideal for th&D of WH. Whereas a BC load <0.5
p Al OI'A EAOI 60O OEA "-0 UEAI A0 AhA
Nonetheless, the factorial regression optimisation with the desirability function
stated that the AD of WH at an ISR of 1 and BC load of 0 % could provide th
highest possible BMP. The AD of WH samples collected from different locations
in India and Uganda provided variable BMP yields. For these substrates, BC
addition had little effect on BMP performance, and in some instances, it even
reduced methane generabn.

The effect of ISR and BC load was contradictory between the-digestion of C.
vulgaris and cellulose and the AD of WH samples. Such variations between
complex feedstocks suggest that the BC effect is influenced by the digestion
conditions and employal substrate. Hence, it is necessary to create an
understanding of these relationships to establish the best AD conditions for each
system of study.
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ChapterVII
Principal component analysis of bbchar

augmentationon anaerobic digestion

7.1 Overview

Chapter 7 established the main factors behind the amendment effect of biochar
in methane generation, by evaluating both publications and the results from this
research. These were selected based on the data thpsovide: production of
biochar, the digestion conditions, and the effect they hash AD. The BMP andmu
values evaluated in this chapter indicated how much the addition of a given BC
affected them, in comparison to their corresponding control. A positive effect of
BC addition was observed, being more considerable fam and to a lesser extent
to BMP vyield. These changes were evaluated individually against different
factors, including operating conditions (substrate, ISR and BC load), pyrolysis
temperature, and biochar properties (ash content and O:C ratio). The relevance
of these parameters was identified ad corroborated by principal component
analysis (PCA).

Woody derived BCs, produced at 45850 °C, containing an ash content of 3.1
6.3%, and O:C ratio of 0.20, as responsible for having the greatest positive
impact on AD. The amount of BC added to the digfers influenced AD
performance. Increasing BC loads favoured mjt although this could be
detrimental to the BMP yields. Therefore, BC loads of approximately 6046 %

(w/v) were optimal for improving AD performance.

The substrate used for methane productin and the operational conditions
influenced the effect of the BC on AD. For easily hydrolysed substrates, the
benefits of BC addition were more significant at low ISR. Moreover, the BC
provided certain protection from inhibitory concentrations of ammonia during
the digestion of biomass rich in protein. On the other hand, BC had a neiillg
impact on the digestion of aquatic biomass such as water hyacinth and seaweed,
whereas it highly improved the mono and cedigestion of complex or inhibitory
substrates, such as microalgaebio-oil aqueous phase and citrus peel waste.
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Furthermore, it could be argued thatthe BC amendmen in AD was more
substantial under stressful conditions.

7.2 Introduction

The role of BC in amending the stressful factors affecting the perfoance of AD
has been a topic of considerable discussion. This area of research has focussed
largely on the role of BC in providing a series of benefits to AD. It is generally
accepted that BC can act aa support for the immobilisation of cells from
anaerobic sludge; provide a buffering effect; adsorb metabolites;and
intermediate during the direct interspecies electron transfer (DIET) process, as
described in Chapter 2. Also, properties, such as surface functionality and surface
area (SA) may influence th effectiveness oBC in AD as discussed in Chapter.5

Some publications have tried to improve the understanding between BC and its
effect on AD. Pan et a[20] suggested thatBC can couple the biological and
chemical transformationsoccurring during AD, resulting in better performance
and stability. They concluded that the main impacts oBC addition on AD
included the reduction of | AC B E Al® Apronoliod of hydrolysis and
acidogenesisacetogenesis, buffering acid stress, stabilisation  of
methanogenesis,and enhandng of BMP yields and production rate (pm) and
promoting syntrophic interactions. They suggested thatBC with a smaller
particle size appeared more favourable for AD and the excessive addition oBC
could be detrimental to methanogenesis.Deng et al.[280] stated that AD
improvement differs significantly depending on BC properties, although this
correlation is not understood yet. They suggested that BC with a moderate level
of aromaticity and abundance of oxygen and nitrogen functional groups would
likely stimulate DIET interactions and improve methane generation, consistent
with the results from Chapter 5.

Wang et al[281] supported the role of BC as an adsorbent material during AD
The ability to improve methanogenesis under high concentrations of ammonium
has been initially attributed to the cation exchange capacity (CECand theH-
bonds between the ammonium ions and the functional group®f the BC
However, the role of ammonia in AD could be influenced by other factorsuch
asthe competition and precipitation with some common ions found in water (i.e.
Ca+, CQ%, Naand SQ@?%) [281]. Other works have stated thathe capacity of the
BC to amend ammonia inhibition could be limited to the total ammonia nitrogen
(TAN) concentration. LU et al.[172] observed thatthe capacity of BCto adsorb
ammonia is exceededat concentrations above 7 grAN/L, after this value the
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input of BC becomesnsignificant. It is under this higher concentration of TAN
that the microbial community has the primary responsihlity of regulating TAN
since some microorganismssuch asMethanosarcingcanacclimate to tie higher
TAN values. Even though B€anadsorb ammonia and amend AD conditions, the
latter suggests that this capacity is finitg172] .

