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Abstract

Activated carbons are widely used adsorbents in sustainable applications, including
hydrogen storage and supercapacitance. The performance of activated carbons in
these applications is highly dependent on the structural properties of the material
including, the pore size distribution, surface area, and pore volume. Lignin, a naturally
occurring macromolecule, has received increasing interest as a promising feedstock for
nanoporous carbons. Lignins extracted from different feedstocks differ in the ratio
of aromatic monomers S, G, and H. On carbonisation, only this aromatic backbone
remains. The primary aim of this thesis was to ascertain whether the aromatic structure
of lignin affected the porosity of activated carbons, and if the pore size could be tuned
for specific applications.

An in-depth characterisation of four organosolv-extracted lignins from different
feedstocks was performed. Lignins were divided into two groups based on their aromatic
unit ratio: high S/G and low S/G. Evolved low molecular weight volatiles coalesced into
large bubbles, forming a foam. The aromatic ratio affected the mechanical strength of
foams; low S/G ratio lignins produced more stable monoliths. These carbon foams
have potentially exciting future applications as binder-free monoliths for supercapacitor
electrodes. Lignin carbon powders exhibited reasonable hydrogen uptake (1.8 wt.%
at 77 K and 1 bar) due to intrinsic microporosity and capacitance values of 60 - 80
F g-1 (organic and aqueous electrolytes) with scope for further optimisation, aided by
an experimental design protocol produced within this work. No correlation was found
between the aromatic lignin structure and activated carbon porosity, determined by gas
sorption and small-angle scattering. This lack of correlation was attributed to volatiles
coalescing rather than forming internal porosity in the charring stage. These findings
are significant for the industrial production of activated carbon powders, implying that
an organosolv lignin from any feedstock can produce a microporous carbon with a high
surface area (>1000 m2 g-1) and reasonable performance in sustainable applications.
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Nan, I wish you were here to see the finish.
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CHAPTER 1. INTRODUCTION

1.1 The Need for Sustainable Development

Sustainable development was defined by the Brundtland Commission as "development
that meets the needs of the present without compromising the ability of future
generations to meet their own needs".1 The cornerstone of sustainable development is
the idea of the three pillars of sustainability; social, economic, and environmental. To
achieve the goal of a sustainable society, we must ensure development of these three,
mutually reinforcing aspects.

The latest report from the International Panel on Climate Change2 has shown that
the harmful effects of climate change are already prevalent across the globe, and will
continue to worsen. The atmosphere and oceans have warmed, the amounts of snow and
ice have diminished, and the sea level has risen. The human influence on the climate
is evident, and atmospheric concentrations of greenhouse gases including CO2, CH4,
and NOx have reached unprecedented levels. These and other anthropogenic drivers
were concluded to be the dominant causes of global warming. Limiting the emissions
of these gases, and the effects of climate change are crucial for achieving sustainable
development.

Figure 1.1: Graphic illustrating the contributions to greenhouse gas emissions in the United
Kingdom. Other includes Public and Industrial Process sectors. Reproduced from the
Department for Business, Energy & Industrial Strategy3 under the Open Government Licence
v3.0.

According to the latest Government statistics,3 the transport sector has become the
most significant contributor of greenhouse gas emissions in the United Kingdom, with
emissions almost entirely due to carbon dioxide. Furthermore, there has been only a 2 %

2

https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-2016
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
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decrease in emissions since 1990, while the energy sector, by comparison, has achieved
a 57 % decrease over the same period. Transport emissions do not only contribute to
global warming, driving climate change, but they also contain acidifying substances
(such as NOx and SOx) and particulate matter which cause environmental pollution and
can affect the health of the local population.4

To meet these environmental challenges there is a dire need to move away from transport
based on fossil fuels to greener, cleaner alternatives. New energy storage and production
methods are required to reduce transport emissions and environmental pollution, and
meet the ever-growing energy demand of current society.5 Two promising methods of
energy storage, which are the focus of significant research efforts, are the improvement
of supercapacitor and hydrogen storage systems. A crucial part of this optimisation is
the development of novel, cost-effective materials. Carbon-based materials have long
attracted considerable interest as adsorbents in such sustainable applications.5

1.2 Adsorbents for Sustainable Applications

Adsorption is a surface phenomenon, where material accumulates at an interface
between two phases.6,7 The adsorbed species is known as the adsorbate, and the surface
where adsorption takes places is the adsorbent.7 Adsorption can take place via two
different processes: chemisorption and physisorption. The difference between the two
is illustrated by the potential energy curves in Figure 1.2. These curves represent the
variation in the energy of the system, as a function of the distance between the surface
and an adsorbate molecule.8

Chemisorption involves the formation of a chemical bond and is site-specific. Adsorbate
molecules are split into atoms, radicals, or ions and bond to a specific site on
the adsorbent surface.7,10 Interactions in chemisorption are strong, with the energy
of adsorption (∆Hads) reaching up to 800 kJ mol−1.10 The potential energy well of
chemisorption is thus relatively deep and occurs at a short distance from the adsorbent
surface.8

Physical adsorption, by contrast, occurs on exposure of a solid surface to gas or liquid
and is a consequence of surface energy. In a solid bulk, atoms are bound on all sides.
Atoms on a surface, however, are incompletely bound and have a bond deficiency.11

It is hence energetically favourable for surface atoms to adsorb gas, vapour, or liquid
molecules.11,12 The van der Waals forces involved in physisorption are non-specific,
meaning that adsorbed molecules may cover the entire surface.7,11

3
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Figure 1.2: The potential energy of an adsorbate hydrogen molecule as a function of distance
from the adsorbent surface is illustrated for chemisorption and physisorption. Adapted from
Hirscher et al.9 with permission from Elsevier.

Interactions are much weaker than chemisorption, with the energy of adsorption not
exceeding 80 kJ mol−1.10 This results in a shallow minimum in the potential energy
curve at a relatively large distance from the surface, typically greater than 3 Å. As the
adsorbate molecule moves closer to the adsorbent surface the electron clouds overlap,
which causes a rapid increase in energy.7–9 Adsorption can occur at any temperature
or pressure but, due to the weak interactions involved, it is only measurable at a very
low temperature. However, these weak interactions mean that the process is completely
reversible,11 and consequently, useful for applications which require rapid cycling, such
as supercapacitance and storage of hydrogen.

1.2.1 Adsorbents in Hydrogen Storage

Hydrogen, the most abundant element in the Universe, has long been considered an
alternative energy carrier to non-renewable fuels. It has the highest gravimetric energy
density of all known chemical fuels (142 MJ kg-1), almost three times higher than liquid
hydrocarbons such as petrol (42 MJ kg-1).13,14 To a drive a modern, commercially
available car over a range of 400 km, for example, requires ∼ 24 kg of petrol using
an internal combustion engine. By comparison, only ∼ 8 kg of hydrogen is needed
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in a combustion engine for the same range, or ∼ 4 kg of hydrogen for an electric car
with a fuel cell.13 One of the primary disadvantages of hydrogen, however, is that it has
the lowest volumetric energy density of all chemical fuels.13 At ambient pressure and
temperature 4 kg of hydrogen occupies a volume of ∼ 45 m3,13 equivalent to a sphere
of almost 5 m in diameter, making on-board vehicle storage problematic.

The primary research challenge for on-board vehicle storage of hydrogen is to find a
technology enabling high volumetric and gravimetric hydrogen density which is safe,
efficient, and economical. The US Department of Energy have published technical
targets for hydrogen storage systems on-board light-duty vehicles (minimum 300 mile
driving range).15,16 Revised system targets updated in May 2017 specify gravimetric
and volumetric hydrogen capacities of 5.5 wt.% and 40 g L-1 respectively by 2020. The
ultimate goal is a gravimetric capacity of 7.5 wt.% and a volumetric capacity of 70 g
L-1.

Currently, the most advanced hydrogen storage system is the use of high-pressure
compressed gas cylinders, which are used in all hydrogen fuel-cell powered vehicles
(FCVs) presently on the market.17–20 Cylinders are usually pressurised to 350 or 700
bar, and exceed a gravimetric density of 5 wt.%.21 Although compressed H2 met earlier
Department of Energy targets set in 2015, they are unable to meet the current objectives,
and certainly not the ultimate hydrogen capacity goals.21 Another major limitation of
compressed gas storage is the expense of the hydrogen cylinder, which costs in the
range of US$ 1000 to US$ 2500 per unit.22

For hydrogen vehicles to become more wide-spread an increase in storage capacity and
a decrease in system cost is essential.5 The storage of hydrogen in a light-weight solid
could be a solution to this problem, either by adsorption of hydrogen molecules onto a
surface (physisorption) or by hydrogen dissolution or bond-formation (chemisorption).9

Storage by physisorption, referred to from now on as adsorption, is attractive due to
the fast kinetics, excellent cyclability, and high adsorption capacity.14 Materials do not
show significant uptake values at ambient temperature and pressure but show promise
when utilised in cryogenic or cryo-compressed systems; activated carbons exhibit large
uptake capacities of up to 7 wt.% at more moderate pressures (up to 100 bar) compared
to the current cylinders.5 A more in-depth exploration of the carbon materials used in
hydrogen storage is covered in Section 1.3.
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1.2.2 Adsorbents in Supercapacitors

Supercapacitors, also known as ultracapacitors, are electrochemical energy storage
devices, capable of the rapid storage and release of energy.23 These devices are currently
employed for a wide variety of applications including consumer electronics, memory
backup systems, and industrial power and energy management systems.24,25 They
have also been incorporated into the emergency doors of the Airbus A380 aircraft,
highlighting their safe and reliable performance.24 Supercapacitors show promise when
coupled with batteries or fuel cells in hybrid electric vehicles. Devices can improve
performance by providing powerful acceleration, regenerative braking, and increased
battery life.25 Supercapacitors have a higher power density than most batteries, but a
much reduced energy density. Consequently, supercapacitive devices are suitable for
applications requiring short bursts of power, but not when high energy storage capacity
is needed.26

Two types of supercapacitor cell are primarily under development: pseudocapacitors
and electrical double layer capacitors (EDLCs). Pseudocapacitors use fast and reversible
redox reactions for charge storage and are usually based on non-carbon materials such
as conducting polymers or metal oxides.26 Pseudocapacitors typically exhibit much
larger capacitance values and energy densities than EDLCs, with capacitance values
10 to 100 times higher.25 For example, specific pseudocapacitance of RuO2 particles
exceeding 600 F g-1 has been reported. However, faradic processes are typically slower
than non-faradaic processes, and pseudocapacitors have a relatively low power density
in comparison to EDLCs.25 Also, due to the redox reactions used, pseudocapacitors
frequently suffer from a lack of stability during cycling, similar to batteries.25,27

EDLCs, examined in this study, store energy through ion adsorption. High surface area
carbon-based materials are primarily used as electrodes due to their high conductivity,
electrochemical stability, open porosity, and relatively low cost.23,27 The high surface
area of carbon electrodes leads to substantial capacitance values in comparison to
conventional electrostatic devices.26 The mechanism of energy storage in an EDLC
is also inherently rapid because it merely involves the movement of ions between the
electrode surfaces.23 The performance of these devices is closely linked to the physical
and chemical characteristics of the electrodes. Consequently, manipulating the surface
area and conductivity of carbon electrodes are the subjects of considerable research
efforts.23 The types of carbon used as electrodes in supercapacitors are explored in the
following section.
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1.3 Current Nanoporous Carbons for Sustainable
Applications

Carbon is perhaps the oldest known adsorbent in history; charcoal was used by ancient
Hindus in India to filter drinking water, and the Egyptians used carbonised wood around
1500 BC for medical applications and water purification.28 Activated carbons are very
effective adsorbents; this is due to their high surface area as a result of an extensive
porous network.29 The porous structure of activated carbons is due to voids and spaces
between non-parallel and non-planar structural units. The units are distributed and
cross-linked in a random manner, separated by disorganised carbonaceous and inorganic
material. The pores present in nanoporous carbon materials can be classified into three
groups according to their dimensions. Micropores have a diameter less than 20 Å,
mesopores have a diameter between 20 and 500 Å, and macropores have a diameter
greater than 500 Å.30

Carbon-based materials, and in particular activated carbons, have received interest in
multiple energy-related applications, including as adsorbents for hydrogen storage and
as supercapacitor electrodes. The popularity of carbon materials is due to their low cost,
wide availability, chemical and thermal stability, processability, high surface area, and
the ability to tune their textural and structural characteristics for specific applications.5,23

A brief overview of some of the most investigated materials used for hydrogen storage
and supercapacitor applications is given in the following section.

1.3.1 Templated carbons

Nanocasting techniques can be used to produce templated carbons, which offer excellent
control over a material’s structure (such as surface area, pore volume, and pore size) and,
therefore, adsorptive properties by careful selection of the template material and casting
conditions.31 A variety of inorganic precursors have been investigated as hard templates
for the preparation of porous carbons.32 Zeolite templated carbons (ZTCs) have shown
particular promise for hydrogen storage, due to their narrow pore size distribution in the
micropore range and high surface area.31 Masika & Mokaya33 reported a ZTC material
with an exceptionally high gravimetric hydrogen uptake value of 7.3 wt.% at 77 K
and 20 bar. Very high gravimetric specific capacitance values are reported for ZTCs
in aqueous electrolytes, with a maximum of 340 F g-1 attained for a nitrogen-doped
ZTC (due to pseudocapacitive effects of nitrogen-containing functional groups).34

The capacitance reduced on cycling, although over 75 % of the initial capacity was
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retained after 10,000 cycles.34 In organic electrolytes, ZTCs exhibit gravimetric specific
capacitance values of up to 200 F g-1. Notably, interactions between functional groups
on the ZTC surface and organic electrolyte solvents and salts can slow down ion
transport in ZTC materials.34

Carbide derived carbons (CDCs) use a rigid metal carbide lattice as the template.31

Metal atoms are extracted layer-by-layer allowing tuning of the carbon porosity, which
is controlled by selection of the precursor carbide and chlorination temperature.31,35,36

Further post-synthesis treatments, such as hydrogen annealing and activation, can be
used to enhance the adsorptive properties of materials further.31,36 This unparalleled
level of control over the carbon pore size distribution, their high surface area, and large
open pore volume, has lead to the extensive use of CDCs in fundamental studies.37 Of
particular interest, is the influence of pore size in supercapacitor and hydrogen storage
applications. Hydrogen uptake capacities of up to 3.0 wt.% have been reported for
CDCs at 77 K and 1 bar36,38 and 4.7 wt.% at 77 K and 60 bar.35 High capacitance values
are reported, with gravimetric specific capacitance values between 60 and 220 F g-1 for
aqueous electrolytes and up to 160 F g-1 in organic electrolytes, the latter increasing to
180 F g-1 for activated CDCs.34 CDCs can be difficult to synthesise, sometimes utilising
hazardous chemicals, and the metal carbide precursors are more expensive than biomass
feedstocks. Consequently, activated carbons remain widely used and highly investigated
adsorbents for a number of applications.

1.3.2 Activated carbons

Activated carbons are a popular potential adsorbent for hydrogen uptake and as
supercapacitor electrodes. This is due to their low cost, high surface area, high chemical
stability, and ease of synthesis in bulk.32 For hydrogen storage, chemical activation with
KOH is the most popular method for producing carbon materials. Carbons with an ultra
high surface area (>2500 to 3000 m2 g-1) can be created while maintaining a narrow
pore size distribution centred in the micropore range.5 A large surface area composed of
narrow micropores is vital in hydrogen uptake; consequently, KOH-activated materials
have shown excellent promise as adsorbents for hydrogen storage. Carbons exhibit
gravimetric hydrogen uptake capacities of between 0.5 and 3.3 wt.% at 77 K and ∼ 1
bar, depending on the feedstock and activation conditions.39,40 Physical activation is not
as popular as chemical activation, likely due to the generally lower adsorptive properties
achieved. However, CO2 activation has been used to develop high surface area carbons
(1000 to 3400 m2 g-1) with gravimetric hydrogen uptake capacities of up to 2.3 wt.% at
77 K and 1 bar41–43 with more sustainable industrial processes.44,45
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Nearly all commercial EDLCs use high surface area activated carbons, typically in
the range of 700 to 2200 m2 g-1, with high gravimetric specific capacitance in the
range of 70 to 200 F g-1 in aqueous electrolytes and 50 to 120 F g-1 in organic
electrolytes.34 Research groups have developed materials with even greater capacitance
values (between 200 and 380 F g-1) in both organic and aqueous electrolytes.34,46

Unlike H2 storage, a range of pore sizes is preferred for supercapacitance applications.
Both physical and chemical activation methods (or a combination) using a variety of
feedstocks and activation agents have been used to produce carbon materials with a
high specific capacitance.34,46

The preparation of activated carbons requires the pyrolysis of a carbonaceous material
to form a char with a rudimentary pore structure. An activation procedure is then
performed to enhance this porosity. These processes are discussed in detail in the
introduction to Chapter 4. Any carbon-containing precursor in principle could be used
to produce chars and activated carbons. In practice however, only a small number of
materials are actually commonly used: coals, peat, wood, nut shells, coconut shells, and
some synthetic polymer resins.47,48 This is because the industrial scale manufacturing
processes of carbon materials are very finely tuned, thus source materials must be
reliable and consistent without any variation in the quality.47

Lignin is a biomaterial which has received increasing attention in recent years as a
promising source material for the preparation of activated carbons. The popularity
of lignin is due to its high carbon content and wide availability.49 Cellulose is a high
value product for several key industries, and is frequently sourced from lignocellulosic
biomass. Lignin is a key component of such biomass, and consequently, is produced in
large quantities as a by-product.

The majority of lignin is produced by the paper pulping process. However, bioethanol
production is a growing industry and is likely also to become a major producer of waste
lignin. The most common use of lignin from paper pulping or bioethanol processes
is currently as a fuel. Lignin combustion produces 26.5 kJ g-1 of energy, 40% of the
solar energy stored by the plant,50 but lignin could be further valorised by conversion
to carbon. The economic viability of alternative, more environmentally benign pulping
processes and lignocellulosic biorefineries will depend on utilising this waste lignin and
upgrading to high-value products such as activated carbons.51
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1.4 Thesis Aims and Objectives

Activated carbons are candidate adsorbents for use in future large-scale energy storage
applications including for the adsorptive storage of hydrogen and electrosorption of ions
in supercapacitor electrodes. Carbon materials are particularly favoured due to their high
surface area, extensive porous network, and the ability to tune the pore size of a material
through the synthesis conditions. Lignin is a naturally occurring macromolecule and is
regarded as a promising feedstock for upgrading into high-value activated carbons due
to its high carbon content.