It has also been suggested that the potential of BC in AD is subjected to the
digestion temperature. For instance, Shen et 4ll48] compared the addition of
pine and oak wood BCs for the mesophilic (37 °) and thermophilic (53 °C) AD of
sludge. The BMP was considerably higher for the thermophilic sigsns, due to
the accelerated reaction rate coefficient (k) at higher temperature. For the
thermophilic systems, the methane production with and without BC addition
offered no variation, whereas under mesophilic conditions, only the oak wood
BC improved methane yields. Similarly, Li et aJ229] studied the thermophilic

(55 °C) AD of cardboard amended with BC. They observed that the BMP with BC
loads of 0.31 % were equal to the control, whereas higher loadef 1.5-5.0 %
decreased the yield. Hence, it can be argued that B@s a better impat on
mesophilic than thermophilic AD. Because of the latter and the fact that all
experiments from this research were performed at 37 C, theevaluation of this
Chapter will focus exclusively on mesophilic fermentation.

Some buffering agents commonly useih AD are CaC§) NaHC®, and lime mud.
However, they add cost and are reported to affect the microbial communities. On
the other hand, the potential of BC as a buffering agent has been reported
repeatedly. THs has been attributed to therise in the pH ard increased
methanogenesis at high concentrations of organic acid281]. The buffering
capacity isderived from thefunctional groups,ashinorganic alkalis,and organic
alkalis within the BC.Hence, the BC provides a buffering effect, while mediating
redox reaction via DIET that result in greater oxidation of organic acids into
methane [226]. Furthermore, the BC promotes the growth of archaea
(Methanosaetaand Methanosarcina and bacteria Bacterioidetesand Geobactey
involved in VFA degradation and methane productiof38,88,92,202].

The application of BC in AD haleen investigated mainly in batch systems such
as BMP tests and fewer longerm continuous systems. It is therefore still
necessary to upgrade the use of BC #&he pilot plant scale and prove the
feasibility of BC augmentation at an industrial level. Nonékless, in batch
systems, the effect of BC on methane production is often ambiguous. This could
be due to a series of factors, such as the AD conditions and the properties of the
BC resulting from their production. This includes the pyrolysis treatment (e.g.,
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slow, fast or flash pyrolysis) and the pyrolysis temperature[281]. Previous
studies have investigated a wide variety of BC andost authors have attempted
to attribute their effect on AD to the physicochemical propertiesof the BC.
Nonetheless, acorrelation between the inherent properties of theBGs and their
effective influence onAD performance based on a larger data set has hdeen
reported. Therefore, this chapter aims to understand and correlate the most
important factors influencing AD performance usinghe multivariate statistical

method PCA along with quantitative and qualitative descriptive analysis to

evaluatethe variations of AD performance with the addition of BGs.

7.3 Compilation of publications for biochar addition on

anaerobic digestion

A review of literature reports using BC as an additive in AD as compiled and
assessed in this Chapter. A total of 23 publicatiom®mprised of 88 experimental
conditions, using 44 different BCs were evaluated. As well, the results from this
work, reported in Chapters 5 and 6 for BC addition in AD were included. The data
extracted from the publications hare been divided based on the w@bstrate
converted into methane: model carbohydrates Table 7.1), food waste (FW)
(Table 7.2), anaerobic sludge (AS) and animal manureT@ble 7.3), aquatic
plants and algae Table 7.4), other complex substrates Table 7.5) and co
digestion (Table 7.6). The information within these tables has been sulivided
into three-parameter categories. Firstly, the feedstock and pyrolysis conditions
(temperature and retention time) are used for producing the BCs. Secondly, the
processing conditions used during AD, including reactor type, incubation
temperature, substrate, BC load ah ISR. Thirdly, the kinetic parameters BMP
yield and production rate (pm), were obtained for the systems augmented with
BC and their corresponding control. The consequence of each of these
parametersis discussed in the following sections.
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Table 7.1. Siammary of the reports for the biochar addition on anaerobic
digestion of model carbohydrate substrates.

Pyrolysis . BC load
Feedstock . Conditions BMP  pm Ref.
Conditions (% wiv)
0 2659 11.8
Oak wood 450 °C 3 2855 28.1
650 °C 3 2516 13.1
AMPTS, cellulose 5 g VSI/L, ISF This
450 °C, 1h 3 38.3 4.9
Saw wrack 1,37 °C work
600 °C, 1h 3 411 1.9
Water 450°C,1h 3 2942 273
hyacinth 600°C,1h 3 266.0 12.3
SB 500 mLglucose 2 g/L, ISR 0 15.7 2.8
0.5,35°C 1 15.3 23
HRT 30 d, Glucose 4 g/L, ISR 0 16.6 1.1 [87]
0.25 1 13.7 21
Fruitwoods 800 °C
Glucose 6 g/L, ISR 0.17 BMP 0 14.2 1.3
(mmol CHi/Q) 1 13.7 15
Glucose 8 g/L, ISR 0.125 0 15.1 1.0
1 13.3 1.0
0 1420 65
Rice straw 0.5 1436 8.2
Corn stover 0.5 138.0 6.3
500 °C AMPTS, glucose 9 g/L, ISR 0.1¢
Bamboo 0.5 1450 9.8 [35]
2h 35°C
Pine wood 0.5 1564 9.7
Oak wood 0.5 158.9 9.0
Apple wood 0.5 163.8 9.2
SB 160 mL, WV 55 miglucose 0 193 NR
Switchgrass 500°C, 72s 1 g CODIL, ISR 0.24, 37 °C, HR 1 332.0 [28]
Ashe juniper 400 °C, 30m 10d 1.0 330 NR
ISR 1:6, glucose 6 g/L, TAN 0.3 0 13.22 1.3
g/L, BGPS 0.51 mm, 35°C 1 122 1.5
TAN 3.5 gN/L, 0 135 0.59
] BGPS 0.51 mm 1 13.3 0.65
Fruitwoods 800 °C [172]
TAN 7 gN/L, 0 136 034
BGPS 0.51 1 13.8 042
BGPS 25 mm 1 15.2 0.50
BGPS 75150 pm 1 140 0.49
UASB 5.5 L, 35 °C, sucrose HR 0 8.0¢
Rice straw 500 °C NR [88]
24 and 126 h 0.4 7.1c

BMP expressed in mL C#g and pm expressed in mL Chlg-d, unless stated otherwise;a
BMP (mmol CH/g); b pm (mmol CHi/g-d); ¢ pm (L/m 3-d); NR not reported;SB serum bottle
WV working volume; COD chemicabxygen demand HRT hydraulic retention time; TAN
total ammonia nitrogen; BCPS biochar particle size.
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Table 7.2. Simmary of the reports for the biochar addition on anaerobic
digestion of food waste and OFMSW.

Pyrolysis . BC load
Feedstock - Conditions BMP Hm Ref.
Conditions (% wiv)
0 490.0 0.05
SB11L,FW4glL, 0.2 480.1 0.08
ISR2,35°C 0.5 493.1 0.07
1 507.5 0.15
0 440.0 0.03
. 0.2 460.3 0.07 233
Fruitwoods 900 °C FW 8glL, ISR 1, [233]
0.5 530.5 0.06
476.6  0.07
0 340.0 0.03

0.2 490.2 0.04

FW 10 g/L, ISR0.8
0.5 4781 0.06

1 4719 0.05
0 10702  113°®
3 SB 100 mL, 60 mL 0.83 1137a  156°P
Pine sawdust stgmc WV, 35°C, FW 13.7 1.66 1057a  160° [204]
g/L 251 956a  145b

3.33 931a  138°b

SB 100 mL, WV 60 0 1487a 272b

Pine sawdust 650 °C, 20 m mL, FW 496 g VSIL, 15 2092a 362b [36]

900 °C, 20 m 37°C 15 2187a 389°b
SB 650 mL, WV 550 0 484
Wallnut shell 900 °C* mL, FW 4 g VSIL, 0.35 492 NR [232]
ISR 1.36, 37 °C 0.70 131
Wheat bran pellet 800 °C, 3 h SB 120 mL, FW
Coppiced woodlands 500 °C ferment 1.5 g /L, 25 NR NR [92]
Orchard pruning 500 °C ISR 0.13, 20 °C
550 Erlenmeyer flask 0 103 10.9
Vineyard pruning 15 mi 250 mL, citrus peel 1 209 14.3 [282]
min
waste, ISR 1, 37 °C 3 298 14.2
SB 500mL, WV 300 0 1659 21.8
mL, citrus peel 0.96 186.8 26.0
Coconut shell Wood 450 °C [171]
waste, ISR 0.3, 35 096 171.3 184
Rice husk
°C 0.96 1721  26.6
] 500 °C AMPTS, 35 °ASR 0 174.2c 72.5d
Rice straw [202]
2h 1,OFMSW 8.6 g /L 0.5 92.4c  40.1d

BMP expressed in mL CH#g and pm expressed in mL Chlg-d, unless stated otherwise; a
BMP (mL CH/L); b um (mL CHy/L-d); c BMP (mL CH); d pm (ML CHi/d); NR not reported;

SB serum bottle; WV working volume; VS volatile solids; COD chemical oxygen demand,;
FW food waste; OFMSW organic fraction of the municipal solid waste
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Table 7.3. Simmary of the reports for the biochar addition on anaerobic
digestion of sewage sludge and animal manure.