Furthermore, lignin is produced in large quantities as a waste by-product of several
industries. The successful valorisation of lignin could play a key role in the viability
of greener paper pulping alternatives and lignocellulosic biorefineries for bioethanol
production. On carbonisation of the lignin macromolecule end groups are emitted as
volatiles leaving behind the aromatic carbon backbone. The two primary aims of this
thesis were to determine whether this aromatic structure had an effect on the porous
structure of activated carbons and chars and if this could be manipulated to tune the
pore size of carbons for sustainable applications. To achieve these aims the following
objectives were set:

(1) Production of a consistent, well-characterised lignin (Chapter 3)

To assess the impact of the aromatic backbone on the carbon structure, all other
structural and chemical properties of the lignins must be identical, or at least similar.
The isolation method used to extract lignin from biomass is known to impact a variety
of properties including molecular weight, purity, and chemical groups. Consequently, all
lignins were extracted using the same isolation method. Due to the sheer volume of Kraft
lignin produced industrially this would have been the preferred material, particularly
with a view of scaling up the production of carbons. However, these lignins are known
to be highly modified. Less-modified lignin is preferred to examine the effect of the
aromatic structure of carbon porosity, and so the organosolv process was selected as the
isolation method used in this work.

Four biomass feedstocks known to yield two different types of lignin (two wood and
two grass) were chosen to ensure the extremes of aromatic composition were covered.
An extensive characterisation of these materials was performed to ensure the purity
and molecular weight of the macromolecules were within a similar range, and that
there was a significant difference in the aromatic composition. The four laboratory-
extracted lignins were compared to an industrially produced organosolv lignin, to ensure
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parameters were within the expected range for this type of material.

(2) Preparation of lignin-derived activated carbons (Chapter 4)

The experimental set-up and feedstock used have an impact on the optimal processing
conditions for producing high surface area (>1000 m2 g-1) activated carbons.
Consequently, how the carbonisation and activation conditions affected important
properties of activated carbons was investigated using a Design of Experiments (DOE)
method. To ensure a homogeneous feedstock was used throughout, the industrial
organosolv lignin was used to examine the process conditions. The experimental design
method enabled the impact of all processing conditions to be assessed, in both the
carbonisation and activation stages, simultaneously and to determine whether there were
any interactions between them.

The adsorptive properties of activated carbons were screened using the BET surface area
derived from gas sorption and the average pore width determined by small-angle x-ray
scattering. Carbons were primarily optimised based on the surface area; however, the
impact of conditions on the pore size was also examined, because optimising porosity in
future experiments will be essential. The yield of carbons and chars was examined as it
is an important consideration to bear in mind for a future scale-up process. The results
from this investigation were used to produce chars and activated carbons from the four
laboratory-extracted lignins.

(3) In-depth characterisation of activated carbon properties (Chapter 5)

The chars and activated carbons from the four laboratory-extracted lignins underwent
an in-depth characterisation. The pore structure of activated carbons was assessed using
a combination of gas sorption and small-angle x-ray scattering. The combination of
the two techniques was used to overcome some of the limitations and reliability issues
associated with gas sorption alone. The morphology of the materials was examined
using a combination of microscopy and Raman spectroscopy. The impact of the different
lignin feedstocks and the influence of the aromatic ratio of the macromolecule on the
pore structure and morphology of the carbon materials was critically investigated.
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(4) Benchmarking the performance lignin-derived activated carbons in sustainable

applications (Chapter 6)

The suitability of the lignin-derived activated carbons as adsorbents was benchmarked
for two sustainable applications; hydrogen storage and supercapacitance. The effect
of the aromatic structure of the lignin macromolecule on the performance of the
carbons was also investigated. The main findings of the thesis were then discussed
and conclusions drawn.
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CHAPTER 2. MATERIALS AND METHODS

This chapter outlines the materials and methods to the support the results and discussion
chapters (3, 4, 5, 6) in this thesis. Parts of the experimental method detailed in this
chapter have been published in Rowlandson et al.52

2.1 Lignin Extraction and Characterisation

This section outlines the isolation of lignin from biomass and the techniques used
to characterise the macromolecule structure. Section 2.1.1 includes a summary of
the biomass feedstocks used in this work, and the equipment and techniques used
for the extraction procedure. The characterisation methods outlined in Section 2.1.2
were used to determine the purity and structure of lignin. The chemical composition
was characterised by the determination of the lignin and (in some cases) sugar
contents, and investigation of the functional groups present using Fourier transform
infrared spectroscopy. The molecular weight was examined using gel permeation
chromatography, and the composition of aromatic monomers utilised 2D nuclear
magnetic resonance spectroscopy.

2.1.1 Extraction of Lignin

Four waste biomass feedstocks were used as source materials for the extraction of lignin
samples: hemp hurds (or shives), flax straw, rice husk, and eucalyptus chips. These
feedstocks were selected due to their widespread availability as by-products, and to
ensure two distinct classes of lignin were examined: wood lignin (hemp hurds and
eucalyptus chips) and grass lignin (flax straw and rice husk). A summary of these
materials is given in the following section.

2.1.1.1 Biomass Feedstocks

Hemp fibres are used in a variety of applications, from food products and textiles to
structural materials.53 The European Union accounts for 29 wt.% of worldwide hemp
production.53 Hemp is primarily grown for the production of bast fibres, which are
predominantly composed of cellulose. However, a large number of woody core fibres
(known as hurds) are also produced as a by-product.54,55 There is an increasing interest
in the hemp industry to exploit the whole plant, including the hurds, for the hemp
economy.55,56 Hemp hurds typically contain 33 to 49 wt.% cellulose, 16 to 24 wt.%
hemicellulose, and 16 to 28 wt.% lignin.54,56

14



CHAPTER 2. MATERIALS AND METHODS

Flax is an important industrial crop grown for its fibres and production of linseed
oil.57 The European Union accounts for 20 wt.% of worldwide flax production.53 Upon
removal of fibres the woody core of the plant stem, known as flax shives or straw,
remains as a by-product. For every ton of fibre produced 2.5 tonnes of flax straw is
generated.57,58 Currently the flax straw has limited use and thus is often burned.57 Flax
straw typically contains 34 to 53 wt.% cellulose, 13 to 26 wt.% hemicellulose and 23 to
31 wt.% lignin.58,59

Rice is a staple food crop in many countries worldwide. During growth, natural
sheaths (called husks) form on the grains.60,61 Husks are removed during the refining
process. Worldwide 400 million metric tons of rice is produced annually, of which
at least 10 wt.% is rice husk.60 Rice husk is composed of cellulose (29 to 42 wt.%),
hemicellulose (18 to 21 wt.%), lignin (19 to 31 wt.%) and significant amounts of silica
(18 to 24 wt.%).61,62 Rice husk currently has no commercial use but has been extensively
researched as a source of amorphous silica.60

Eucalyptus is an important fast-growing hardwood species used in a variety of industries
worldwide, including pharmaceutical, fragrances and aromatherapy, food additives, and
for bioethanol production.63 Timber and eucalyptus oil are important products of the
eucalyptus plantation industry, which is dominated by China.63 Eucalyptus chips contain
large amounts of cellulose (40 to 49 wt.%) with a high lignin (20 to 35 wt.%) and
hemicellulose (18 to 32 wt.%) content.64–66

2.1.1.2 Organosolv Method

Lignin was extracted from the four biomass feedstocks mentioned above using the
organosolv process, which is based on the autocatalytic Alcell process.67 MAST Carbon
International, Basingstoke supplied the feedstocks. The material was used as provided,
chopped into pieces up to 3 cm long. All reagents and solvents used were of analytical
grade. Digestion of biomass took place either on a small scale with around 10 g of
biomass in a 200 mL acid digestion vessel (Parr Instrument Company) or on a large
scale using 80 g of biomass in a 1000 mL stainless steel knock-out pot. The pot was
repurposed as a digestion vessel by sealing the inlet and outlet with plug fittings. An
image of the vessels is shown in Figure 2.1.

The extraction procedure is outlined in Figure 2.2. A suspension of biomass-water-
ethanol (10 mL of a 60:40 ethanol-deionised water solution by weight, was used for
every 1 g of biomass) was heated at 200 °C for 2 hours (Parr vessel) or 6 hours (knock-
out pot) before cooling to room temperature. The delignified pulp and lignin-rich black
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liquor were separated by filtration, and the pulp was rinsed further with a 60:40 EtOH-
H2O solution. The filtrate and black liquor were combined, and ethanol was removed
under vacuum until the onset of lignin precipitation. Precipitation was achieved by
the addition of a 0.1 M sulphuric acid solution to the concentrated liquor (2:1 ratio by
volume of acid to liquor) under constant stirring. The precipitated lignin was separated
by filtration, rinsed with DI water until the filtrate pH was neutral, and then dried in a
drying oven at 55 °C. The lignin yield per weight of starting feedstock is given in Table
3.1 as the extraction efficiency.

The experimental conditions described above were chosen according to information
from a variety of sources.68–71 The ideal conditions reported for the Alcell process by
Berlin et al.68 and Lora et al.70 were: a temperature between 180 and 210 °C, a pressure
of 25 to 35 atm, and a solvent of 60 wt.% ethanol and 40 wt.% water. A temperature
of 200 °C was calculated to produce a pressure of 26 atm (within the ideal range) based
on vapour-equilibrium data for an ethanol-water system.72–74 The full calculation is
included in Appendix A. An acidic solution of pH < 2.5 was specified in the literature for
the precipitation of lignin from black liquor.68–70,75 A 0.1 M H2SO4 solution was chosen
to ensure batch consistency. Research by Botello et al.69 indicated the precipitation
yield increases with the dilution ratio of black liquor to the acidic solution, reaching
a maximum at 1:1.68. The experimental procedure applied here uses a ratio of 1:2 to
ensure maximum precipitation.

Figure 2.1: The (left) 1000 mL knock-out pot and (middle and right) 200 mL Parr pressure
vessels used for the organosolv extraction of lignin from biomass feedstocks.
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Feedstock

2-6 hours, 200 °C, 20 - 35 atm
60:40 w/w EtOH:H2O,

Digester Rinse

FlashPrecipitationLignin

Pulp

liquor
Black

EtOH:H2O
60:40 w/w

black liquor
Concentrated

(2:1 acid:liquor ratio)
0.1 M H2SO4 in H2O

Figure 2.2: Flow chart outlining the organosolv extraction procedure for lignin isolation.
The biomass feedstock was heated in an ethanol-water (60:40 weight by weight EtOH-H2O)
mixture. The resulting black liquor was concentrated and then precipitated using a sulphuric
acid (H2SO4) solution. Images show the (top left) feedstock, (top right) black liquor, (bottom
right) precipitated lignin, and (bottom left) lignin filter cake prior to drying.
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2.1.2 Characterisation of Lignin

2.1.2.1 FTIR Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a simple non-destructive technique
which was used to identify the components present in the starting biomass and
delignified pulp, and functional groups present in the lignin macromolecule. Infrared
radiation is passed through the sample which induces molecular bond vibrations,
provided there is a change in dipole moment. When the frequency of the infrared
radiation matches the vibrational frequency of a bond in the sample, absorption occurs.
An FTIR spectrum shows how much energy was absorbed at each frequency, or more
commonly wavelength, and is related to functional groups present in the sample.76

A MasterGrind Shield Series Aluminium Herb Grinder was used to grind feedstocks and
dried, rinsed pulp samples to a fine powder. Ground samples were then used to record
an FTIR spectrum. Spectra were obtained using a Perkin Elmer Spectrum 100. A force
of 115 N was applied to a small amount of solid sample. A spectrum of 32 scans was
recorded from 4000 to 600 cm-1 with a resolution of 4 cm-1. The instrument software
Spectrum version 10.4.00 was used to remove a background spectrum, which was run
at the start of the experiment.

2.1.2.2 Chemical Composition of Lignin

The purity of lignin resulting from the small-scale organosolv extractions (in the 200 mL
Parr vessels) was determined using the approach for acid-insoluble lignin content (also
known as the Klason lignin content). The procedure was performed in-house, following
the technique outlined by Effland et al.77 which is a modified procedure based on the
TAPPI (Technical Association of the Pulp and Paper Industry) test method.78 The dried
lignin sample (200 mg to ± 0.1 mg) was dissolved in 72% sulphuric acid (2 mL), and
held at 30 °C for one hour, stirring at frequent intervals with a glass rod. The mixture
was quantitatively transferred to a conical flask using deionised (DI) water (56 mL). The
flask was covered and boiled on a hot plate for 4 hours; the volume was kept constant by
the frequent addition of DI water. The solution was filtered hot through a sintered glass
crucible, washed with hot DI water, and then dried at 105 °C overnight. Samples were
cooled in a desiccator before weighing. The acid-insoluble content was determined as
a percentage of the oven-dried lignin sample. Analyses were run in duplicate for each
sample.

Lignin obtained from the large-scale extraction (in the 1000 mL knock-out pot) for
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acid-insoluble lignin, acid-soluble lignin, and total sugar constituents were analysed
by Celignis Analytical. The analytical procedure is described in full on the Celignis
Analytical website,79 and is outlined below. Hydrolysis of the sample was performed
in a similar manner to the above; the lignin (approximately 300 mg) was dissolved in
72 % sulphuric acid (3 mL), then held at 30 °C for one hour and stirred at ten-minute
intervals. Deionised water (84 mL) was then added to the sample and mixed thoroughly.
The acid-lignin mixture and a sugar standard in sulphuric acid (10 g in 348 µL) were
sealed in pressure tubes and run in an autoclave at 121 °C for one hour. Samples were
filtered, and the initial hydrolysate filtrate stored before the acid-insoluble residue was
rinsed with deionised water. The residue was dried at 105 °C overnight to determine the
acid insoluble residue content.

Part of the hydrolysate filtrate was diluted by a factor of 5 using a fucose-in-water
solution. The sugar content was then determined by chromatographic analysis using
fucose as an internal standard. The other part of the hydrolysate filtrate was used to
determine the acid-soluble lignin content. The absorbance of the filtrate was measured
in a quartz cuvette at 205 nm. Dilution of the sample occurred until the absorbance was
between 0.7 and 1.0 absorbance units. Acid-soluble lignin content (LAS) was determined
using the following equation:80

LAS(%) =
DV (AsampleAsolvent)

aW
×100

Where D is the dilution ratio, V is the filtrate volume, A is the absorbance of the sample
or solvent, a is the absorptivity of the lignin, and W is the oven-dry weight of the
lignin sample. The acid-insoluble residue was heated in a muffle furnace from room
temperature to 105 °C where it was held for 12 minutes. The sample was then ramped
at 10 °C min-1 to 250 °C and held at temperature for 30 minutes. Finally, the furnace
was heated at 20 °C min-1 to 575 °C where it was held for 180 minutes. The sample was
subsequently allowed to cool to 105 °C, and the acid-insoluble ash content determined.
The Klason lignin content was determined by subtraction of the acid insoluble ash from
the acid insoluble residue contents. Analyses were determined in duplicate.

2.1.2.3 Gel Permeation Chromatography

Gel permeation chromatography (GPC), a form of size exclusion chromatography
(SEC), is one of the most popular methods for measuring the molecular weight of
polymers and can be applied to lignin macromolecules. The polymer sample is injected
into a column of highly porous beads, and molecules of different molecular weight
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are separated by their hydrodynamic radius. High molecular weight polymers coil to
form large spheres in solution, whereas low molecular weight polymers form small
spheres.81–83 The time taken for polymers to pass through the column, called the
retention time, is measured.82 To determine molecular weight the experimental data
is compared to a polystyrene standard with a narrow molecular weight distribution.81,82

The average molecular weight over the whole polymer sample can be represented by
several calculations. The simplest value is the number average molecular weight Mn

which represents the weight of all molecules in a sample, divided by the total number of
molecules in the same sample:84

Mn =
∑NiMi

∑Ni
(2.1)

Where Mi is the molecular weight of a polymer chain, and Ni is the number of chains
of that molecular weight. The value of Mn marks the point at which there are equal
numbers of molecules on either side in the distribution.84 The weight average molecular
weight Mw takes into account that larger polymer chains contribute more to the total
molecular weight of the polymer than smaller chains:

Mw =
∑NiM2

i

∑NiMi
(2.2)

The value of Mw marks the value at which there are equal masses of molecules on either
side in the distribution. The ratio of Mw to Mn is known as the polydispersity index PDI,
which is used as a measure of the broadness of the molecular weight distribution:

PDI =
Mw

Mn
(2.3)

For GPC analysis lignin samples were prepared 24 hours in advance by dissolution in
either THF or a solution of THF + LiBr (0.1 wt.%), at a concentration of 2 mg mL-1.
Samples dissolved in the LiBr-containing solution were also passed through a 20 µm
PTFE filter. Acetylation of lignin samples was not required for dissolution. Lignin
has a propensity to aggregate in solution, which can be limited by the addition of LiBr
(discussed later in Section 3.1.3.2). The characterisation was performed on an Agilent
Technologies 1260 Infinity instrument with a flow rate of 1 mL min-1 at 35 °C, THF was
used as the eluent and samples were referenced against a polystyrene standard.
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2.1.2.4 NMR Spectroscopy

Conventional (one-dimensional) nuclear magnetic resonance (NMR) spectra are plots of
signal intensity (directly proportional to the spin concentration) against frequency.85 A
conventional 1D spectrum of lignin is highly complex and difficult to interpret. This is
due to severe overlap of signals between different lignin units. Two-dimensional NMR
experiments enable the separation of overlapping signals from one type of nucleus (e.g.
proton) by correlating it with separated peaks from another type of nucleus (e.g. carbon-
13) producing spectra with much greater resolution than a typical 1D NMR spectrum.86

In the HSQC (heteronuclear single-quantum correlation) experiment magnetization is
passed from a 1H to a directly attached 13C nucleus. The intensity is plotted as a function
of two frequencies corresponding to the chemical shift of these two nuclei, resulting in
one peak (or cross peak) for each coupled pair.85,86 The cross-peaks in lignin have been
well characterised in the literature and can be used to describe the inter-unit linkages,
side-chain groups, and aromatic groups present in the lignin backbone.

All spectra were acquired on a Bruker Avance III NMR spectrometer operating at 500.13
MHz for 1H and 125.77 MHz for 13C. Lignin samples (approximately 60 mg) were
dissolved in dimethyl sulfoxide-d6. 2D 1H-13C HSQC spectra were acquired using a
spectral width of -40 to 180 ppm for 13C, and -1.28 to 10.68 ppm for 1H. The standard
Bruker pulse sequence hsqcedetgpsp.3 was used with 128 transients for 256 increments
and a TD of 1024 in the F2 direction. Data acquisition and processing were performed
using Topspin 2.1.