Pyrolysis . BC load
Feedstock . Conditions BMP Hm Ref.
Conditions (% wiv)
0 4889 125.5%
110 °C Digester 600 mL, WV 550 0.8 494.3 160.1a
Cornstalk ; mL, sludge 4.3 g TS/L, ISR 2 11 4949 14452 [173]
s
55 °C, ph (mL/d) 1.3 4952 143.62
1.6 4945 131.5a
0 273 18.7
Vineyard 550°C Erlenmeyer flask 250 mL,
] ] 1 364 231 [282]
pruning 15 min sludge ISR 1, 37 °C
3 425 334
0 0.310 72.52
) 710 °C
Pine wood ; 2-step 600 mL digester, WV 3.1 0.31b 82.92 (148]
s
Oak wood 550 mL, sludge, 37 °C/HRT 6.3 0.31b 71.4a
710 °C 1.2d,53°C/HRT 12d 2.8 0.33b 83.2a
Oak wood
7s 5.6 0.32b 79.42
SB, WV 250 mL, swine
0 298.7 21.2
Almond shell manure 6 g VS/L, ISR 1, 35
) 550 °C 1.2 395.4 24.5
residue °C [230]
Pre-treated swine manure 0 416.7 27.5
1.2 433.2 28.8
0 374.7 28.2
) 350 °C SB 280 mL, 35 °C, dairy
Dairy manure 0.1 394.9 29.9 [201]
3h manure, HRT 35d
1.0 466.5 374

BMP expressed in mL CHg and pm expressed in mL Cklg-d, unless stated otherwise;a
(mL CHy/d); b BMP (mL CH/g COD degraded)jSRinoculum to substrate ratio; SB serum
bottle; NR not reported; WV working volume; VS volatile solids; TS total solids.
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Table 74. Siammary of the reports for the biochar addition on anaerobic

digestion of aquatic plants and algae.

Pyrolysis - BC load
Feedstock . Conditions BMP Hm Ref.
Conditions (% wiv)
208.9 150
VBUWH 5 g VSIL,
0.5 217.7 249
ISR 1
1 1417 13.0
0 201.3 20.2
This
MM-WH 0.5 163.3 15.8
Oak wood 450 °C work
1 196.6 17.5
0 1771 198
PGWH 0.5 1414 326
1 1949 19.9
0 91.6 6.8
UGWH 0.5 53.7 5.0
1 90.8 7.0
0 200.1 221
0.03 2115 2538
AMPTSL. digitata5 0.06 2129 242
Waste wood 700 °C, 1h [37]
gVS/L,ISR2,37°C  0.12 2340 247
0.5 180.0 195
1 179.7  20.3

BMP expressed in mL CHy and pm expressed in mL Cklg-d, unless stated otherwise]SR
inoculum to substrate ratio; SB serum bottle; WV working volume; VS volatile solids.
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Table 7.5. Simmary of the reports for the biochar addition on anaerobic
digestion of other substrates.

Pyrolysis - BC load
Feedstock - Conditions BMP Hm Ref.
Conditions (% wiv)

0 24

SB 160 mL, WV 55

Ashe juniper 400 °C, 30 m 1 296 NR
mL, BOAP 4 g COD/L
600 °C, 30 m 1 88 [28]
ISR 0.24, 37 °C, HRT.
700°C,2h 1 43
Canola meal 10d NR
900°C,2h 1 37
Syringe 100 mL, 42
Paper sludge and 500 °C 0 4.4a 0.03»
°C, (NH)2CQ TAN [17]
wheat husks 1:2 20m 2 4.5 0.03
0.5-5 g/kg, HRT 63 d
Syringe 100 mL, APL
400 °C 0 12¢ 0.1d
Cornstalk pellet 35 g CODI/L, ISR 0.6, [283]
10 m 8 2Q¢c 0.2d

40 °C

BMP expressed in mL CHg and pm expressed in mL Ch{g-d, unless stated otherwise; ISR
inoculum to substrate ratio; SB serum bottle; NR not reported; WV working volume; VS
volatile solids; HRT hydraulic retention time; BOAP bimil agueous phase; APL aqueous
pyrolysis liquid; aBMP (mL/g); b um (d-1); cBMP (g COBH4L); d pm (g CORHAL-d).
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Table 7.6. Simmary of the reports for the biochar addition on anaerobicco-

digestion.
Pyrolysis B BCload BMP pm
Feedstock - Conditions Ref.
Conditions (% wiv) (%) (%)
C. vulgariscellulose, 0 50.8 23.6
C/N 10, ISR 0.5 3 232.7 9.5
0 91.2 39.5
C/IN 20, ISR 0.8
3 239.1 10.0
Oak wood 450 °C*
0 136.2 22.7 This
C/N 30, ISR 0.9
3 241.2 12.4 work
0 296 49.6
CIN 25,ISR 2
0.58 312 99.0
Water hyacinth 450,1h CIN 25,ISR 2 0.58 286 92.3
SB, WV 90 mL, 150 0 111.7 6.7
500 °C rpm, 35 °C, HRT 55 d, 0.2 114.6 8.7
Sawdust 15nh FW-sludge 2 g VSIL, 0.6 116.2 9.4 [226]
' ISR0.67, BMP (mL), g 1.0 112.1 8.2
(mL/d) 15 109.5 7.8
) Erlenmeyer flask 250 0 298 144
Vineyard 550 )
) ) mL, citrus peel waste 1 500 66.3  [282]
pruning 15 min
and sludge, ISR 1, 37 °C 3 704 75.5

BMP expressed in mL Cig and pm expressed in mL Chlg-d, unless stated otherwise]SR
inoculum to substrate ratio; SB serum bottle; NR not reported; WV working volume; VS
volatile solids; HRT hydraulic retention time; BOAP biwil aqueous phase

7.4 Effect of biochar addition on anaerobic digestion

performance

The effect of BC on APerformance was based on the results obtained with BC
addition compared to their corresponding control without biochar from the
previous tables. These reports were compiled in a general frequency analysis
over four levels of effect: improved, reduced, un@nged and not reported
(Figure 7.1). Firstly, for the variable methane yield, 57 % of the cases benefited
from BC addition, whilst 25 % were negatively #iected and 18 % showed no
change Figure 7.1a). Secondly, for the effect of BC onmptit is necessary to
outline that 22 of the conditions failed to rgport these values. Thus, from the ones
that included it, 83 % of the cases improved(Figure 7.1b). Thirdly, 57 % of
the cases showed a positive effeaf BC addition in AD by shortening the lag
phase. Whereas 32 % extended this period and 11% showed no variation. The
"#0 OEAO OAAOAAA 1 x AsDA°C[il50,070,200), im2iaiind OA A A
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this work, and some BCgproduced at 650-700 °C[37,204]. In summary, BC
addition largely favoured digestion perbrmance, principally pm.

a)

Frequency

b)

Frequency

c)

Frequency
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Figure 7.1. Frequency (repeats) of the dfect of biochar addition on anaerobic
digestion performance. a)BMPYyield; b) biomethane production rate (um);

c) lag phasgR).

Biochars cancatalysereductive reactions by facilitating the transfer of electrons
from bulk chemical electron donorsto a receiving organic compound93]. Thus,
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it is understandable that promoting these interactions resulted in a faster i
Moreover, additional factors can also contribute to methane production,
including reactor type, choice of shstrate and composition, ISR, and BC load. The
interaction and response to changes taking place in complex systems, such as AD,
are difficult to understand and can even lead to ambiguous observations. Hence,
it is important to evaluate the factors both indvidually and collectively to
understand and correlate the behaviours observed.

For estimating how much BC addition influenced methane generationthe
changes in BMP yield and g for each condition of Tables 7.1-7.6 were
comparedto their corresponding cantrol. The calculated values are listed in the
Appendix Table B.1. The effects were expressed as % of variation where 0 %
represents the value obtained being the same as the control, whereas 100 %
represents the addition BC doubling the value obtained conaped to the control.
Moreover, a positive value represents an improvement of a particular effect,
while a negative value represents the BC additiocausing a detrimental effect.
The effect of BC addition in Alls discussed in the following sections and fially
integrated into the PCA.

7.5 Biochar properties and effect of the biochar on AD

7.5.1 Pyrolysed feedstocks for biochar production

A wide variety of feedstocks were employed for BC productiori-{gure 7.2). The
majority is derived from woody or another lignocellulosic source (oak, pine, rice
straw, ashe juniper, fruitwood, vineyard pruning, almond shell residual, coconut
shell, corn stalk, sawdst, walnut shell, husks, and coppice woodland pellet).
Other feedstocks included higkcellulose (water hyacinth, switchgrass, and
bamboo), algae F. serratu3, and other highprotein feedstock (dairy manure
and canola meal). It is worth remarking on theiinited work done on algae BC in
AD since those listed in this compilation corresponded only to th&W-BCs
studied in Chapter 5. Generally, woody derived BCs exhibited the greatest
benefits during the AD amendment.
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Figure 7.2. Frequency (repeats) of feedstocks used for producing the biochar
added toAD in theselected publications.