A semi-quantitative method was used for analysis of the HSQC cross peak intensities,
as described by del Rio et al.87 and Wen et al.88 Inter-unit linkages were estimated from
peaks in the aliphatic side-chain region (δC/δH 50-90/2.5-5.5 ppm). Relative abundances
of linkages were estimated from Cα-Hα correlations. The S/G ratio was determined
from peaks in the aromatic region (δC/δH 95-140/6.0-7.7 ppm). The C2,6-H2,6 peak
correlating to S-units and the C2-H2 plus C6-H6 peaks correlating to G-units were used
to calculate the S/G ratio. The same area was integrated over all spectra using the
MestReNova software. Cross-peaks were assigned using literature data from a variety
of sources.71,89–92
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2.2 Optimisation of Lignin-Derived Activated Carbons

This section details for preparation and optimisation of lignin-derived carbon materials.
Section 2.2.1 outlines the experimental set-up, equipment, and synthesis process used
for the production of chars and activation carbons. Section 2.2.2 introduces the
experimental design methodology used for the optimisation of activated carbons, and
how it was applied to the materials in this work.

2.2.1 Activated Carbon Preparation

Carbon materials were prepared using lignin as a precursor. The lignin was either
extracted in the lab using the procedure outlined in Section 2.1.1 or extracted from
pine on an industrial scale using the Alcell process (industrially produced organosolv
lignin). MAST Carbon International provided the industrially produced organosolv
lignin, which was received as a fine homogeneous powder and used as supplied. The lab-
extracted organosolv lignins were ground with a pestle and mortar and passed through a
35 mesh sieve before use. Pyrolysis and activation steps were performed in a horizontal
tube furnace (Lenton LTF 12/75/750, Figure 2.3) fitted with a digital PID controller
3216CC. The furnace contained a separate alumina work tube fitted with gas-tight end
seals. The starting material (3 g) was placed in an alumina combustion boat (20 mL
capacity) and inserted into the centre of the furnace.

Gas inlet Flow direction 

Oil trap Mass flow controllers Bubbler 

Outlet 

Figure 2.3: The tube furnace set-up used for the preparation of carbon materials. Mass flow
controllers, controlled using a LabView program, were used to manage the flow of gas (Ar or
CO2) into the furnace. The gas passed through the furnace tube and then into an oil trap and a
bubbler before removal via the laboratory extraction system.

22



CHAPTER 2. MATERIALS AND METHODS

Mass flow controllers (Bronkhorst, EL-FLOW) were used to control the flow rate of gas
into the furnace. Each controller was calibrated for the appropriate gas (Ar or CO2) using
a correlated flow meter (Cole Parmer, 32044-14). PureShield argon (99.998 % purity)
with a flow rate of 500 mL min-1 was used as the inert furnace gas, and a heating rate
of 5 °C min-1 was used throughout. The furnace was purged with argon for 30 minutes,
before heating from room temperature to 105 °C and held for a further 30 minutes. The
sample was heated subsequently from 105 °C to the carbonisation temperature (350 to
900 °C) where it was held for a specified carbonisation time (30 to 360 minutes). At the
end of the carbonisation process, the system was allowed to cool to 350 °C at a rate of 1
°C min-1, and then without rate control to room temperature.

Before activation, the carbonised char was ground and passed through a 35-mesh sieve.
The ground char (1 g) was loaded into the furnace and heated under argon, as described
previously, to the activation temperature (800 to 1000 °C). At the activation temperature,
the furnace gas was switched to carbon dioxide (99.998 % purity) at 100 mL min-1 for
a specified activation time (20 to 60 minutes), then cooled to room temperature in an
argon atmosphere (500 mL min-1) as above.

2.2.2 Design of Experiments

Carbonisation and activation parameters have a substantial influence on the adsorptive
properties of resulting chars and activated carbons. The traditional approach to
investigate the influence of these factors, and to determine the optimal process
conditions, is the "one-variable-at-a-time technique". This is the preferred method of
activated carbon synthesis investigations introduced and discussed in Chapter 4.93–103

In the case of exploring activation parameters, for example, chars are produced using
identical process conditions. One factor in the activation stage (temperature, dwell time,
gas flow rate, etc.) is then varied, and the response (surface area, pore size, pore volume,
etc.) is recorded, while all the other factors remain fixed. This process is repeated for
each of the variables under investigation until optimal values are obtained for each.

The one-variable approach described above has many advantages. For example, the
influence of the factor on a response is mapped over the experimental range in high
resolution (depending on the number of experiments used to investigate each variable).
These plots enable simple identification of optimal factor levels and understanding
of system behaviour. However, only the carbonisation or activation process is under
investigation at one time. Duplication of the process for both stages requires large
numbers of experiments. Also, the starting values of the fixed variables are sometimes
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chosen based on prior optimisation, but often appear to be arbitrarily assigned. Both
issues mean a local rather than a true optimum may be reached, as illustrated in Figure
2.4a, especially if there are interactions between the factors.

a

 X1 

X2 
b

 X1 

X2 

Figure 2.4: (a) Illustration of the one-variable-at-a-time approach. The initial values for the
two factors (X1 and X2) are critical for reaching a true optimum rather than an artificial local
optimum. (b) In an experimental design approach, where all factors are changed at the same time,
the experiments are distributed in a rectangular pattern which can provide better information on
the location of the true optimum.104

An alternative technique is to use a Design of Experiments (DOE) method. In this
experimental design strategy all variables are changed together, rather than one at a
time.104,105 As shown in Figure 2.4b the experiments are distributed in a rectangular
pattern. The effect of each factor on the response is measured, which also enables
detection of interactions amongst the variables; whether the effect of one variable
varies according to the levels of another.104 As stated by Eriksson et al.,104 the primary
objectives of experimental design are to plan informative experiments, analyse the
resulting data to obtain a reliable model, and from this model create meaningful maps
of the system under investigation.

The experimental design in Chapter 4 of this work aimed to determine the influence
of four processing parameters on the properties of resulting char and activated carbon
materials. The four factors varied were the carbonisation temperature, carbonisation
hold time, activation temperature, and activation hold time. The responses measured
were the char burn-off, activated carbon burn-off, activated carbon surface area, and
activated carbon average pore size. Surface area was determined using the BET method
(see Section 2.3.6.2), and the average pore size was derived from SAXS analysis (see
Section 2.3.5).

The experimental design required a significant amount of homogeneous feedstock.
Organosolv lignin from pine, extracted on an industrial scale, was used as the starting
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Figure 2.5: Graphical representation of the full factorial experimental design for activated
carbon synthesis utilising four factors: activation temperature (ATemp), activation dwell time
(ATime), carbonisation temperature (CTemp), and carbonisation dwell time (CTime). Each
corner of the cube represents an experiment (i.e. one activated carbon prepared), the factors
are varied simultaneously over 16 experiments with factors at their highest and lowest levels,
and 3 repeats with factors at the mid-point.
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Figure 2.6: Graphical representation of a fractional factorial design, where a subset of the
experiments are carried out but four factors are still examined: activation temperature (ATemp),
activation dwell time (ATime), carbonisation temperature (CTemp), and carbonisation dwell time
(CTime). Each corner of the cube represents an experiment (i.e. one activated carbon prepared),
the factors are varied simultaneously over 8 experiments with factors at their highest and lowest
levels, and 3 repeats with factors at the mid-point. The number corresponds to conditions listed
in the experimental design matrix (Table 2.1).
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material. The use of the industrial lignin ensured no variation in feedstock type
or contents and consistent particle size. Identical combustion boats with the same
material loading were used throughout the experiments. Carbonisation and activation
experiments were performed according to the procedure in Section 2.2.1. All potential
variables, apart from those under investigation, were kept constant. In between the
carbonisation and activation stage, all chars were ground to the same particle size. The
gases used, gas flow rates, heating and cooling rates of the furnace were fixed.

Low, high and centre points were determined for each factor (with full details in Chapter
4, Section 4.1.4). The factorial design is illustrated graphically in Figure 2.5. Each
corner of the cube represents an experiment. All factors are varied simultaneously over
16 experiments with their factors at their highest and lowest levels, and 3 repeats at the
mid-point. Figure 2.5 illustrates a full factorial design because all possible corners are
investigated. Alternatively, a fraction of the possible experiments can be carried out,
as demonstrated in Figure 2.6, which is known as a fractional factorial design.104 The
latter requires only 11 experiments (8 variations plus 3 repeats) rather than the original
19 (16 variations plus 3 repeats). This design is a useful tool for screening a large
number of variables to determine which are the most important, or if experimental time
is limited. Information on how the variables affect the responses is given, in addition
to some (although limited compared to a full factorial design) information on how the
factors interact.

In this work a resolution IV fraction factorial design was used to investigate the four
parameters. Analysis of the experimental design was performed using MODDE 11
Software (Umetrics). The experimental matrix is outlined in Table 2.1. The mid-point
was repeated three times to determine the size of experimental variation. The "all low"
and "all high" experiments were run first. The experiments were then performed in a
random order assigned by the MODDE software. To determine how the four factors
influenced the carbon yield, surface area, and average pore width a polynomial model
(Equation 2.4) was fitted to the data using partial least squares (PLS) regression analysis:

y = β0 +
n

∑
i=1

βixi +
n−1

∑
i=1

n

∑
j=i+1

βi jxix j + ε (2.4)

where y is the response (yield of char and activated carbon, surface area, and average
pore width), x terms are the factors (dwell time and activation temperature for the
carbonisation and activation processes), β0 is a constant term, β terms are the model
parameters, and ε is the residual response variation not explained by the model.
Determining numerical values for the model parameters (β ), also known as regression
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coefficients, will establish the significance of each factor to the measured response,
how the factors combine in influencing the response and can determine optimal process
conditions.104,105

Table 2.1: Experimental design matrix for lignin-derived activation carbon synthesis. A four-
factor resolution IV fraction factorial design is used listing the factor levels. All factors were
varied simultaneously with 8 combinations of the factors at their highest and lowest levels and
three repeats at the midpoint. The experiments where all factors are high or low or at the midpoint
are labelled.

Experiment number
Experimental parameters

Carbonisation Activation
Ctemp (°C) Ctime (mins) Atemp (°C) Atime (mins)

1 (all low) 350 30 800 20
2 900 30 800 60
3 350 360 800 60
4 900 360 800 20
5 350 30 1000 60
6 900 30 1000 20
7 350 360 1000 20

8 (all high) 900 360 1000 60
9 (midpoint) 625 195 900 30

10 (midpoint) 625 195 900 30
11 (midpoint) 625 195 900 30
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2.3 Characterisation of Materials

The thermal behaviour of lignins and carbons was examined using thermogravimetric
analysis and differential scanning calorimetry, which are outlined in Section 2.3.1. The
textural properties of samples were investigated using Raman spectroscopy (Section
2.3.2) and both electron and optical microscopy (Section 2.3.3). Section 2.3.5 outlines
the small angle x-ray scattering technique and its application to the characterisation of
carbon porosity and the behaviour of the lignin macromolecule in solution. Finally, the
adsorptive properties and porosity of carbons and chars were further investigated using
gas sorption, described in Section 2.3.6.

2.3.1 Thermal Analysis

2.3.1.1 Microanalysis

Microanalysis refers to a set of techniques used to quantitatively identify the elements
present in a sample, using very small amounts of material. Elemental analyses of C, H,
N, and S were carried out by combustion, and the ash content by burning the sample in
pure oxygen at 900 °C. The oxygen content was calculated as the difference between
100% and the CHNS values on a dry basis. Elemental (C,H,N,S) and ash content
analyses of lignin samples were performed at the University of Bristol Microanalytical
Laboratory, UK. Elemental analysis (C,H,N) of char and activated carbon samples was
performed at London Metropolitan University, UK.

2.3.1.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measures the temperature and heat flow
associated with physical and chemical changes in materials as a function of time and
temperature.106 During analysis two pans, one containing the sample and the other an
inert reference, are heated separately at a predetermined rate. If a temperature difference
occurs between the sample and reference, due to exothermic or endothermic reactions,
for example, the heater power for the sample pan is adjusted to keep the temperature
consistent with the reference pan. This energy input is recorded as a function of
temperature.106,107

Thermal analysis was performed on a DSC Q200 with an attached RCS90 cooling
system (TA Instruments). The analysis method was based on that of Huijgen108 and
Buranov.57 A constant nitrogen flow (50 mL min-1) and a heating rate of 10 °C min-1
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were used throughout. Two cycles were run for each experiment, with the first to
eliminate any history effects. Samples were heated from 20 to 140 °C, held isothermally
for 10 minutes, quenched from 140 to -50 °C, and held isothermally for 10 minutes.
Samples were then heated a second time from – 50 to 200 °C. Samples were run in
duplicate, and the mean values are reported.

2.3.1.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) measures the weight change of a sample as a
function of temperature. A sample pan is connected to a microbalance outside the
furnace. During analysis, a sample is heated or cooled at a set rate or is maintained
isothermally at a fixed temperature. A TG curve records the change in sample weight
against temperature or, for a constant heating rate, time.107 TGA in this work was
performed using several instruments, which utilised different sample sizes and are listed
in Table 2.2.

Table 2.2: List of instruments used for thermogravimetric analysis, and the typical alumina
crucible size and sample loading used for each.

Instrument loading (mg)
Typical sample

size (µL)
Alumina crucible

Seteram TGA 92 16.18 analyser
(University of Bath, UK) 10 - 15 100

Mettler Toledo TGA/DSC1 Star System
(University of Bristol, UK) 5 20

Netzsch Jupiter STA 449 F3
(Leibniz Institut for New Materials) 5 20

Decomposition curves of lignin materials were examined using the Seteram and Netzch
TGA systems. Samples were heated from 20 to 1000 °C at 5 °C min-1 in nitrogen or
argon (minimum 99.8 % purity) at 50 mL min-1. Thermal decomposition (Td) values
were obtained using the Seteram system. Samples were heated from 20 to 105 °C at 5
°C min-1 in nitrogen, dried for 30 minutes, and then heated as before. The dry weight
of the sample was taken at 105 °C, and the Td calculated as the temperature at which 95
wt.% of the dry sample remained.

Decomposition behaviour of lignin-derived chars and activated carbon materials was
examined in air (minimum 99.8 % purity, BOC) at 50 mL min-1using the Netzch TGA
system. Samples were run according to the British Standards recommendation for ash
content determination.109 Samples were first heated from 10 to 105 °C at 10 °C min-1and
held at temperature for 30 minutes. The temperature was then increased from 105 to 250
°C at 10 °C min-1and held for 60 minutes. Finally, samples were heated from 250 to
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550 °C at 20 °C min-1and held for 120 minutes, before cooling to 105 °C and holding
for 10 minutes.

The activation behaviour of lignin-derived char was examined using the Mettler system
at the University of Bristol. A small sample of char was heated from 20 to 1000 °C
in nitrogen (minimum 99.8 % purity, 50 mL min-1) at 5 °C min-1. Once the sample
reached 1000 °C the furnace gas was switched to CO2 (minimum 99.8 % purity, 50 mL
min-1). The temperature was held at 1000 °C under CO2 for 8 hours. The furnace gas
was switched to nitrogen, and the sample cooled to room temperature.

2.3.2 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique that was used to assess the extent of
defects or graphitisation within the structure of activated carbons. A monochromatic
light source is used to irradiate the sample. Akin to IR spectroscopy, Raman induces
molecular bond vibrations (providing there is a change in polarisability). Unlike
IR however, the photons are not absorbed or emitted, but shifted in frequency
corresponding to the energy of the transition.107,110 The Raman spectrum is a plot of
signal intensity against wavenumber.

Spectra were recorded at room temperature on a Renishaw inVia Raman spectrometer
using a 514.5 nm Ar laser excitation at 1% power (to prevent thermal degradation).
Three spectra were acquired for each sample, recorded for 30 seconds each from 100
to 3200 cm-1. Cosmic radiation removal was performed using the Renishaw WiRE
software. Baseline correction and peak fitting were performed using Origin 2016
software by OriginLab.

2.3.3 Microscopy

Scanning electron microscopy (SEM) uses a focused beam of high energy electrons to
image the morphology of a sample. In SEM an electron beam is condensed by a series
of lenses to a spot on the sample 5 to 100 nm in diameter. When the beam of primary
electrons strikes the bulk solid, they are either reflected or adsorbed, producing a variety
of signals. The signals are collected by a photomultiplier to form an image. Secondary
electrons are most valuable for showing the morphology and topography of samples. A
high accelerating voltage is chosen to increase the image resolution, but not so high that
sample charging occurs and degrades the image quality.111

Micrographs of lignin-derived chars and activated carbons were collected using SEM
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(Jeol IT300, University of Bristol or JEOL SEM6480LV, University of Bath) in
secondary electron (SEI) mode at an accelerating voltage of 10 - 15 keV and a working
distance of ∼ 10 mm. Due to the conductivity of carbon, deposition of a conducting
layer was not required. Lignin-derived char monoliths were further analysed using
optical microscopy (OM, Olympus).

2.3.4 X-Ray Diffraction

d 

θ 

d sinθ 

λ 

Figure 2.7: Schematic representation of Bragg’s Law. Layers of atoms are treated as reflecting
planes, constructive interference occurs when the additional path length 2dsinθ is equal to an
integer multiple of the wavelength nλ.112,113

X-ray diffraction (XRD) is a technique that allows unambiguous determination of the
position of atoms in a sample.112 A diffraction pattern plots intensity against the angle
of the detector, 2θ. On irradiation of a sample with a monochromatic beam of x-
rays, elastic scattering of the photons can occur.112–114 If x-rays are out of phase, then
destructive interference occurs, and no peak is visible on the spectrum. Conversely,
when the scattered x-rays are in-phase constructive interference occurs, as illustrated
in Figure 2.7, and the spectrum shows a peak.112–114 The angle at which constructive
interference occurs is given by the Bragg equation:113,114

sinθ=
nλ
2d

(2.5)

Where θ is the angle of incidence of the x-ray, which reflects with the same scattering
angle, λ is the wavelength of the x-rays, d is the characteristic spacing between
crystal planes in the specimen, and n is an integer.113,114 Clear diffraction peaks are
only observed when the sample possesses adequate long-range order.114 Consequently,
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the measurement of diffraction angles and intensities allows calculation of structural
information parameters.112

In this work, x-ray powder diffraction patterns of lignin-derived activated carbons were
determined using a Bruker D8 Advance diffractometer using Cu Kα radiation (40 kV,
40 mA) at a wavelength of λ = 1.5406 Å, with a step size of 0.05° (2 s per step) and
2θ between 10° and 80°. Samples were placed on a silicon sample holder, which was
rotated (30 rpm at 0.5 rps) throughout the experiment. A background spectrum of the
sample holder was recorded and subtracted from the activated carbon data using Origin
2016. Patterns of the activated carbon samples were recorded in duplicate.