7.5.2 Pyrolysis temperature

Figure 7.3 shows the pyrolysis temperature used for producing the BCs added
to AD. The temperatures used weravide and ranged between 350 to 900 °C.
Only three BCs were produced at lotemperatures (350-400 °C), whereas the
majority were produced at an intermediate temperature (450-550 °C). There
were a few reports of BCs at 60®50 °C, comprised mostly of those studied in
this work, whereas 12 BCs were produced at higher temperatures of 76800 °C.

Frequency

—
()

(S}

Pyrolysis temperature (°C)

350 400 450 500 550 600 650 700 710 800 900

Figure 7.3. Frequency(repeats) of pyrolysis temperature used for producing the
biochar added in anaerobic digestion.
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Pyrolysis temperature is the main factor affecting the properties of BC, hence, its
relevanceto the effect of BC in AD. The distribution for the effect of pyrolysis
temperature on the BMP and @ was standardised into box plots Figure 7.4).
Most pyrolysis temperatures showed a tendency to improve the kinetic
parameters. The effect of pyrolysis temperature had a significant effect onnp
(p<0.05) (ANOVA) but not on BMP yield. Accordingly, gwas improved in most
cases, with a few exceptions in the literaturd37,87,171,202]. Also from this
work, the addition of SW-BC450,SW-BC600 on the AD of cellulose, and OGW
BC450 for the AD of water hyacinth reducedmt
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Figure 7.4. Box plot for the distribution of the relation between pyrolysis
temperature and BC effect on a) BM®) pm.
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The greatest improvementsin BMP yield in comparison to their control due to
BC addition corresponded tdhe slow pyrolysis BCs. These include the following:
ashe juniper BC 400 and 600 °C, switchgra&C500 °C and canola med@C700
°CJ[28], corn stalk BC 400 °€283], vineyard pruning BC 550 °(282], andthe
addition of OWBC450 during the Ac® of C. vulgarisand cellulose at ISRs 0:5
0.9 from Chapter 6. Particularly for @, the BCs whose effect was more favourable
were the following: vineyard pruning BC 550 °(d282], fruitwoods BC800 and
900 °C[87,233], corn stalk BC 400 °{283], bamboo and pine woods 500 °{35],
OW-BC450 and WHBC450 for the AD of cellulose as stated in Chapter 5.

The effect of BCs produced at 550 °C largely improved methane production,
corresponding to two publications. The addition éalmond shell residues BC 550
°C and vineyard pruning BC 550 °C significantly improved both BM&hd pm, but

A @OAT [R3B,A32]1 Similar behaviour was observed for fruitwoods BC 900 °C,
and corn stalk BC 400 °(233,283]. Whereas tle addition of pine sawdust BC
produced at either 650 or 900 °C exhibited similar BMP vyield and nj
improvement [36]. Conversely, waste wood BC 700 °C, wood BC 450°C, and rice
straw 500 °C reduced BMP andnpybut shortened thel [37,171,202]. Generally,
BCs produced at intermediate temperature (456600 °C) had the most positive
effect on AD performance, although BCs 76800 °C also contributed favourably.
Nonetheless, most reportaised BC produced only at one temperature, avoiding
the evaluation of this factor in the potential of BC in AD.

In Chapter 5, it was stated that BCs produced at 450 °C were more adequate for
AD than higher temperature BCs. It has been suggested thatsB@oduced at
400-500 °C exhibit an extensive redox buffering capacity dominated by
guinone/hydroquinone functionalities . Other favourable features of these BCs
are electron exchange capacity, and a wedleveloped surface area and porosity
[93]. Similarly, Shanmugam et al[28] identified that BCs produced at 400500
J# AT Ol A OA Addiede pe By attribvkeld fhese benefits to the
conductive properties and redoxactive organic and inorganic moieties of the BC.
Conversely, Igher temperature BCs exhibit less oxygen contentmore
aromaticity and ring condensdion, which subsequently results in less gunone
and hydroquinone moieties[28]. As pyrolysis temperature increasesso do the
pH, ash content, andhydrophobicity since more polar functional groups are
removed and aromaticity is enhaced[67]. The changes in these properties due
to temperature could support the superiority of intermediate temperature BC
for AD purposes.
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7.5.3 Biochar composition

Two of the most important characteristics of BC, ash content and O:C atomic
ratio, were correlated with their effect on AD. The distribution for the effect of
these properties on the BMP and pwas standardised into box plots. It isworth
remarking that not all reports described the BC composition and only those that
provided it wasevaluated in this section17,36,172,226,230,233,282] The effect

of BC ash contents demonstrated by ANOVAad a significant effect on both
BMP and g (p<0.05). BCs with an ash content of 3:6.3%, mainly woody BCs,

generally improved BMP and w (Figure 7.5).
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Figure 7.5. Box plot for the distribution of the relation between BC ash content
and their effect on a) BMP and b) q
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However, the larger distribution linked to BC with higher ash contents (>6.3%)
was restricted to one publication[282] and the work produced in thisresearch
Martinez et al.[282] pyrolysed vineyard pruning at 550 °Cresulted in BCwith a
high ash content (47.4 %).This BC was dded to the mono and co-digestion of
sludge and citrus peel wasteand it considerably increased both BMP andwuThe
other high-ash BC improving kinetic parameters corresponded to WABC450
with 23.4 % of ash. As discussed in Chapter Betinorganics within the BCs could
provide a source of alkalinity, conductivity, and trace nutrients. The soluble
inorganics Cl, Ca and Kare even reported to increaseBC conductivity and
subsequently improve DIET interactiong235].

Figure 7.6 shows the box plot distribution for the effect of the BC O:C ratio on
AD performance. The importance of the OFGs as intermediaries for the DIET
process has been previously stated to serve as the anchoring sites for
intermolecular and interspecies interactons [48,91,92]. The BCs used in
reports and this work showed an O:C ratio within a range of 0.08.41. BCs with
an O:C ratio of 0.20 asresponsible for most of the improvement for BMP and
Mm, corresponding to BCs produced at low temperature 45800 °C, mainly OW
BC450 and the vineyardgruning BC 550 °(282]. Also, fruitwoods BC produced
at 800-900 °C (O:C ratios 0.0®.07), had a favourable impact in ADL72,233].
Hence, the O:C ratio of the BCs had a significant effect an(p<0.05) (ANOVA)
although not on BMP yield.

The correlationbetweenthe parameters used for Aland those related to the BCs
used provided insight for establishing what properties and conditions are more
appropriate for AD amendment. However, the complexity of this type of system
suggested that these parameters did not act individually, and they aibntributed

to the effect of BC in AD. Therefore, it is necessary to establish which are the most
relevant and which are correlated.
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Figure 7.6. Box plot for the distribution of the relation between BC O:C ratio and
their effect on a) BMP and b) .

7.6 Operating conditions

7.6.1 Reactor design

The performance of a bioreactor is influenced by several factors. Such as
metabolism, noculum, enzymatic activities, substrate concentration, substrate
and/or product inhibition, mixing efficiency, shear stress, mass and heat
transfer, among others[284]. The operation conditions used in the reports are
listed in Tables 7.1-7.6. Most systems consisted of batch experiments using
either an AMPTS or serum bottles of variable sizes (160100 mL), with one
continuous and longterm operation report [88].
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The effect of the BCs on the batch experiments mainly benefited AD, although
some conditions hada detrimental effect, creating ambiguity. The report from
the continuous systems showed a favourable effect for BC addition in AD. Wang
et al.[88] tested two continuous 5.5 L UASBreactors for the AD ofsucrose, R1
with BC 4 g/L and R2without BC. The synthetic media fulfilled all nutrient
requirements, including small amounts of nitrogen and trace elements, while the
pH of the reactors was maintained with a phosphate buffer. The operation was
divided into stage | (:63 days) at an HRT of 24 h and an increasing substrate
influent of 4-15 g CODI/L; stage Il (6400 days) with a decreasing HRBf 12-6
Eh ATA A EEQGAA ETTAO T &£ v ¢ #/3$7,8 4EA
BMP vyields, and lessccumulation of VFAs than R2. The HRT was reduced for
stage Il, resulting in better performance and BMP for R1 than R2. They stated
that the BC acted as inert supporby promoting the granulation, improving the
conductivity and hydrophobicity of the sludge Also, it facilitated the enrichment

of the microorganisms involved in the DIET process. In a continuous system, a
shorter HRT is desirable for increasing the process efficiency, however, this
could dilute the sludge and lead to digestate failure. One dlie proposed
advantages of BC as immobilisation support is to provide stability and protection
to the cells for improving their performance, particularly at higher fluxes and
lower HRT[94]. Hence, it is important to outline the potential of BC for stabilising
continuous longterm operations, and the necessity to study thisrea.