2.3.5 Small Angle X-Ray Scattering

Small angle x-ray scattering (SAXS) is an analytical method used to study the overall
size and shape of particles or pores typically between ∼ 1 and 100 nm. In this
study, SAXS was applied to lignin macromolecules in solution and activated carbon
electrodes and powders. During SAXS a collimated, monochromatic beam of x-rays
is sent through the sample, and a fraction of the incident beam is scattered. Scattering
occurs either with or without a loss of energy, known as elastic or inelastic scattering
respectively.115 Elastic, or Thomson, scattering occurs when x-ray photons collide with
strongly bound electrons in the sample without energy transfer. The electrons oscillate
at the same frequency as the incoming radiation and emit x-rays with the same frequency
as the incident beam. Emitted waves of neighbouring atoms oscillate at the same
time, producing coherent waves which interfere at the detector.115–117 Constructive (in
phase) interference causes a bright spot at the detector, and destructive (out of phase)
interference produces a dark spot. This results in a 2D interference pattern characteristic
of the particle structure, for example, the relative orientation and distances of regions of
different electron density in the sample.115

The distances measured are relative to the wavelength λ of the incident radiation. The
momentum transfer q is thus used to describe patterns independent of the wavelength:115

q =

(
4π

λ

)
sinθ (2.6)

Units of q are the inverse of wavelength, Å-1 or nm-1, and θ is half of the scattering angle.
During SAXS the entire volume of sample illuminated by x-rays is investigated, and the
average is taken of all objects over all orientations. Structural details will not become
visible unless they are pronounced over the whole sample, and are representative.115
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SAXS is inherently a contrast method; the observed scattering signal is derived from
the difference between the average electron density of the particles and the bulk solvent
(for solid samples this is a vacuum). To obtain the actual signal, a "blank" pattern of the
pure solvent must be subtracted from the collected sample pattern. The signal may then
be put into calculations to obtain information on the size, shape, and inner structure of
the particles.115–117

The low q part of the SAXS curve is often approximated by a single size parameter,
the radius of gyration Rg.117 Akin to the hydrodynamic radius (Section 2.1.2.3) Rg is a
measure of the overall size of the macromolecule. It is defined as the square root of the
average squared distance of each scatterer from the particle centre.116,117 Rg contains
no information on the shape or internal structure of the particle, but if the structure of
the particle can be assumed, then Rg can be used to calculate the particle dimensions.115

For spherical particles with homogeneous density, the average diameter wavg can be
calculated by:

wavg =

√(
5
3

Rg

)
(2.7)

Rg can be estimated using the Guinier approximation, which states that for small angles
(q < 1/Rg) the scattering intensity I(q) is dependent on two parameters, Rg and the
forward scattering intensity I(0):116,117

I(q) = I(0)exp

(
−

q2R2
g

3

)
(2.8)

A plot of ln(I(q))vs q2 yields a straight line; Rg is determined from the gradient and
I(0) from the y-axis intercept.116–118 The approximation is valid over the q-range
qRg < 1.3.116,117 Rg is independent of concentration for samples without interparticle
interference or aggregation. I(0) is the intensity measured at zero scattering angle
(q = 0), and is the square of the number of electrons in the scattering molecules. I(0) is
thus independent of particle shape but proportional to the sample concentration; a plot
of I(0) vs solution concentration yields a straight line.116,117

Following the low q-range examined by the Guinier approximation, higher values of q

contain information regarding the macromolecule shape. The scattering intensity falls
off, in a region termed the ’power law regime’, according to:117

I(q) ∝ q−n (2.9)
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Where n is the fractal dimension, and is dependent on the dimensions of the scattering
particle. For spheres n = 4, for flat (oblate) ellipsoids n = 2, for needle-like (prolate)
ellipsoids n = 1, and for swollen polymer chains n = 5/3.117,119

The scattering pattern oscillates in a manner characteristic of the particle shape (or
form), known as the form factor P(q).115 Theoretical SAXS curves can be fitted to the
collected pattern in order to describe the size and shape of scattering objects, and the
interactions between them.117,120 Lignin macromolecules in solution can be described
using the polymer excluded volume model, which was described by Hammouda:121

P(q→ ∞) =
m

(qRg)
m

[
6

(2ν+1)(2ν+2)

]m/2

Γ(m/2) (2.10)

Where ν is the excluded volume parameter, for collapsed chain to fully swollen coils
1/3≤ ν≤ 5/3, and for ideal coils ν= 1/2. m is the mass fractal range; this model only
applies to 5/3≤ m≤ 3. Γ is the gamma function. Alternatively, lignin macromolecules
can be described using the randomly orientated cylinder model, described by Guinier:122

P(q) =
scale
Vcyl

∫
π/2

0
f 2(q,α)sinα dα +bkg (2.11)

f (q) = 2(ρcyl−ρsolv)Vcyl
sin
(1

2qLcyl cosα
)

1
2qLcyl cosα

J1 (qr sinα)
qr sinα

(2.12)

Where bkg is the background, α is the angle between the axis of the cylinder and the q-
vector, Vcyl is the volume of the cylinder, Lcyl is the length of the cylinder, r is the radius
of the cylinder, and ρ is the scattering length density of the scatterer or the solvent, and
J1 is the first order Bessel function.

Scattering in activated carbons was first described by Kalliat et al.123 and the model was
later modified by Gibaud et al.124 The scattering intensity I(q) is related to the total
surface area of macro A and micropores B, plus a constant background C:

I(q) =
A
qn +

B(
6

R2
g
+q2

)2 +C (2.13)

The first section of Equation 2.13 at low q describes how macropores dominate the
scattering, where n is the fractal dimension. The second section at high q describes
how scattering from micropores begins to dominate.124,125 Gibaud et al. found the
inclusion of mesopores in the calculation did not appear to improve the fit of the model
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to the data of activated carbons, and thus intermediate pore sizes were excluded.124

Gas sorption results for carbons in this work indicated a limited contribution from
mesopores; consequently, the Gibaud model provides a good description of the porosity
of these carbon materials.

Measurements were performed using a Ganesha 300XL system (SAXSLAB,
Copenhagen, Denmark) under vacuum. The instrument uses copper K-α radiation (λ
= 1.54 Å) and a 2-dimensional Pilatus 300K X-Ray Detector. Sample preparation took
place as follows: industrial organosolv lignin was dissolved in either pure THF or a
THF/LiBr (0.1 wt.%) solution, to prepare a series of solutions with lignin concentrations
ranging from 5 to 60 mg mL-1. Carbon chars were ground with a pestle and mortar
before measurement, and activated carbons were already in a powder form. The fluid
lignin and solid carbon powders were loaded into 1.5 mm borosilicate-glass capillary
tubes (Capillary Tube Supplies, UK). Carbon electrode materials were fixed directly
to the sample holder. Three 10 minute measurements in different configurations were
performed on each sample to collect data over the range q = 0.004− 2.6. Data
processing and background subtractions were performed using the program SAXSGUI
by SAXSLAB. The separate SAXS patterns were later merged post-data processing
using PRIMUS.126

2.3.6 Gas Sorption

Multiple parameters are used to determine the structure and porosity of porous materials
including the average pore size, pore size distribution, pore volume, and specific surface
area. One of the most popular techniques for the characterisation of porous materials
is gas sorption, where measurements give information on pores which are accessible to
the measurement gas.

Adsorption isotherms describe the relationship, at a constant temperature, between the
amount of gas adsorbed per unit mass of solid and the equilibrium relative pressure
(p/po).11,127 Two branches can be recorded on an isotherm: adsorption and desorption.
The adsorption branch is recorded over a series of increasing relative pressures, and
the desorption branch for incrementally decreasing relative pressures.127 The total pore
volume can be obtained from the isotherm plateau and is a function of the mass of gas
adsorbed mads, the liquid density at the operational temperature ρliq, and sample mass
msample:128

Vtot =
mads

ρliqmsample
(2.14)
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Isotherms are grouped into six classes according to IUPAC,129 which are shown
in Figure 2.8, and are described in the following using information from several
sources.11,127,129,130 The Type I isotherm is characteristic of microporous solids, with
proportionally little external surface area. A rapid increase in the amount of gas
adsorbed occurs over a low relative pressure range, usually below p/po of 0.1, due
to micropore filling. A subsequent horizontal plateau, above approximately p/po of 0.5,
indicates little further adsorption takes place. Type I(a) isotherms are found in materials
with a narrow distribution of micropores, and Type I(b) for materials containing broader
micropores and possibly some narrow mesopores.

Non-porous or macroporous solids exhibit Type II isotherms. Type III and V isotherms
are uncommon and result from weak gas-solid interactions, with limited adsorption
at low relative pressure. Type III isotherms occur for non-porous and macroporous
solids and Type V isotherms for mesoporous adsorbents. The Type IV isotherm
is common for mesoporous materials. Type IV(a) isotherms have a characteristic
hysteresis loop between adsorption and desorption branches, associated with filling and
emptying of mesopores by capillary condensation. Type IV(b) isotherms are observed
in materials with a smaller mesopore width. Finally, the step-like Type VI isotherm
is uncommon, and results from sequential multilayer adsorption on a highly uniform
surface.11,127,129,130

2.3.6.1 Volumetric Measurement Method

Isotherm data were collected using the static volumetric method. A calibrated volume of
gas was prepared and dosed into the sample tube held at the measurement temperature.
Adsorption of the gas on the sample surface occurred causing the pressure in the
confined volume to decrease until the adsorbate and adsorptive were in equilibrium. This
process can last from milliseconds to days. The amount of adsorbate at the equilibrium
pressure is the difference between the amount of gas dosed into the sample tube and
the amount of adsorptive remaining in the gas phase. Measurement of the pressure,
temperature, and volumes of the system are required. The amount of gas dosed into
the cell is calculated from the difference between the gas dosed into the sample tube
and what remains unadsorbed in the free space. The free space, or dead volume, was
determined by the expansion of helium (99.999 %).131–133

Activated carbons, chars, and carbon electrodes were characterised by sorption of
nitrogen (99.999 %) at 77 K or carbon dioxide (99.999 %) at 273 K using a 3Flex
(Micromeritics) or Autosorb iQ (Quantachrome) analyser. At least 100 mg of the
sample was used for the measurement of activated carbon and char powders. Between
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Figure 2.8: The six main types of gas adsorption isotherms, showing the amount of gas adsorbed
as a function of relative pressure. Copyright 2015 © IUPAC.129
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10 and 50 mg of sample was used for the electrode measurements. Before analysis,
samples were degassed at high temperature (150 to 200 °C for electrodes, 250 °C for
chars, and 300 °C for activated carbons) for a minimum of 4 hours under dynamic 10-7

mbar vacuum. Isotherm data were collected using filler rods from p/po = 1× 10−8

to atmospheric pressure (p/po = 1) for the Micromeritics instrument and p/po = ∼
5×10−7 to atmospheric pressure (p/po = 1) for the Quantachrome instrument.

2.3.6.2 Specific Surface Area Determination

Analysis of sorption isotherms can be performed by applying various models to extract
further information on the surface area and porosity of a material. The specific surface
area (surface area per unit mass of adsorbent) is a useful parameter for comparing
the pore structure of different materials and is widely determined using the Brunauer-
Emmett-Teller (BET) method. The amount of adsorptive gas required to cover the
external and internal pore surfaces of a solid with a monolayer of adsorbate is calculated
from the adsorption isotherm. With the effective area covered by each adsorbed gas
molecule in the monolayer known, the BET surface area can be derived.131,134 In this
work, nitrogen is used as the measurement gas at 77 K.

The BET method is only applicable to Type II and Type IV isotherms, however, a
correction (discussed later) can be applied for the characterisation of microporous
materials, which have Type I isotherms. Determination of the BET surface area requires
two stages. Firstly, from the adsorption isotherms the monolayer amount (nm) is
determined using the BET equation:11,131

p/po

na(1− p/po)
=

1
nmC

+
C−1
nmC

p
po

(2.15)

With the amount of gas adsorbed na, the relative pressure p/po, and the BET parameter
C.131 The C parameter is related exponentially to the enthalpy of adsorption in the
first adsorbed layer, and indicates the magnitude of the adsorbent-adsorbate interaction
energy.11,134 Values greater than approximately 200 are associated with micropore
filling.134 The BET method requires a linear relation between (p/po)/[na(1− p/po)]

and p/po (the BET plot) within the p/po range 0.05 to 0.30, preferentially using at
least five points in this range. The monolayer amount nm can be determined by linear
regression.11,131,134

The second stage involves calculation of the BET specific surface area SBET from the
molecular cross sectional area am (0.162 nm2 for N2 at 77 K), Avogadro’s constant NA,
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and the dry sample (adsorbate) mass msample, according to Equation 2.16:11,131,134

SBET =
nmamNA

msample
(2.16)

The BET equation is not applicable to microporous materials due to the difficulties
in separating the processes of mono-multilayer adsorption from micropore filling.131

The closeness of pore walls in microporous materials leads to an increased strength of
adsorbent-adsorbate interactions. Due to this enhanced adsorption enthalpy, micropore
filling occurs at p/po below 0.1, thus significantly shifting the linear BET range
to a lower relative pressure.134 The size and shape of the measuring gas is also a
concern when considering microporous materials. In adsorbents with narrow cylindrical
micropores (5 to 7 Å diameter), the area covered by the adsorptive is much smaller than
the total area available, due to the extreme curvature of the walls and relatively large
size of the probe molecule, leading to an underestimation of the specific surface area. In
broader supermicropores (below 7 Å width), by contrast, molecules in the centre of the
pores do not touch the surface, leading to an overestimation of specific surface area.131

Rouquerol et al.135 developed a strategy for application of the BET surface area to
microporous solids. The following criteria must be applied:11,131

1. The BET parameter C must be positive (a negative intercept on the BET plot
indicates the p/po range is invalid for the BET equation).

2. Application of the BET equation must be limited to the pressure range where
na(1− p/po) increases with p/po.

Despite the popularity of the BET method, the theory introduces several assumptions
which affect the reliability of the calculation. The model only considers adsorbate-
adsorbent interactions. Lateral adsorbate-adsorbate interactions of molecules within the
same layer are excluded.11,30 In addition, all molecules in subsequent layers following
the initial monolayer are assumed to be identical. Instead, interactions between these
molecules and the adsorbate will decrease with increasing distance from the surface. A
further criticism is that all adsorption sites are assumed to be energetically identical. In
real solids surfaces are usually heterogeneous rather than homogeneous.30

Despite these disadvantages, the BET area derived from isotherms provides a useful
value for benchmarking the specific surface area of materials. The BET method
allows for quick screening of multiple samples to identify those of interest for further
investigation. This screening capacity is enabled by the short measurement time (a
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matter of hours) and 5 point minimum requirement for the determination of the BET
area, rather than the need for a full isotherm. This is particularly useful for highly
microporous materials which exhibit a Type I isotherm, where the collection of an entire
data set could take several days.

2.3.6.3 Porosity Determination using the T-Plot

Besides the specific surface area, parameters such as the pore volume and micropore
surface area are valuable for comparing materials and can be derived from the adsorption
isotherm. In this work, the t-plot method was used to calculate the micropore volume
and micropore surface area. The t-plot method is based on a comparison between
the experimental adsorption isotherm and the isotherm of a solid non-porous reference
material. The amount of gas adsorbed na on the sample at p/po is replotted against t, the
thickness of the adsorbed layer of the non-porous reference at the corresponding p/po,
which is calculated according to Equation 2.17.11,130

t =
Va

SBET
=

na

nm
σt (2.17)

With the specific surface area SBET , pore volume Va, monolayer amount nm, and the
thickness of a single monolayer σt .128 A non-porous sample identical to the reference
would exhibit a linear plot. Any difference between the pore structure between the
sample and reference is represented as a non-linear region on the t-plot.11,130 An
example of the t-plot of a hierarchical porous material is shown in Figure 2.9. The
specific surface area can be calculated from the gradient of a linear section in the t-plot,
and the pore volumes from the extrapolated intercept.11,128 The disadvantage of the t-
plot method is that the adsorbed layer thickness t is dependent on the application of the
BET equation, which may not be applicable.11,129 Similar to the BET area, the t-plot
should be used for relative rather than absolute values, and can be useful for comparing
materials of the same type.

2.3.6.4 Determination of Pore Size Distribution by Density Functional Theory

Application of models to the adsorption isotherm can also be used to extract a pore
size distribution of the porous material. The pore size distribution function f (w) of an
activated carbon can be determined by solving the adsorption integral where the specific
excess adsorption N(p/po) at relative pressure p/po is approximated as:128,137,138
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Figure 2.9: Illustration of the t-plot method on a model micro-mesoporous silica material.
The original isotherm (left) and t-plot (right) with linear segments extrapolated are shown.
Reproduced from Roth et al. 136 with permission of The Royal Society of Chemistry.

N(p/po) =
∫ wmax

wmin

N(p/po,w) f (w)dw (2.18)

Where w is the pore width (distance between opposite pore walls of a slit pore),
N(p/po,w) is the specific excess adsorption in a model graphitic slit pore of width w

at relative pressure p/po, and the lower and upper integration limits wmin and wmax

correspond to the smallest and largest pore widths present in the adsorbent. The
adsorption integral equation assumes the total isotherm is comprised of a number of
single-pore isotherms multiplied by their relative distribution f (w) over a range of pore
sizes. To obtain accurate results for the pore size distribution of a material a realistic pore
filling model (or kernel) must be chosen to construct the ideal isotherms N(p/po,w) on
the right-hand side of Equation 2.18.128,137,138

The set of ideal isotherms (kernels) must be calculated for a given adsorbate/adsorptive
system. Historically, classical methods based on the Kelvin equation have been used
as pore filling models. However, these models are known to oversimplify pore filling,
and especially do not provide a realistic description of adsorption in micropores.137,138

Newer methods based on density functional theory (DFT) provide a more accurate
description of adsorption over a range of carbon pore sizes. In comparison to the
classical models, DFT based methods describe the behaviour of fluids confined in pores
on a molecular level, accounting also for properties such as the heat of adsorption and
effects of pore shape.128

Due to its simplicity, most analytical methods to determine carbon pore size distributions
(PSDs) assume the adsorbent is composed of non-interconnected slit-shaped pores, with
energetically uniform, flat, and infinite surfaced walls.137,139,140 This assumption can
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lead to an artefact in the PSD: a minimum in at ∼ 10 Å, known as the 10 Å gap.139

Theoretical isotherms do not fit the experimental isotherm well at around 10-4 p/po, due
to the assumption of an energetically homogeneous surface. In this pressure range, there
is mathematical competition between the isotherms describing monolayer transition and
those describing the filling of pores around 10 Å, leading to an artificial gap in the
PSD.139

The two-dimensional non-linear density functional theory (2D-NLDFT) and quenched
solid state functional theory (QSDFT) models address this issue by introducing an
energetically heterogeneous surface; the QSDFT model includes a surface roughness
parameter, and the 2D-NLDFT model introduces finite pores.139,140 Although an
improvement on classical models, it should be noted that DFT models do not take
into account the non-spherical shape of nitrogen molecules and possible electrostatic
interactions of these molecules with carbon surface.137

2.3.6.5 Method for Pore Size Determination

In this work, extraction of a PSD from the adsorption isotherm and application of a
regularisation algorithm was performed using either 3Flex (Version 4.01, Micromeritics)
or ASiQwin (Version 5.0, Quantachrome) software. For data collected using a
Micromeritics instrument, the 2D-NLDFT model was utilised for the calculation of
kernels for N2 at 77 K. For data collected using a Quantachrome instrument, the QSDFT
model was used instead. A graphitic slit pore shape was assumed for both models. For
the 2D-NLDFT model, a pore aspect ratio of 4 or 6 was chosen based on the standard
deviation of fit between the model and experimental adsorption isotherms.

The PSD is presented as a plot of the pore volume distribution with respect to pore
width. The pore volume can be presented by cumulative, incremental or differential
distribution curves. The sum of incremental volume gives rise to the cumulative plot of
pore volume V against pore width w, and differentiation of this yields the differential
distribution plot dV/dw against w. The volume-weighted average pore size wavg can be
calculated from the pore size distribution and is defined according to equation 2.19.141

wavg =

n
∑

i=1
wiVi

n
∑

i=1
Vi

(2.19)
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2.4 Measuring the Performance of Lignin-Derived
Activation Carbons

Lignin derived activated carbons were tested for their suitability for the adsorptive
storage of hydrogen and as supercapacitor electrodes. Section 2.4.1 outlines the
volumetric procedure used to obtain hydrogen isotherms. Section 2.4.2 details the
preparation of free-standing electrodes for carbon powders and the electrochemical
characterisation techniques used to examine these materials.

2.4.1 Uptake of Hydrogen

Activated carbon powders were characterised by the sorption of hydrogen (99.999 %) at
77 K using a 3Flex (Micromeritics) analyser. At least 100 mg of sample was degassed at
300 °C for a minimum of 4 hours under dynamic 10-7 mbar vacuum. Isotherm data were
collected with filler rods and using absolute pressure dosing from 5 to 900 mbar. Helium
was used to calculate the free space following the isotherm collection. The gravimetric
uptake of hydrogen was calculated from the excess hydrogen adsorption in moles (na),
the molar mass of hydrogen (MH), and the dry carbon mass (mcarbon):142

H2 uptake (wt.%) =

(
naMH

mcarbon +naMH

)
×100 (2.20)

The absolute volumetric uptake (nv) was calculated from the absolute gravimetric uptake
(ng) and packing density (ρpacking) as follows:

nv = ρpackingng (2.21)

The packing density, or bulk density, is a measure of the weight of material that a given
volume can contain at specified conditions.143 To calculate ρpacking, activated carbon
samples were dried in an oven under vacuum at 90 °C for 2 hours. A 1.5 mL plastic
Eppendorf tube or 1.5 mL glass vial was filled to a certain volume with activated carbon.
The container was weighed and ρpacking calculated according to the ratio of dry activated
carbon weight (mcarbon) to the volume occupied by the dry sample (vcarbon).143,144 Each
sample was measured in triplicate; twice using a plastic vial and once using a glass vial.

ρpacking =
mcarbon

vcarbon
(2.22)
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2.4.2 Electrochemical Measurements

A variety of instruments and characterisation techniques have been developed for the
electrochemical characterisation of supercapacitors. Two of the most commonly used
are cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) testing. The
three fundamental parameters (voltage, current, and time) are measured in both, and
further metrics such as capacitance can be derived from them.145 A three-electrode
set-up is most commonly used for fundamental research, utilising a working electrode,
counter electrode, and reference electrode. A simplified schematic is shown in Figure
2.10. The three-electrode set-up allows the study of the working electrode in isolation,
without complications from electrochemistry or other electrodes. The reference
electrode maintains a constant electrochemical potential throughout the experiment.
The counter electrode completes the circuit, without interfering with the response of
the working electrode.146,147

Counter 

electrode 

Figure 2.10: Comparison of a two-electrode (left) and three-electrode (right) cell set-up.
Reproduced from Bard and Faulkner.148 Copyright 2001 © John Wiley & Sons, Inc. All rights
reserved.

2.4.2.1 Cyclic Voltammetry

In cyclic voltammetry (CV) a linear change of potential is applied between two limits
(E1 and E2), known as potential windows or operating potentials. The speed of
the potential change is known as the scan or sweep rate (mV s-1). During positive
and negative scans the current response is recorded as a function of the applied
potential.145,149 The characteristic shape of the CV curve can be related to the energy
storage mechanism occurring at the electrode/electrolyte interface,149 shown in Figure
2.11. Ideal capacitors produce a constant current in response to the linear change
in potential. Consequently, voltammograms have a distinct rectangular shape. In
batteries, reversible redox reactions lead to the appearance of faradaic peaks in the
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voltammogram. Pseudo-capacitors exhibit a quasi-rectangular shape due to the presence
of redox peaks.145,147,149,150
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Figure 2.11: Characteristic cyclic voltammograms of (left) capacitor and (right) battery
materials. Adapted in part from Dubal et al. 151 with permission of The Royal Society of
Chemistry.

The specific capacitance (Csp) of an electrode material can be derived by integration
of the whole CV curve, according to Equation 2.23, with the potential change (∆E =

E2−E1), accumulated current (I), scan rate (v) and mass of active material (carbon only,
mactive):

Csp =

∫
U2

U1
I dU

2 v mactive (U2−U1)
(2.23)

2.4.2.2 Galvanostatic Cycling with Potential Limitation

The galvanostatic charge/discharge (GCD) technique involves repetitively charging and
discharging the working electrode at constant current (galvanostatic conditions).145,149

Potential is typically displayed as a function of time, as shown in Figure
2.12a. Application of a constant current causes accumulation of charge at the
electrode/electrolyte interface, resulting in a potential change (from E1 to E2) over a
period of time. A negative current is then applied and the electrode discharged (to E1).149

Capacitors show a linear time-dependent change in potential. There are two parts to a
CD curve: capacitive and resistive. The voltage change in the capacitive part is due to
the energy change in the capacitor. The resistive part is represented by a sharp drop in
voltage (the IR drop, Vdrop) at each half cycle, due to the equivalent series resistance of
the capacitor.145,149,152

Specific capacitance (Csp) is calculated using the discharge curve, excluding Vdrop,
according to Equation 2.24 (illustrated in Figure 2.12b), with the discharge current Idis,
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Figure 2.12: (a) Typical galvanostatic charge-discharge curve for a supercapcitor, (b) illustrating
the initial potential drop (Vdrop), voltage change dE, and discharge time dt. Image reproduced
from Moussa et al. 149 © IOP Publishing. Reproduced with permission. All rights reserved.

discharge time (∆t), voltage change during discharge ∆E, and active mass of the working
electrode mactive (mass of carbon used to prepare the electrode only, without a binder).

Csp =
Idis ∆t

(∆E) mactive
(2.24)

The specific energy and specific power, usually calculated using a full cell, were
estimated for the half cell configuration used in this work. The specific capacitance
measured in a half cell Csp can be converted to the equivalent full cell specific
capacitance Cst by:145

Cst =
1
4

Csp (2.25)

The working electrode can be assumed to be coupled with an ideal counter electrode,
with the same specific capacitance, to estimate the specific energy:145,153

Es =
1
2

CstV 2 =
1
8

CspV 2 (2.26)

Where Vmax is the working voltage assuming an ideal full cell (in this work, 1.2 V
for aqueous cells and 2 V for organic cells). The corresponding power density can be
calculated according to:145

Ps =
Es

∆t
(2.27)
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The maximum specific power can be estimated using the equivalent series resistance
(ESR) and total electrode mass (mtot):145,153

Pmax =
V 2

4mtotESR
(2.28)

Specific capacitance is normalised by the mass of one electrode, in this case the positive
electrode (mp), so mtot = 2mp. ESR is estimated from the iR drop of the GCD curve,
the ideal counter electrode is assumed to exhibit the same iR drop as the working
electrode:145

ESR =
Vdrop

I
(2.29)

2.4.2.3 Electrode Preparation

Electrochemical characterisation of lignin-derived activated carbons was performed
to assess their potential as supercapacitor electrode materials. The characterisation
was performed in both aqueous and organic electrolytes. The aqueous system
utilised 1M sodium chloride (NaCl) in Milli-Q water. The organic system used 1M
tetraethylammonium-tetrafluoroborate (TEA-BF4) in electrochemical grade acetonitrile
(ACN).

Freestanding carbon electrodes were prepared with 5 wt.% polytetrafluoroethylene
(PTFE) binder (60 wt.% PTFE dispersion in H2O, Sigma Aldrich) and either lignin-
derived activated carbons (synthesis previously as described in Section 2.2.1) or the
commercially produced YP-80F carbon (Kuraray). The carbon powder (95 mg) was
dispersed in ethanol, and PTFE (5 mg) was added. The mixture was crushed with a
mortar and pestle. Evaporation of the ethanol led to the formation of a carbon paste,
which was rolled to a thickness of approximately 100 µm via a hot rolling machine.
The electrode sheet was dried under vacuum at 120 °C for at least 12 hours. Table 2.3
summarises the electrode materials prepared.

2.4.3 Electrochemical Characterisation

For electrochemical testing, a custom cell (shown in Figure 2.13) with spring-loaded
titanium pistons was utilised in an asymmetrical 3-electrode set-up. Electrode discs 12
mm in diameter were punched from the dried electrode sheet. The mass of carbon in
each electrode was determined as 95 wt.% of the original electrode mass (to exclude
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Table 2.3: Quantities of carbon powder and polytetrafluoroethylene (PTFE) used for the
preparation of free-standing electrodes, and resulting thickness (measured using digital callipers)
of the prepared sheet. Carbon powders used included the commercially produced carbon YP-80,
and lignin activated carbons (LAC) derived from different lignin feedstocks; rice husk (RH), flax
(F), hemp (H), and eucalyptus (E).

Carbon
Activated

Powder (mg)
Carbon

(µL)
PTFE

Thickness (µm)
Electrode Sheet

YP-80 191.3 11.40 100
R-LAC 94.7 5.95 104
F-LAC 95.4 5.95 113
H-LAC 96.3 6.95 100
E-LAC 95.0 5.95 111

the binder weight), calculated as between 9 and 11 mg for all electrodes. Lignin-derived
activated carbon electrodes were used as the working electrode. Two overcapacitive YP-
80F carbon electrodes were used as the counter electrode. A current collector (12 mm
diameter) was used to minimise contact between the titanium pistons and the electrodes.
For the aqueous system, a graphite current collector and Ag/AgCl reference electrode
were used. The organic system used a carbon-coated aluminium current collector, with
PTFE-bound YP-80F as the reference electrode. Both systems used two discs (13 mm
diameter) of glass-fibre (GF/A, Whatman, GE Healthcare Life Science) to separate the
electrodes. Cells for testing in the organic system were dried at 120 °C under vacuum for
24 hours, prior to filling with organic electrolyte in an argon-filled glove box (MBraun
Labmaster 130; O2, H2O <1 ppm).

Table 2.4: Details of electrode discs (12 mm diameter) used in electrochemical measurements.
Discs were punched from PTFE-bound (5 wt.%) activated carbon sheets. Both the electrode
mass and mass of active material (carbon) are given. Lignin activated carbons (LAC) were
derived from different lignin feedstocks; rice husk (RH), flax (F), hemp (H), and eucalyptus (E).

Electrode Electrolyte
Mass (mg)

Electrode Active

R-LAC
AQ 10.5 10.0

ORG 10.8 10.2

F-LAC
AQ 10.8 10.2

ORG 10.7 10.2

H-LAC
AQ 10.1 9.5

ORG 10.0 9.6

E-LAC
AQ 11.2 10.6

ORG 11.2 10.7
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Electrochemical testing was conducted with a potentiostat/galvanostat (VSP300, Bio-
Logic). A voltage window of 0.0 to 0.6 V for the aqueous system and 0.0 to 1.0 V
for the organic system was used throughout the experiments. Specific (gravimetric)
capacitance was obtained with Equation 2.23 for data from CVs or Equation 2.24 for
data from GCD curves. Values were normalised to the active mass of the electrode for
comparison of capacitance between different materials. Each electrode was measured
in at least duplicate.
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a

b

Figure 2.13: (a) Photograph and (b) schematic of the three-electrode electrochemical cell
used for capacitance testing, the cell body was constructed of polyether ether ketone (PEEK).
The two electrodes and separator were sandwiched between current collectors and two spring-
loaded titanium pistons. For organic measurements a YP-80F carbon reference electrode was
introduced into the side of the cell. For aqueous measurements a self-contained Ag/AgCl
reference electrode was used instead. The cell was constructed and the photograph provided
by the Presser Group, Leibniz Institute for New Materials (Energy Materials division). The cell
schematic was reproduced with minor alterations from Weingarth et al.154 © 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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3.1 Introduction

The aim of this chapter was the extraction of lignin from four different feedstocks and
the subsequent extensive structural characterisation of these materials. The ultimate
goal was to correlate the structure of lignin-derived activated carbons to differences in
the lignin feedstock.

3.1.1 Lignin as a Renewable Resource

Lignin is an amorphous, highly branched aromatic macromolecule, and the second
most abundant natural polymeric component of biomass after cellulose.49,155 Lignin
is an essential molecule in lignocellulosic biomass, forming part of the plant cell
walls.155,156 It provides rigidity and cohesion within a matrix of cellulose fibres and
hemicellulose.49,157 The exact composition of lignocellulose depends on the plant
species, the type of plant tissue, and growing conditions.158 The amount of lignin present
in biomass varies from 10 to 30 %;49 softwoods contain around 30% lignin, hardwoods
20 to 25 %, and grasses have very low amounts of lignin.155,159

Figure 3.1: Monolignol units of lignin and their respective resides (H, G, and S) in the
macromolecule. Reproduced from Calvo-Flores et al.155 © 2010 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim ChemSusChem.

The lignin macromolecule has a very complex structure, highly dependent on its
origin.155,160 The exact structure of lignin is unknown, but it is biosynthesised from
the polymerisation of three monomers, known as monolignols: sinapyl, coniferyl,
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and p-coumaryl alcohol.155,160 These three precursors result in the formation of p-
hydroxyphenyl (H), guaiacyl (G), and sinapyl (S) residues in the macromolecule.155,160

The monolignols and their resulting residues are illustrated in Figure 3.1. The
biosynthesis process, through coupling reactions between phenolic radicals, leads to
the formation of a three-dimensional macromolecule without the regular and ordered
repeating units found in natural polymers such as cellulose.155,161

Lignin should be regarded not as a well-defined compound but as a composite
of physically and chemically heterogeneous materials.161 Although lignin has great
diversity depending on its origin, a general classification is based on the plant type.155

Softwood lignins are predominantly composed of coniferyl alcohol units. In spite
of the different isolation methods and plant species, softwood lignins are reported to
have a very similar structure.49 Part of the softwood lignin structure, based on that of
Adler,162 is shown in Figure 3.2 to illustrate the aromatic monolignols residues in the
macromolecule. Hardwood lignins are principally composed of coniferyl and sinapyl
alcohol units. Grass lignins are composed of a mixture of all three alcohol units;
coniferyl, sinapyl and p-coumaryl.49,155 There are also a variety of different C-O and
C-C interatomic linkages between the monolignol units.155

Figure 3.2: Structural model of softwood lignin with the monolignol residues in the
macromolecule highlighted; p-hydroxyphenyl (H), guaiacyl (G), and sinapyl (S). Redrawn from
Adler et al..162

Previous investigations into lignin characterisation have utilised a variety of feedstocks
and pulping methods, making robust comparisons between structure and thermal
behaviour challenging. In this work, to ensure reliable comparisons, an identical
ethanol-based organosolv pulping method was used to extract lignin from four sources:
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hemp hurds, flax straw, rice husk, and eucalyptus chips. Experimental details were
outlined in Section 2.1.1. In addition, the extracted materials were compared to
an industrial organosolv lignin extracted from pine. The feedstocks were chosen to
ensure two types of lignin with differences in aromatic structure were examined; wood
lignin (pine, hemp hurds and eucalyptus chips) and grass lignin (flax straw and rice
husk). The organosolv process was the chosen isolation method because it results in
less modification of the lignin in comparison to other procedures, and allowed facile
adaptation of this method to a laboratory scale.

3.1.2 Lignin Isolation Methods

As introduced in the previous section, there is already a great diversity in the
composition of natural lignin. The lignin recovery processes to remove lignin from
wood add to this diversity, introducing chemical alterations and making lignin a very
heterogeneous material.50 Several lignin isolation methods are commercially available
with multiple other processes run on a laboratory scale. Commercial processes include
the alkali, sulphite, and organosolv methods. Other well-known, but not currently
commercial, methods include ball milling, steam explosion, enzymatic release, and
acid digestion, to name but a few.50,155 Lignins from various isolation processes will
have different chemical functionalisations, physical properties, and range of molecular
weights.155 A selection of the most frequently used extraction methods seen in the
literature are outlined briefly in the following text.