7.6.2 pH

The pH is a key factor for achieving a successful AD process given that
methanogens are very sensitive to drastic pH variations. The methanogease
very active at pH 6.77.4, although their optimal activity takes place at pH 7:0
7.2. The methane mduction rate is highly affected if the pH varies below 6.3 or
above 8.0. Therefore, it is common to adjust the pH of the reactor with additional
chemicals, although this is often challenging and costly. Thus, it has been
suggested that BC has the poterati to provide an alkaline buffering that
counterparts the pH changes resulting from VFAs productionf55]. Several
studies have adjusted the initial pH within the range of 6-8.0 when evaluating
BC augmentation[28,36,87,171,172,201,226,233] In addition to this work,
several reports worked with out pH adjustment, while maintaining a neutral or
slightly alkaline pH with the addition of BC and in most cases evdor the non-
BC controls[17,35,37,39,148,173,202,230,232]

The potential of BC to act as buffering agent has been reported repeatedly
[34,39,173,226,283] while others have observed no significant effedB7,87].
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Even so, Wang et al226] highlighted an outstanding buffering capacity from
sawdust BC 500 °C during the edigestion of food waste and dewatered
activated sludge. Similarly, in Chapter 6, the addition of O\WC450 offered a
buffering effect on the AcoD o€. vulgarisand cellulose at I®s 0.50.9. This was
not the case for the rest of the experiments where higher ISRs were employed,
although the pH was generally maintained at an adequate range. The buffering
effect of BC is reported to stabilise AD reactors given th&C could raise theoH
and promote methanogenesis even at high concentrations of VFER81].

The sources of alkalinity within BC can be been divided into four categories:
surface organic functional groups (conjugate bases), soluble organic compounds
(conjugate bases of weak acids), carbonates and inorganic alkalis (e.g. oxides,
hydroxides, sulphaes, sulphides, phosphates)285]. Nonetheless, bffering
capacityis derived principally from the organic functional groupswithin the BC
[281]. Fundamentally, the role of biochar in stabilising the pH of the gester is
attributed to an enhanced electron transfer capacity for directing VFAs
conversion in DIEFinvolved methanogens. The latter is achieved via thedox-
active structures, quinonehydroquinone moieties and/or conjugateda-electron
systems within the condensed aronatic sub-structures of the BCs.Hence the
redox properties of the BCsare due principally to their organic electron-
accepting and donating moieties[93]. It has also been proposed that the
concentration of ash, particularly alkali and alkaline earth metals (e.g. K, Na, Mg
and Ca) influence the alkalinity and conductivity of the BCand contribute to the
catalytic and buffering capacity{48,67]. It has also been stated the role of metals
contained in the BC, such as Fis,to act as a reducing agent and stimulate the
degradation of VFA436]. Besides theash, thetotal base cations and carbonates
within the BC are reported to increase the alkalinitf197]. Furthermore, Gwa et

al. [228] stated that the buffering capacity and amendment of BC during the AD
of food waste was a combination of the organic functional groups, inorganic
alkaline compounds, basic cations and metals like Fe.

7.6.3 Substrate

A wide variety of substrates were tested for rathane generation during the
compilation of AD experiments augmented with BC. As stated in the earlier
sections, the data extracted from the publications ha been divided based on
the employed substrate: model carbohydrates Table 7.1), food waste (FW)
(Table 7.2), anaerobic sludge (AS) and animal manar(Table 7.3), aquatic
plants and seaweed Table 7.4), other substrates (Table 7.5) and codigestion
(Table 7.6). Most of the experiments consisted of the monaligestion of one
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substrate, with a few reports of cedigestion. The frequency of their use is
summarised in Figure 7.7. The substrates more commonly used were food
waste and glucose, followed by the AcoD 6f vulgarisand cellulose from Chapter
6.

Figure 7.7. Substrates converted into methane on the anaerobic digestion
reports

7.6.3.1 Model carbohydrate substrates

Model carbohydrate substrates, such as cellulose, glucose and sucrose, are easily
degraded by the hydrolytic bacteria in the AD digesters. The addition of the
different BCs generally improved the BMP and more significantly thew(Table
7.1). In Chapter 5, the digestion of cellulose was dependent on the used BC since
the OWBC450 and WHBCA450 slightly improved BMP but doubled @. Higher
temperature BCs offered no variation, while algae BCs highly affected the
digestion performance. Similarly, Qin et al[35] compared the addition of
different BCs produced at 500 °C for the digestion of glucose. Woody BCs offered
the highest benefits accompanied by a mild improvement of the BMP and a
superior pm. Shanmgam et al.[28] digested glucose at a particularly low ISR of
0.24. The BMP progressed from 193 mL Gkg COD for the control up to 330 mL
CHi/g COD for the BC systems. Luo et §7] also evaluated the role of ISR on
the AD of ducose amended with fruitwood BC 800 °C. The BC addition generally
reduced the lag phaseand improved the BMP only at the lowest ISR, whereas
the pm was generally favoured. [ et al. [172] studied the importance of BC