Alkali lignins are produced by the kraft and soda methods, which are based respectively
on either a sodium hydroxide and sodium sulphide solution or sodium hydroxide
only.50 The Kraft process is the most popular method for producing paper pulp in the
world, with over 20 million megagrams produced in the United States every year.50

Hydroxide and hydrosulphide anions react with lignin, cleaving linkages between the
monolignol units, and fragmenting the macromolecule.156 Lignin fragments dissolve
into the reaction medium, known as black liquor, which is treated as a waste effluent.163

Lignin is a major component of this liquor and is precipitated as a salt by addition
of an acid solution.69,155,157 Kraft lignin is a highly modified, hydrophobic, and water
insoluble material with a molecular weight of between 2,000 and 15,000 g mol-1.50,155

A significant percentage of Kraft lignin reacts with sodium sulphite and formaldehyde
to produce a water soluble sulfomethylated form.155

The sulphite-pulping process extracts lignin from biomass with an aqueous solution
of sulphur dioxide and calcium, magnesium, ammonium, or sodium base, producing
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a class of lignins known as lignosulphonates.50 The lignin is chemically modified
with sulphonate groups, carbohydrates, small amounts of wood extractives and organic
compounds.155 The procedure is less aggressive than Kraft pulping, resulting in lignins
with a higher molecular weight, commonly between 10,000 and 40,000 g mol-1.50,155

Materials are very water soluble with a substantial sulphur content of around 6.5 wt.%.50

Milled wood lignin is produced from the disintegration of pre-extracted wood in a
neutral solvent (such as toluene) at room temperature using a rotary or vibratory ball
mill.164 Enzymes can also be used to aid the digestion of plant fibres and release lignin.50

Of all extraction methods, milled wood lignin is thought to be the most structurally
similar to natural lignin in non-fractionated biomass.50,164 Although, the milling process
is known to disrupt the morphology of lignin in wood to some extent and may cause the
formation of functional groups on the resulting lignin.50

Steam explosion lignin is produced through rapidly heating biomass with high-pressure
saturated steam. The pressure is swiftly released causing the steam to expand within the
lignocellulosic matrix, resulting in the separation of individual fibres, and disrupting
the cell wall structure.51 Hemicellulose-lignin bonds are cleaved, and the lignin
macromolecule is broken into smaller, water-soluble fragments. Lignin is recovered
from biomass by extraction with aqueous organic or alkali solvents, followed by
precipitation.165,166 When using ethanol, for example, this is accomplished by dilution
with cold water.166

The organosolv process is a sulphur-free, and more environmentally benign, alternative
to the kraft and sulfite processes.69 Delignification of lignocellulosic biomass is achieved
using an organic solvent/water mixture at high temperature and pressure.155 A variety of
solvents can be used, most frequently alcohols. Several solvents systems have been the
subject of extensive research. However, the two used most prominently in commercial
processes are the Lignol (or Alcell) and Organocell methods, which utilise ethanol and
methanol respectively as the pulping solvent.68,155,167 Alcohols have the advantage of
producing good quality pulps with facile recovery of the solvent by distillation.168

The organosolv process produces relatively pure lignin with a low degree of chemical
modification and a relatively low molecular weight between 500 and 1500 g mol-1.70

The high operating and solvent recovery costs, however, mean the organosolv pulping
method cannot yet compete economically with the Kraft process. Organosolv lignin is
easier to work with than Kraft lignin, and the procedure is easier to adapt to a laboratory
scale. The organosolv process produced the least-modified lignin of the industrial
processes. Consequently, the organosolv method was the chosen isolation approach
in this work.
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3.1.3 Lignin Characterisation

Heterogeneity in the lignin structure and unknown molecular characteristics have
presented a challenge for the conversion of lignin into useful materials.80,169 The
complex and variable structure has made characterisation of this molecule difficult.
Similar to some polymers, lignin exhibits different properties with variations in its
molecular structure.170 For example, lignosulfonates are used as a dispersant in coal
water slurries and their effectiveness at reducing viscosity is related to the molecular
weight of the macromolecule.171 Reliable characterisation of the lignin assembly
and structure, correlated to its molecular compositions and source, is crucial for the
development of high value materials from lignin.169,170 The characterisation methods
used to determine the purity, molecular weight, and aromatic composition of the lignin
macromolecule are explored in the following.

3.1.3.1 Determination of Lignin Content

An essential characteristic of lignin macromolecules is the sample purity. Lignin
is produced primarily as a by-product from waste streams, and consequently can
contain multiple impurities including inorganics, carbohydrates, hemicellulose, and
other wood extractives.80,160,172 The lignin content of a sample can be assessed directly
by acid hydrolysis or indirectly using spectrophotometric and oxidation consumption
techniques.173 Non-invasive methods including FTIR, NMR, and UV analysis have
the advantage of requiring a small sample size and are non-destructive. However,
all need a standard lignin sample for calibration of the instrument, which can be
problematic.174 Acetyl bromide derivatisation is a well-known indirect method that
solubilises lignin in solution and then measures the content using UV absorption.
The primary issue with this method is the requirement for a well-defined standard
for the calibration of absorbance values.174 Oxidation techniques with a reagent such
as potassium permanganate can overestimate lignin content by oxidising unsaturated
impurities including tannins, pigments, and proteins, not completely removed in the
preparation steps.175

Acid hydrolysis is a direct method for assessing the total lignin content and is perhaps
the most widely used. The procedure (described in Section 2.1.2.2) hydrolyses
the carbohydrate content in the presence of an acid catalyst. The carbohydrates
are solubilised, leaving behind an acid-insoluble lignin residue, which is determined
gravimetrically.78,80 The acid-insoluble lignin is also known as Klason lignin after the
chemist who pioneered the isolation method.80 No single method for lignin content
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determination stands out in terms of providing an accurate measurement. The most
important consideration is to ensure consistency; the same method should be used to
analyse all samples.174 The acid-insoluble lignin content procedure was the chosen
method in this work due to its wide-spread use, and recognition as a standard by
TAPPI.78

There are several issues to note associated with the reliability of determining the
acid-insoluble lignin content, which were outlined by Dence.80 The final stage of the
Klason procedure involves filtration of the acid-insoluble residue. The filtrate may
contain lignin material, and if sufficiently high the content should be determined and
combined with the acid-soluble lignin content (this can be performed by ultraviolet
spectroscopy, as outlined in Section 2.1.2.2). Careful adherence to the experimental
procedure is required. Incomplete hydrolysis of carbohydrates can occur resulting in an
underestimation of lignin content if the acid concentration, reaction time, or temperature
are too low. Conversely, if these parameters are too high carbohydrates can be converted
into a partially insoluble residue, leading to an overestimation of the lignin content. A
significant consideration is that the acid-insoluble residue may contain acid-insoluble
impurities other than lignin.

An interlaboratory study was performed by Milne et al.176 to determine the reliability
of the TAPPI total lignin content procedure. The study used 8 well-characterised
lignins isolated using several different extraction methods from multiple feedstocks.
There was good agreement between different laboratories across all samples examined
with a maximum variation of 5 %. The hydrolysis was performed either by reflux
or in an autoclave, and the choice of method was determined to affect the ratio of
acid-soluble and acid-insoluble lignin. However, there were no significant differences
in the overall total lignin content. The protracted boiling of the reflux method was
thought to solubilise some of the lignin. Although there may be some inaccuracies
with the absolute lignin content, as highlighted by Dence, the experiments by Milne et

al. confirm the excellent reproducibility of this procedure. Providing the experimental
method is followed rigorously, the Klason lignin content provides a useful means of
comparing the purity between lignin samples.

3.1.3.2 Determination of Molecular Weight

The molecular weight of lignin is an important fundamental property that can influence
the valorisation of lignin. Buranov et al.57 for example determined higher molecular
weight lignins extracted from flax had an enhanced thermal stability in comparison to
low molecular weight lignins. And Yoshida et al.177 noted the flexibility of polyurethane
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films containing kraft lignin were dependent on the molecular weight of the lignin, with
low molecular weight macromolecules causing increased flexibility. Multiple methods
have been utilised to determine the molecular weight of lignin including vapour pressure
osometry (VPO), ultrafiltration, light scattering, mass spectroscopy, and gel permeation
chromotography (GPC).173,178

Each method differs in its capacity. VPO assesses the vapour pressure of a dilute
polymer in comparison to a pure solvent. Light scattering passes a laser beam through
the sample and scatters light at an intensity proportional to its molecular weight. VPO
is sensitive to low molecular weight lignins, whereas light scattering can overrepresent
high molecular weight molecules. Only one average weight parameter is determined
from each, Mn and Mw respectively.178 Ultrafiltration is a pressure-driven membrane
separation technique based on molecular size, and has a significant advantage of not
being influenced by impurities, but is a qualitative method.83 MALDI (matrix-assisted
laser desorption/ionization) mass spectroscopy can ionize polymeric species with little
fragmentation, and is suitable for polymers with lower polydispersity (below 1.2).178,179

GPC (described in Section 2.1.2.3) separates lignin molecules based on their molecular
size to determine its relative molecular weight, and can be used for polymers of greater
polydispersity.80,178

Of these techniques GPC is one of the most popular methods due to its short
measurement time (30 min to 5 hours per sample), the milligram amounts of
sample needed for testing, its tolerance of synthetic and naturally occurring
polymers/macromolecules, and the broad range of molecular weight detection.178 Due
to the widespread use and availability of equipment, GPC was the chosen method for
molecular weight determination in this work. There is no universal GPC method suitable
for all types of lignin, because the solubility of lignin in a particular solvent is dependent
on a variety of factors, such as the plant source, extraction method, and molecular
weight.83 Constant et al.92 demonstrated the dependence of molecular weight on the
measurement set-up, as shown in Figure 3.3. A set of 6 lignin samples were examined
using a variety of different experimental set-ups. Molecular weights were shown to be
reliant on the solvent system, column type, and calibration standard. These findings are
supported by an interlaboratory study by Milne et al.176 and work by Gosselink et al.169

on the examination of lignins using different measurement systems.

The calibration column should be chosen so the pore size distribution includes the
total molecular size range of the polymer under analysis to avoid poor or negligible
separation.83 It is important to note that the hydrodynamic volumes of lignin and
polystyrene are different, consequently the molecular weight averages are relative to
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Figure 3.3: Molecular weight of lignins and acetylated lignins determined using different
methods. Lignins were extracted from commercial processes (Kraft, Soda, and Alcell)
or in a laboratory using the organosolv (OS) method from wheat straw (W), poplar (P),
and spruce (S). Briefly, experiments A to D utilised the same 0.5 M NaOH solvent and
polystyrene-based standard, but used a variety of column types. Experiment E/E’ used a
HFIP (hexafluoroisopropanol) solvent. Experiments F to G utilised a THF solvent but different
columns and/or standards. Reproduced from Constant et al.92

the calibrant used rather than absolute.178 Analysis of lignins utilising a THF system
with a polystyrene column has previously been found to give reliable results on a
variety of lignins,83 but was suggested by Constant et al.92 only for completely soluble
samples. When derivitization is required they recommended the use of an alternative
solvent. Akin to the determination of acid-insoluble lignin content, the molecular
weight determined by GPC can be a useful means of comparing lignin samples.
However, a consistent method and identical system set-up should be used to analyse
all samples. Interlaboratory studies highlighted the limited comparability of molecular
weights determined between different laboratories, particularly when using different
GPC systems.169,176

In addition to the variation between GPC systems, aggregation of lignin in solutions
could cause further disparities in the molecular weight results. Association of
lignins in solution is a well known phenomenon, promoted by intermolecular forces
between molecules.181,182 This aggregation can affect the elution profiles and result
in reporting higher average molecular weights for lignin.181,183,184 An example of
lignin agglomeration in THF is illustrated in Figure 3.4 for lignin extracted from pine
using mild acidolysis. The fresh lignin sample exhibited a bimodal distribution which

59

https://doi.org/10.1039/C5GC03043A


CHAPTER 3. EXTRACTION AND CHARACTERISATION OF LIGNIN

Figure 3.4: The effects of sample incubation with time on the molecular weight distribution
of an enzymatic mild acidolysis lignin in tetrahydrofuran. Reprinted from Guerra et al.180 with
permission from Elsevier.

shifted with incubation to a single, broad peak at higher molecular weight as the lignin
oligomers accumulated.180

Acetylation of hydroxyl was reported to reduce the aggregation effects by breaking
association forces involving -OH groups.184,185 However, the association of molecules
may still occur. This can be clearly seen in Figure 3.4, the lignin has undergone
acetylation and yet still shows aggregation behaviour. Clauss et al.185 demonstrated
that the use of a salt such as lithium bromide (LiBr) instead could be used to decrease
the agglomerate size, reportedly by shielding dipole effects to yield a more accurate
molecular weight value.

3.1.3.3 Characterisation of Aromatic Structure

The aromatic composition of lignin is an important characteristic which can influence
the macromolecule properties. It is known, for example, than an increased abundance
of H-units results in lower molecular weight lignin macromolecules that are more
easily degraded in biomass pretreatment, which is advantageous for applications such
as biofuel production.186 And several research groups have reported an increase in
chemical pulping efficiency with increasing ratio of syringyl to guaiacyl units in
lignin.187 The aromatic composition of lignin is commonly described by the ratio of
syringyl to guaiacyl units known as the S/G ratio. Multiple methods have been utilised
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to determine the aromatic of lignin, and can be broadly split into degradative and
spectroscopic techniques.

One of the most used methods for the determination of the S/G ratio is nitrobenzene
oxidation (NBO) in an alkaline medium.188 The products of lignin oxidation
are quantified by a chromatographic method, such as gas chromatography mass
spectroscopy (GC-MS) or high performance liquid chromatography.188,189 Hardwood
oxidation, for example, produces vanillin and syringaldehyde. Quantification of the S/G
ratio is obtained by comparison of the peak area of those substances.188 Other chemical
methods used to degrade lignin prior to analysis include permanganate oxidation,
acidolysis, and cupric oxide oxidation among others.173 Pyrolysis GC-MS (Py-GC-
MS) is another popular technique in which lignin pyrolysis gives rise to a characteristic
degradation pattern. The S/G ratio is derived from peaks corresponding to syringyl and
guaiacyl derivatives.107,188

Nunes et al.188 compared the degradative Py-GC-MS and NBO techniques and reported
good agreement, however selection of peaks in the pyrolysis method was more complex.
A known weakness of these types of degradation techniques is that products are only
produced from uncondensed units. Syringyl units are known to be less condensed
than guaiacyl units, and so these techniques tend to overestimate the S/G ratio.190 In
addition, methods based on chemicals use potentially toxic compounds and solvents,
and require complex procedures and even further derivitization prior to chromatographic
analysis.191

Spectroscopic techniques have the major advantage of analysing the whole lignin
structure. Methods include Fourier transform near-infrared spectroscopy (FT-NIR),
solid state NMR, and solution state NMR methods.90,191 FT-NIR detects G and S bands,
however, calibration models are required for S/G ratio determination, involving the
analysis of 150 to 700 samples to produce.191 NMR is a powerful tool for the structural
characterisation of lignin. The major hydroxyl groups in lignin can be directly probed
using 31P NMR spectroscopy and both quantitative 1H and 13C NMR techniques have
been extensively employed to examine the functional groups and linkages present within
the lignin macromolecules. These one-dimensional NMR methods, however, usually
suffer from severe signal overlap issues, due to the sheer complexity of the lignin
structure.187 This problem can be mostly overcome with the use of correlated two-
dimensional NMR experiments.90,187

The 2D HSQC NMR method has been well used throughout the literature for the
identification of lignin structures.71,87,88,90,92 The 2D-NMR experimental method is
outlined in Section 2.1.2.4. Del Río et al.87 compared 2D-NMR to the degradative Py-
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GC-MS method. Both techniques produced similar values for the S/G ratio. However,
2D-NMR was thought to be more accurate due to the complexity of the Py-GC-MS
chromatograms, which required careful selection and omission of certain peaks to avoid
overestimation of H and G units for quantification of the S/G ratio. Due to the high
resolution (when compared to degradation techniques) and straightforward collection
procedure 2D HSQC NMR was the method chosen to determine the S/G ratio of lignins
in this work.

There are a few disadvantages to note when using the 2D-NMR method. The technique,
similar to all solution-state NMR methods, can only determine structures of the isolated
lignin soluble in the analysis solvent. 2D-NMR requires a long measurement time
(in the order of 8 to 12 hours) to obtain spectra of sufficiently high resolution, and
consequently would not be suitable for high throughout screening.190,191 Similar to the
methods for lignin purity and molecular weight, consistency in the measurement and
analysis methods is critical to providing a reliable comparison between lignin samples.
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3.2 Results and Discussion

The results described in this chapter have been published in Rowlandson et al.52

3.2.1 Extraction and Purity Determination of Organosolv Lignin

The organosolv extraction of lignin was successful in producing a coarse, brown lignin
powder from the four biomass feedstocks. The lignin content of biomass depends
primarily on the species, growing conditions, and geographic location. The efficiency of
the organosolv extraction process for the four feedstocks is presented in Table 3.1, and
represented as the yield of lignin produced per weight of starting biomass. The average
yield across all feedstocks was similar (around 10 wt.%), although the eucalyptus
extraction resulted in a slightly higher yield (nearer 14 wt.%). Similar extraction
conditions were employed by Wildschut et al.,167 who reported feedstock delignification
of 40 %. As eucalyptus chips are reported to contain 23 to 35 % lignin,65,192 flax straw
24 to 31 %,57,59 hemp hurds between 16 and 28 %,54,56 and rice husk between 19 and
31 %,61,62 a delignification rate of 40 % means the lignin yields reported here are within
the expected range.

High purity lignin samples were required for robust comparisons of lignin structure and
the resulting effects on thermal behaviour. The purity of the laboratory-isolated and
industrial organosolv lignins were assessed using a combination of Fourier Transform
Infrared (FTIR) spectroscopy, the acid-insoluble (known as Klason) lignin content, and
microanalysis. The effect of the organosolv extraction process is shown using FTIR
spectroscopy, in Figure 3.5, for flax and its derivatives with spectra for other samples
included in Appendix B. The four lab-extracted organosolv lignins were free from
bands characteristic of cellulose (at 898 cm-1) and hemicellulose (at ∼ 1740 and 1240
cm-1).71,193 This indicated successful delignification of the feedstock, and extraction of
a product free from cellulose, which was also confirmed for the industrial lignin.

Spectra show several bands characteristic of lignin: aromatic skeletal vibrations at 1603,
1510 and 1423 cm-1,71,169,193,194 and a C-H deformation band at 1459 cm-1.71,169,194

The intensity of these bands is much greater in lignin in comparison to the feedstock
and pulp. The same behaviour was observed by Gandolfi et al.,71 and is due to the
removal of polysaccharide components. Similar results were obtained across the four
feedstocks examined (full results are included in Appendix B).

The acid insoluble lignin content, ash content, and elemental composition of lignins
are shown in Table 3.1. The high purity of all lignin samples was confirmed by
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Table 3.1: The extraction efficiency, acid-insoluble lignin content, ash, and elemental
composition of lignin samples shown in this table are measured in wt.%, and all parameters
except extraction efficiency were calculated on a dry basis. Results shown are the mean of
duplicate measurements on the same sample. Uncertainty values given represent the range.
Reprinted from Rowlandson et al.52 with permission.

Lignin
Feedstock

Extraction
Efficiency

Acid-Insoluble
Lignin[a] Ash[b] C[c] O[c] H[c] N[c] S[c]

Rice Husk
9.2

± 2.8
86.8

± 11.1
0.15

± 0.03
64.7

± < 0.1
28.0
± 0.2

6.1
± 0.1

1.1
± 0.1 < 0.1

Flax
11.6
± 0.3

96.8
± 0.4 < 0.01

65.9
± < 0.1

27.4
± 0.1

6.0
± 0.1

0.7
± < 0.1 < 0.1

Hemp
8.9

± 1.9
94.6
± 0.3

0.01
± 0.01

64.3
± < 0.1

28.0
± 0.2

6.4
± 0.1

1.2
± 0.1 < 0.1

Eucalyptus
13.9
± 1.1

89.8
± 1.1

0.10
± 0.01

63.7
± 0.6

30.5
± 0.7

5.8
± < 0.1 < 0.1 0.1 ± 0.1

Industrial n/a
91.3
± 0.9

0.04
± 0.01

66.1
± < 0.1

27.8
± 0.1

6.0
± < 0.1 < 0.1 < 0.1

[a] Determined using a wet chemical method. [b] Determined by burning in pure oxygen.
[c] Microanalysis determined by combustion.
[d] Calculated as the difference between 100% and the CHNS values on a dry basis.
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Figure 3.5: FTIR spectra of ground flax straw ( ), the resulting flax pulp ( ), and flax
lignin ( ) following organosolv extraction. Spectra were recorded from 4000 to 600 cm-1,
over 32 scans with a resolution of 4 cm-1. Spectra have been offset along the transmission
axis, and the region between 1800 and 600 cm-1 has been focused on for clarity. Spectra of the
other feedstocks investigated and original data can be found in Appendix B. Reproduced from
Rowlandson et al.52 with permission.
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their high acid insoluble lignin content (>80 wt.%) and negligible ash content (<
0.15 wt.%). Elemental analysis revealed all lignin samples were primarily composed
of carbon, oxygen, and hydrogen in a ratio of approximately 65:30:6. Lignins also
contained trace nitrogen (< 1.20 wt.%) and sulphur (< 0.15 wt.%). The elemental
composition is consistent with values reported previously in the literature for organosolv
lignins..92,160,195 The trace sulphur is a result of the precipitation step in the extraction
procedure.

3.2.2 Characterisation of Lignin Structure

Analysis of lignins in the previous section shows all samples, including the industrial
lignin, were of high purity as shown by the acid-insoluble lignin content values (listed
in Table 3.1). Any differences in lignin structure therefore, will be due to the influence
of the feedstock. Differences in the macromolecule structure and molecular weight
between the different lignin samples were assessed using a combination of 2D NMR
spectroscopy and gel permeation chromatography (GPC). Experimental details were
outlined in Section 2.1.2. The aromatic structure and main linkages present in lignin
samples are depicted in Figure 3.6, and were examined using 2D NMR spectroscopy. A
table of assignments is included in Appendix B.

The aromatic region (δC/δH 95-140/6.0-7.8 ppm) of the spectra is shown Figure 3.7. The
abundance of monolignol monomers can be determined by analysis of characteristic
cross peaks. All lignin samples exhibited signals characteristic of syringyl (S) and
guaiacyl (G) units. In addition, rice husk and hemp lignins had a signal characteristic
of the p-hydroxyphenyl (H) unit. The S2,6 signal was present in all spectra, and is
particularly broad for the eucalyptus and industrial lignins. The peak of the α-oxidised
S unit S’2,6 was present in all spectra except flax lignin. Signals corresponding to the
G-unit (G2, G5, G6) were present in all lignins. The H2,6 cross-peak relating to the p-
hydroxyphenyl (H) unit was only present in rice husk and hemp lignins, and is far more
intense in the former. Signals relating to cinnamaldehyde (Jβ) and cinnamyl alcohol (Iα)
end groups were present in all lignin spectra. Hemp and rice husk lignin also exhibited a
cross peak for p-coumaric acid PCA, which is not seen in eucalyptus, flax, and industrial
lignins due to the absence of H-units.

The ratio of S and G units can be used to divide samples into two main types of lignin:
high S unit content and high G unit content. Relative values of the S/G ratio were
calculated, and are illustrated in Figure 3.8. Eucalyptus, hemp, and industrial lignins
were primarily composed of S units, with S/G ratios of 2.85, 1.18, and 1.37 respectively.
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Figure 3.6: The aromatic structures present in lignin; (S) syringyl unit, (S’) oxidised syringyl
unit, (G) guaiacyl unit, (H) p-hydroxyphenyl unit, (FA) ferulic acid, (I) cinnamyl alcohol end
group, (J) cinnamaldehyde end group, and (PCA) p-coumaric acid, and the main linkages
present; (A) β-aryl-ether β-O-4, (B) resinol β-β, (C) phenylcoumaran β-5, and (D) spirodienone.
Reproduced from Rowlandson et al.52 with permission.
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Figure 3.7: 2D-NMR HSQC spectra of the aromatic region (δC/δH 95-140/6.0-7.8 ppm) of
organosolv lignins extraction from different feedstocks: rice husk, flax, hemp, eucalyptus, and
an industrial pine lignin. Spectra have been recoloured to highlight regions of interest using
Inkscape. Adapted from Rowlandson et al.52 with permission.
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Rice husk and flax lignins by contrast have a higher G unit content, with S/G ratios of
0.19 and 0.18 respectively. The results here are supported by other lignins characterised
in the literature. Monteil-Rivera et al.160 reported organosolv extracted lignins from
hemp hurds and flax straw had S/G ratios of 1.3 and 0.5 respectively (determined by
31P NMR). Organosolv lignin from hardwoods, similar to the industrial lignin in this
work, was reported to have a S/G ratio of 1.7 to 1.9.92,160,169 And organosolv extracted
eucalyptus lignin was reported to have a high S/G ratio between 2.5 to 3.2.69

Rice Husk 

0.19 ± 0.03 0.18 ± 0.01 1.18  ± 0.17 

Eucalyptus 

2.85 ± 0.18 

Hemp Flax Industrial 

1.37  ± 0.17 

Figure 3.8: Pie charts to illustrate the mean ratio of syringyl ( ) to guaiacyl ( ) units. The
S/G ratio values, shown on the pie charts, were calculated from integral on at least two different
spectra. Uncertainty values represent the standard deviation between measurements.

The aliphatic side chain region of the spectra (δC/δH 50-90/2.5-6.0 ppm) is shown in
Figure 3.9. The main linkages present in each lignin samples were determined. Signals
corresponding to methoxy groups are the most prominent in all lignin samples. Cross-
peaks relating to β-aryl ether β-O-4 (A), resinol β-β (B), and phenylcoumaran β-5 (C)
linkages are present in all spectra at varying intensities. The relative abundances of
linkages are displayed in Table 3.2. The β-O-4 is the most abundant linkage in all spectra
(43 to 54 %), which differs from Constant et al.,92 who reported a low β-O-4 content
in organosolv lignins extracted from poplar and spruce. The β-O-4 linkage is usually
the most abundant in native lignin but is readily cleaved by depolymerisation/isolation
methods. The reduced content seen by Constant et al. is likely due to the harsher pulping
conditions used, causing extensive cleavage of the β-O-4 linkage.

Differences in the abundance of the remaining linkages appear to be consistent between
the high S unit and high G unit types of lignin. The low S/G lignins from rice husk and
flax have a high abundance of β-5 (Cα) linkages (∼ 40 %), which contrasts with the low
abundance (10 to 17 %) in high S/G lignins from eucalyptus, hemp, and the industrial
pine. Conversely, the high S/G lignins exhibit a greater abundance of β-β (Bα) linkages
(29 to 35 %) than the low S/G lignins (13 to 17 %). All lignins except eucalyptus have
signals belonging to p-hydroxycinnamyl alcohol end groups. Spirodienone structures
(Dα) appear to be present in eucalyptus lignin only, and rice husk lignin is the only
sample to show signals relating to carbohydrates. This is likely why the purity of rice
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Figure 3.9: 2D-NMR spectra of the aliphatic side-chain region (δC/δH 50-90/2.5-6.0 ppm) of
organosolv lignins extraction from different feedstocks: rice husk, flax, hemp, eucalyptus, and
an industrial pine lignin. Spectra have been recoloured to highlight regions of interest using
Inkscape. Adapted from Rowlandson et al.52 with permission.
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Table 3.2: Quantification of the aromatic units and linkages present in lignins. Data results
from the average of integrations on at least three different 2D HSQC NMR spectra acquired
on different batches of samples; the mean values are displayed here with uncertainty values
representing the range. Reprinted from Rowlandson et al.52 with permission.

Lignin
Feedstock % Aα % Bα % Cα % Dα

Rice husk 43.4 ± 2.6 13.2 ± 0.6 43.4 ± 3.2 0.0
Flax 45.1 ± 2.7 17.1 ± 0.9 37.8 ± 3.3 0.0

Hemp 53.5 ± 2.2 29.0 ± 1.2 17.5 ± 1.2 0.0
Eucalyptus 46.8 ± 8.5 24.9 ± 2.6 10.3 ± 2.6 18.1 ± 4.1
Industrial 49.1 ± 0.5 34.4 ± 0.5 16.5 ± 0.2 0.0

Relative abundances of inter-unit linkages estimated from integrals of α-
position of β-O-4 (A), β-β(B), β-5 (C), and β-1 (D).

husk lignin shown in Table 3.1 is lower than the other samples. It is important to note
that a semi-quantitative analysis was used in this work (described in Section 2.1.2.4).
This method can lead to overestimation of the volume integrals, although Del Río et

al.87 used a similar method, and as discussed previously saw excellent agreement with
the Py-GC-MS method indicating its reliability.

The molecular weights of the extracted lignin samples were determined by GPC. The
molecular weight of lignin using this method had been demonstrated previously in the
literature to be highly dependent on the experiment set-up.89,92,169,196 This includes
the type of column, eluent used, calibration standard, and pre-treatment of the lignin
sample. Absolute values of molecular weight should, therefore, be used with caution,
but comparisons can be made between different lignins run under the same conditions.
The samples were examined using a THF solvent system without acetylation, and
compared to a polystyrene standard. Figure 3.10a compares the mean molecular weights
of the four lignin samples examined, and values are listed in the appendices.

Values range from 800 to 1100 g mol-1 for the number average molecular weight Mn,
1500 to 2200 g mol-1 for the weight average molecular weight Mw, and 1.9 to 2.8
for the polydispersity index PDI. Organosolv lignins typically have a low molecular
weight in comparison to lignins extracted using alternative methods (such as the Kraft
process),69,92,160,197 and values of a similar range are reported here. Despite similar
values across the lignins examined, there are small differences in the average Mw of
samples. Rice husk lignin had the lowest Mw of around 1550 g mol-1, the industrial, flax
and hemp lignins have increasing values of 1800, 2000 and 2200 g mol-1 respectively,
and eucalyptus lignin had the highest Mw value of 2400 g mol-1.

The size exclusion chromatograms are shown in Figure 3.10b. A comparison of these
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Figure 3.10: (a) Results of GPC analysis on organosolv lignin samples is displayed. Mn ( ) is
the number average molecular weight, Mw ( ) is the weight average molecular weight, and PDI
( ) is the polydispersity index. Each sample was measured in triplicate, the error bars represent
the greatest difference between the maximum and minimum measurements and the mean. (b)
Size exclusion chromatograms (SEC) of the four lignin samples extracted from flax ( ), hemp
( ), eucalyptus ( ), and rice husk ( ) feedstocks, and an industrial ( ) organosolv lignin
extracted from pine. Samples were measured in triplicate, a full data set for each lignin type is
included in Appendix B. Adapted from Rowlandson et al.52 with permission.

71



CHAPTER 3. EXTRACTION AND CHARACTERISATION OF LIGNIN

chromatograms shows the Mw distribution of the rice husk and industrial lignins are
shifted towards lower molecular weight values. A high molecular weight shoulder is
seen in the other three samples, most prominently in eucalyptus lignin. All lignins
exhibit either a small peak or shoulder at low molecular weight. The distributions are
essentially monomodal (although tending towards bimodal) and appear typical of lignin
samples analysed by dissolution in THF.92,160,198 The overall shape of chromatograms
from findings in the literature appears to be characteristic of the solvent system. For
example, systems using dimethylformamide (DMF) without additives, appear to show
a much more severe bimodal distribution.181,184 The breadth of the chromatogram
however and presence of peaks and shoulders does appear to relate to the lignin
feedstock.

There is disagreement in the literature over the influence of the starting feedstock on
the molecular weight of the lignin macromolecule. Constant et al.92 has previously
shown that the starting feedstock has little bearing on the average molecular weight of
lignin but was primarily influenced by the extraction method. The starting feedstock
did however influence the Mw distribution. By contrast, findings in Tejado et al.,197

showed that lignin macromolecules with a higher G-unit content exhibited a higher
average Mw. This is reportedly due to the presence of highly stable C-C bonds at the C5
position of the aromatic ring, which are not cleaved during the pulping process. Lignins
with S-units are unable to form these bonds due to the C-5 substituted methoxy group.
Findings in this work indicate the starting feedstock does have some influence on both
the average molecular weight of lignin and the molecular weight distribution obtained
from the chromatogram. In contrast to Tejado et al. however, the highest Mw values
were exhibited by lignins with the highest S-unit content. In addition, hemp and flax
lignins, which have a high and low S/G ratio respectively, both exhibit a similar Mw

value and distribution. Whilst the extraction method is implicated in the literature to
have the primary influence on a lignins average Mw, the feedstock also appears to have
a small effect.

3.2.3 Investigating the Effect of Lignin Aggregation on Analysis

The aggregation, or association, of lignin in organic and aqueous solutions is a
well reported phenomenon.181–185,199–201 The forces governing aggregation behaviour
are under debate but include the extent of branching and crosslinking in the lignin
macromolecule, interactions of functional groups within the macromolecule, and
interactions between the macromolecule and solvent.170,180 The prevention of such
association is essential for accurate molecular weight determination of lignin. Lithium
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chloride or bromide salts are frequently utilised to reduce the effects of lignin
aggregation in solution. The effect of LiCl and LiBr has been studied extensively using
multiple methods including GPC, light scattering, and UV absorbance. There are few
studies, however, which used SAXS. SAXS is an excellent technique for studying the
overall size and shape of macromolecules in solution. It was applied in this work to
assess the lignin aggregation behaviour in solution and how the aggregation was affected
by the addition of LiBr. Experimental details and the models used during SAXS analysis
were outlined in Section 2.3.5.

Scattering patterns of an industrially produced organosolv softwood lignin in either THF
or a THF/LiBr solution (0.1 wt.%), are shown in Figure 3.11. Immediately evident
is the increased intensity of SAXS curves with increasing solution concentration. At
higher concentrations there are more particles in solution to scatter, resulting in the
intensity increase. At low q the scattering patterns of solutions without LiBr are
upturned, indicating the presence of large scattering objects, which can be attributed
to the aggregation of lignin molecules.

Solutions with LiBr at low concentrations (below 20 mg mL-1) (Figure 3.11b) reached
a well-defined plateau at low q, indicating aggregates have a minor influence on the
scattering pattern. Similar patterns were observed in the literature with x-rays and
neutrons as the scattering particle.120,170 Neutron studies probed the q-range below 0.01
Å-1, and scattering patterns from both Zhao et al.120 and Ratnaweera et al.170 show an
increase in intensity for specific lignin samples as a result of larger aggregates. This
range was not examined in the experiments presented here. The large-scale structures of
aggregated lignin macromolecules in the low q region of Figure 3.11 were investigated
using a combination of Guinier analysis and model fitting of the SAXS data.

The radius of gyration (Rg) of lignin macromolecules was examined using two methods:
fitting of the Guinier equation at low q (< 0.05), and fitting of the polymer excluded
volume model over the whole SAXS pattern (q-range 0.01 to 0.70). The results from
both methods are shown in shown in Figure 3.12a. Overall, both sets of samples with
and without a lithium salt showed a general trend of increasing Rg with increasing
solution concentration. For lignin solutions in the pure solvent, the Rg values calculated
from both methods were fairly consistent. Solutions exhibited a continuous increase
in Rg, to values beyond 25 Å. For lignin solutions with lithium bromide, there was
some disparity in the values at low concentrations (< 30 mg mL-1), but values at higher
concentrations (≥ 30 mg mL-1) showed good agreement. Rg values from both methods
showed an increase at low solution concentrations, but reached a plateau at 30 mg mL-1

and remained constant at ∼ 19 Å, even with increasing solution concentration.
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Figure 3.11: SAXS patterns of oxosolv lignin dissolved in either (a) THF or (b) a THF LiBr
solution (0.1 wt.%) at varying concentrations: 60 ( ), 50 ( ), 40 ( ), 30 ( ), 20 ( ),
15 ( ), 10 ( ), and 5 ( ) mg mL-1. Error bars show uncertainty in the recorded intensity.
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Figure 3.12: Comparison of (a) radius of gyration Rg and (b) forward scattering intensity I(0)
values from SAXS profiles of an industrial organosolv lignin, dissolved in either THF (•) or a
THF LiBr (0.1 wt.%) solution (�). Guinier analysis (empty symbols) was used to extract Rg
and I(0) values, Rg was also calculated by fitting of the polymer excluded volume model (solid
symbols) using SasView. Error bars for uncertainty in Rg calculated by fitting of the poylmer
excluded volume model were included, but are partially obscured by the markers.
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The variation in Rg for lithium bromide containing solutions is relatively small, up to
a maximum of 5.7 Å (from 13.5 to 19.2 Å) between the smallest and largest values
recorded. Lignin solutions without lithium bromide show a larger maximum variation
of 10.5 Å (from 18.6 to 29.1 Å). The forward scattering intensity I(0) of solutions was
determined from the Guinier approximation. Figure 3.12b compares I(0) for lignin
solutions. As mentioned in section 2.3.5, I(0) is related to the number of electrons
in the scattering molecules and should show a linear relationship with concentration. A
linear increase of I(0) with solution concentration is evident in Figure 3.12b for samples
both with and without lithium bromide, indicating the solutions in this work behaved as
expected.

The usual behaviour of polymer coils in solution is a well-documented phenomenon.
In a good solvent (where the polymer chain adopts a random walk configuration
to maximise contact with the solvent)202 at low concentrations the polymer
macromolecules are highly expanded. Polymer coils contract with increasing
concentration of semi-dilute and concentrated systems.203 This contraction is due
to the screening of intermolecular interactions between molecules, resulting from
the decreasing distance between particles with increasing concentration. The mass
concentration of a branched polymer is highest at the centre. Consequently, polymer
chains from different molecules can penetrate into the volume of the less crowded,
outermost chains of a branched polymer, causing a contraction in volume.170,203–205

The relationship observed between Rg and concentration in Figure 3.12, however,
indicates the opposite. As the concentration increases, so does the Rg of the lignin
macromolecule. An absence of aggregation would result in a consistent value of Rg at
all concentrations.

Ratnaweera et al.170 studied the relationship between Rg and solution concentration
using SANS for several types of lignin; a softwood kraft, a hardwood organosolv, and a
wheat straw acid-extracted, dissolved in deuterated dimethylsulfoxide (DMSO). Guinier
analysis at low q revealed the expected decrease in Rg with concentration for the kraft
and organosolv lignins. The same behaviour was seen by Cheng et al.204 using SANS
analysis of sulfonated lignin dissolved in D2O and 0.1M NaOH. The wheat straw lignin
examined by Ratnaweera et al. however, exhibited the same behaviour as the industrial
lignin in this work; increasing Rg with lignin concentration. Ratnaweera et al. believed
this was due to the highly branched and cross-linked nature of the wheat straw lignin
macromolecule. The density of lignin segments was proposed to be higher, limiting any
interpenetration of neighbouring molecules. The increased packing density leads to a
larger barrier for the interpenetration of neighbouring chains, resulting in the formation
of larger clusters with increased concentration.
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Assuming the industrial organosolv lignin shows similar extensive branching and cross-
linking to the wheat straw lignin, the addition of LiBr does appear to limit this
aggregation. The overall size of the aggregate in solutions with LiBr was smaller
throughout the experiment. And although an initial increase in Rg was seen with
concentration, this soon becomes consistent. In solutions with the pure solvent only, the
Rg values (and consequently aggregate size) are consistently larger than LiBr-containing
solutions. It is likely that LiBr performs the charge screening process usually caused by
the decreasing distance between macromolecule chains (seen for macromolecules with
a decrease of Rg with concentration) allowing some interpenetration of neighbouring
chains.

The building blocks of lignin aggregates in solution are believed to be cylindrical.120,170

The radius and length of these building blocks were extracted from SAXS patterns by the
fitting of the randomly oriented cylinder model, and are shown as a function of solution
concentration in Figure 3.13. The cylindrical building block radius was fairly consistent
over all of the concentrations examined, between 6.0 and 7.5 Å. The diameter of these
blocks is in the region of a single monolignol unit, indicating a single lignin chain. A
consistent radius of the cylinder building blocks despite changes in concentration was
also noted by Ratnaweera et al.170 for the kraft hardwood lignin, which held constant at
5 Å. The organosolv softwood was reported to show an initial drop in cylinder radius
from ~8.5 Å to 6 Å, where it then remained constant.

The cylinder length of lignin chains in the pure THF solvent was 110 Å at 5 mg
mL-1, which decreased to 70 Å, before increasing steadily to 90 Å. The cylinder
length of chains in the THF/LiBr solution increased steadily from 45 Å at the lowest
concentration, to just over 70 Å at the highest concentration. The cylinder lengths
reported here (between approximately 50 and 100 Å) are similar to those reported
by Ratnaweera et al.170 for softwood organosolv lignin. Cylinder lengths reported
for hardwood kraft lignin were smaller, below 40 Å. Both sets of data in Figure 3.13
show an overall increase in cylinder length with concentration. The cylinder lengths
for macromolecules in the pure solvent are consistently higher than those in solutions
with LiBr. Similar to the disparity seen for the Rg, work by Ratnaweera et al. shows
a decrease in cylinder length with increasing concentration. This decrease was thought
to be due to a combination of intermolecular interactions and excluded volume effects.
Increasing lignin concentration increases the crowding of molecules, and decreases the
distance between them. Further intermolecular interactions between these neighbouring
molecules can form, which results in a reduced length of the cylindrical building blocks.
At higher concentrations, this decrease in length is thought to be due to the excluded
volume interaction.
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Figure 3.13: Comparison of (a) cylinder radius and (b) cylinder length values from SAXS
profiles of an industrial organosolv lignin, dissolved in either THF (•) or a THF LiBr (0.1
wt.%) solution (�). The cylindrical form factor was used to model data. Error bars shown
were uncertainties calculated by the fitting.
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The increase in cylinder length with concentration supports the behaviour seen in Figure
3.12, of increasing Rg with concentration. The increasing Rg and cylinder length
indicate larger aggregates, composed of clusters of cylindrical building blocks, form at
higher lignin concentrations. The introduction of LiBr into lignin solutions does appear
to limit the aggregation. The cluster length does not plateau but continues to increase,
however, the size of clusters are lower than those in the pure solvent. GPC analysed
the effect of these clusters on the molecular weight distribution of lignin. Separate
samples of industrial lignin were dissolved in pure THF and a THF solution with LiBr.
The resulting chromatograms are shown in Figure 3.14, and average molecular weight
values are given in Table 3.3.
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Figure 3.14: Size exclusion chromatograms (SEC) of industrial lignin measured in either THF
( ) or a THF LiBr (0.1 wt.%) solution ( ).

The addition of LiBr resulted in a significant difference between the chromatograms
of industrial lignin. There was a decrease in the chromatogram width, most notably
at high molecular weights where the intensity of a shoulder at 1200 g mol-1decreased.
The chromatogram in the mid-molecular weight region also saw a decrease in intensity.
Despite differences in the chromatogram, these do not result in dramatic changes in
the average molecular weight values. Mn increased by 12 % on the addition of LiBr
(from 850 to 950 g mol-1), likely because values of Mn are sensitive to lower molecular
weight molecules. A more significant proportion of high molecular weight molecules
were removed rather than the low molecular weight molecules, causing the latter to have
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increased influence. Mw decreased on the addition of LiBr by 12 % (from 1700 to 1500
g mol-1), corroborating the removal of higher Mw chains from the chromatogram. The
polydispersity index of the sample decreased by 20 % (from 2.0 to 1.6) on the addition
of LiBr, reflecting the reduced breadth of the chromatogram, and indicating a more
uniform distribution of lignin chains.

Table 3.3: A comparison of the average molecular weight values obtained from gel permeation
chromatography, on an industrial organosolv-extracted ligin, in either a THF only solvent or a
THF and LiBr (0.1 wt.%) solution. Each sample was measured in triplicate, the mean values are
reported and uncertainty values represent the greatest difference between measurements and the
mean.

Sample
Mn

(g mol-1)
Mw

(g mol-1)
PDI

Industrial 850 ± 20 1700 ± 100 2.0 ± 0.1
Industrial + LiBr 950 ± 30 1500 ± 60 1.6 ± 0.1

Similar effects on size exclusion chromatograms on the addition of a lithium salt were
observed in the literature. Connors et al.181 and Cathala et al.184 both noted bimodal
elution curves changing to monomodal on the addition of LiCl. The change in curve
shape was more intense, although this is likely due to the use of DMF in the experiments,
which is known to promote the association of lignin in solution.184 Although drastic
changes in the average molecular weight values were not observed, the more uniform
distribution and large error reduction in Mw indicates addition of LiBr for the molecular
weight analysis of lignin is recommended. A variation of 100 g mol-1 in Mn or 200 g
mol-1in Mw could affect the results in Figure 3.10. Consequently, the LiBr method was
adopted in later experiments measuring the molecular weight of lignins in Chapter 5 to
limit effects of aggregation.

3.2.4 Thermal Behaviour of Organosolv Lignin

The thermal behaviour of lignin is important for the formation of carbon during the
pyrolysis process. The structural characterisation of lignin in Section 3.2.2 indicated that
samples from different feedstocks had a similar molecular weight, but differed primarily
in the aromatic make-up of the macromolecule backbone. The influence of aromatic
monomer content (measured by the S/G ratio) on the thermal behaviour was examined
using a combination of differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Experimental conditions for these techniques are outlined in Section
2.3.1. Temperature-heat flow curves from DSC analysis are shown in Figure 3.15a.
Inflection points, related to the glass transition (Tg) temperature, were evident in all

80



CHAPTER 3. EXTRACTION AND CHARACTERISATION OF LIGNIN

a

5 0 1 0 0 1 5 0
- 2 . 0

- 1 . 5

- 1 . 0

- 0 . 5

0 . 0

I n d u s t r i a l

R i c e  h u s k

F l a x

H e m p
He

at 
Flo

w (
mW

)

T e m p e r a t u r e  ( ° C )

E u c a l y p t u s

b

0 100 200 300 400 500 600 700 800 900 1000

30

40

50

60

70

80

90

100

M
a

s
s
 L

o
s
s
 (

w
t.

%
)

Temperature (C)

Figure 3.15: (a) Differential scanning calorimetry (DSC) curves. The onset temperatures
relating to the glass transition are highlighted. Spectra were offset along the heat flow axis for
clarity. (b) Thermogravimetric (TG) trace of rice husk ( ), flax ( ), hemp ( ), eucalyptus
( ), and industrial ( ) organosolv lignins. Samples were run from 20 to 1000 °C in nitrogen
at 5 °C min-1. Inset: Images of post-analysis TG chars, it is evident two types of carbon are
formed. Eucalyptus and hemp lignins produced a carbon foam, whereas rice husk and flax
lignins produce a carbon char. Samples for both experiments were run in at least duplicate, all
spectra are included in Appendix B. Reproduced from Rowlandson et al.52 with permission.
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Table 3.4: Summary of thermal analysis performed on all lignins including the glass transition
(Tg), the decomposition temperatures (Td), the temperature at which the maximum weight loss
occurs (DTGmax), and the remaining unvolatised char at 1000 °C. Samples were run in duplicate,
the mean values and uncertainty representing the greatest difference from the mean are shown
here. Data from all experiments is included in Appendix B. Reprinted from Rowlandson et al.52

with permission.

Lignin
Feedstock

Tg
(°C)[a]

Td
(°C)[b]

DTGmax
(°C)[c]

Char
(wt.%)

Rice Husk 118 ± 1 277 ± 4 359 ± 1 39.8 ± 0.2
Flax 111 ± 1 275 ± 8 365 ± 2 38.6 ± 1.4

Hemp 103 ± < 1 263 ± 8 354 ± 2 33.7 ± 0.3
Eucalyptus 121 ± < 1 278 ± 8 354 ± 5 36.2 ± 0.2
Industrial 101 ± < 1 n/a n/a 35.6 ± 0.9

[a] Defined as the inflection midpoint of the heat capacity-temperature curve.
[b] Defined as the temperature where 95% of the initial dried sample remained.
[c] Determined from the midpoint of the highest peak in the first derivative curves.

lignins examined. The glass transition of lignin represents the segmental mobility of
lignin polymeric chains206 with organosolv lignins typically exhibiting a low Tg of 100
to 120 °C.57,197,206 The Tg values of all samples tested here (106 to 118 °C) fall within
this expected range. DSC analysis of samples was run in duplicate with the mean values
listed in Table 3.4. There were only small variations between runs, resulting in minor
uncertainty values, and indicating good reproducibility.

The lignins from different feedstocks did show some variation in Tg, and at first glance,
the aromatic lignin structure did appear to influence the glass transition. The high
S/G (∼ 1.3) industrial and hemp lignins have the lowest Tg values (101 and 103 °C
respectively), and the low S/G (∼ 0.2) flax and rice husk lignins exhibited increased
Tg (111 and 118 °C respectively). Eucalyptus lignin, however, with the highest S/G
ratio (2.9), exhibited the highest glass transition (120 °C), indicating influence from
external factors. A variety of factors including the molecular weight distribution, degree
of crosslinking, hydrogen bonding, the free volume between macromolecule chains,
and chemical structure207 have previously been shown to impact the Tg. It is therefore
difficult to assess which factor has the greatest influence. It is well known within the
literature that, as with molecular weight, the lignin extraction procedure has a large
influence on the glass transition. Higher Tg ranges are reported for lignins extracted via
steam explosion (113 to 139 °C) and the Kraft process (120 to 160 °C).197,207

Thermogravimetric traces for the thermal decomposition of lignin samples are shown
in Figure 3.15b. Lignin decomposition occurred over a wide temperature range, unlike
the decomposition of the cellulosic components of biomass. Measurements were run

82



CHAPTER 3. EXTRACTION AND CHARACTERISATION OF LIGNIN

in duplicate and showed good agreement, included in Appendix B. All organosolv
lignins exhibit similar decomposition behaviour, which can be divided into three stages,
according to Watkins et al.208 An initial small decline in sample weight is due to water
loss by evaporation. A sharp decrease in weight loss then occurs between 200 and
400 °C, when 40 to 50 wt.% of the sample is lost. This is due to the degradation of
carbohydrate components in the lignin, which are converted to volatile gases including
CO, CO2, and CH4. Finally, a more gradual but significant weight loss continues up to
1000 °C, representing emission of volatile components including phenolics, alcohols,
and aldehyde acids.

The decomposition temperature of samples (Td), corresponds to the temperature at
which 95 wt.% of the initial dry sample remains.172 Values for the organosolv lignins
are recorded in Table 3.4. The decomposition temperature of hemp lignin appears to
onset at a lower temperature (263 °C) than the other lignin samples examined (∼ 275
°C). This early onset is visible in the hemp TG trace (Figure 3.15b), where the sharp
mass loss stage of the sample begins first. Notably, swelling of the char was observed
during observed during TG analysis of the high S/G hemp, eucalyptus, and industrial
lignins, producing a carbon foam, as shown in the inset of Figure 3.15b. The low S/G
flax and rice husk lignins did not exhibit swelling to the same extent. Consequently,
the highest char yields were recorded for rice husk and flax lignins (39.8 wt.% and 38.6
wt.% respectively), followed by the high S/G eucalyptus and industrial lignins (36.2
and 35.6 wt.% respectively) and hemp lignin (33.7 wt.%). Repeat measurements of char
yield were generally consistent showing only small variations. Uncertainty values for
flax and industrial lignins were somewhat higher than the other samples, although the
same general trends in weight loss were observed. Similar differences in char yields
relating to the aromatic content were also noted by Wang et al.209 in milled wood
lignins. Lignins from softwoods (with a high G-unit content) had an increased char
yield compared to those from hardwoods (containing both G and S units). These results
were confirmed by this work, and the increased char yield can be attributed to the higher
stability of ether bonds between G-units resulting in higher thermal stability, and the
propensity of G-units to undergo condensation and coupling reactions, producing an
increased yield of char residue.209

Values for the peak of the first derivative of the thermogravimetric curves (DTGmax)
are summarised in Table 3.4. DTG curves are included in Appendix B. DTGmax

corresponds to the thermal decomposition temperature and can be used to compare
the stability characteristics between materials. Vales were similar across the samples
analysed, increasing for lignins in the order; eucalyptus and hemp (354 °C), rice
husk (359 °C), and flax (368 °C). Duplicate measurements exhibited similar values,
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indicating good repeatability. The values are comparable to those recorded previously
for organosolv-extracted wheat straw. Additionally, all lignin samples showed a low-
temperature shoulder between 150 to 250 °C, which was more pronounced in hemp
lignin than the other samples. Although not seen on the 2D-NMR, this shoulder
is likely due to residual carbohydrates from hemicellulose in the samples.195 The
more pronounced shoulder in the hemp lignin could explain the earlier onset of
decomposition.195,206

Scanning electron microscopy was used to investigate the structure of lignin TG chars
further (Figure 3.16). It is clear from the micrographs that all lignin samples softened
to form a smooth carbon. Micrographs of flax and rice husk chars are shown in Figure
3.16a and 3.16b respectively. The top surface of both chars indicates the formation and
subsequent breaking of large bubbles, presumably due to the release of volatiles during
carbonisation. The bubbles are also clearly evident in the underside of the rice husk
char. The foaming of the hemp and industrial lignin chars can be seen in Figure 3.16c
and 3.16d with large voids throughout the structure. Despite shattering of the eucalyptus
lignin char, the smooth carbon surface and the formation of bubbles is still evident in
Figure 3.16e.

The chemical properties of all lignins investigated were similar; they have a high lignin
purity, low ash content, low molecular weight, and similar decomposition trace. The
swelling observed in hemp, eucalyptus, and the industrial lignins, therefore, is thought
to be an effect of differences in the aromatic structure. The aforementioned high S/G
ratio lignins exhibit swelling of the sample on heating, whereas the low S/G ratio flax
and rice husk lignins do not. Foaming of lignocellulosic materials is uncommon. A
plastic phase and swelling behaviour were reported by Rodríguez-Mirasol et al.210 in
Kraft eucalyptus lignin. The swelling was noted to decrease and disappear in samples
with increasing ash content. Rios et al.211 prepared a carbon foam by pyrolysis of olive
stone under steam, which required a minimum heating rate of 30 °C min-1to initiate
foam formation.

Rios et al.211 proposed that for a lignocellulosic precursor to expand the following set of
conditions must be met: (i) softening of the lignocellulosic matrix (lignin in particular)
which provides the structural rigidity, (ii) formation of an intermediate "melt" of high
viscosity due to depolymerisation of some components, and (iii) evolution of volatiles
from the softened matrix before polymerisation of the precursor causes it to solidify. The
micrographs in Figure 3.16 clearly show softening of the lignins examined, evidenced
by the plastic-like appearance of the chars, and presence of bubbles throughout the
structure. The foaming in hemp and eucalyptus lignins is likely due to either an
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Figure 3.16: Scanning electron micrographs of chars from the thermogravimetric analysis of
lignin samples extracted from (a) flax, (b) rice husk, (c) hemp, (d) industrial pine, and (e)
eucalyptus. Samples were heated from room temperature to 1000 °C at 5 °C min-1 under
nitrogen. Reproduced from Rowlandson et al.52 with permission.
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increased quantity of volatiles released during decomposition or a difference in the
viscosity between high and low S/G ratio lignins on heating. A difference in viscosity
is most likely to cause the foaming observed. 2D-NMR spectra indicate an increased
quantity of β-5 linkages in the low S/G lignins. These linkages are known to limit
molecular rotation of the lignin chain212 and suggest low S/G lignins have an increased
viscosity. A more detailed discussion of the foaming phenomenon presented by these
lignins is explored further in Section 5.2.2.1.
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3.3 Chapter Summary

The thermal behaviour of different lignins has been examined before, and was shown
to be affected by both the macromolecule source and isolation method. Previous
investigations however, have utilised a variety of feedstocks and pulping methods,
making robust comparisons challenging. The aim of the work in this chapter was an
in-depth characterisation of four lignins extracted from four different feedstocks, but
using the same isolation method, to enable critical analysis of how lignin structure alone
affects the thermal behaviour of the macromolecule, and any implications this may have
for resulting activated carbons.

A complete characterisation of four lignins isolated using an identical organosolv
process from different feedstocks; hemp, flax, eucalyptus, and rice husk, was completed.
Using a combination of microanalysis, FTIR, and wet chemical methods the chemical
composition of the lignins was determined. All lignins have a high carbon content, high
purity, and were free of hemicellulose and cellulose. The high purity and carbon content
make them excellent activated carbon precursors. The lignin macromolecule structure
was investigated using GPC/SEC and 2D-NMR spectroscopy. The lignins were found
to have a similar molecular weight, as a result of the organosolv isolation method. The
monolignol ratio (S/G ratio) was found to differ, and was dependent on the feedstock
lignins were extracted from. Two types of lignin were identified: high S-content and
high G-content.

The reliability of the GPC analysis was investigated, and it was confirmed that the
addition of LiBr limits lignin aggregation in THF. The extent of this aggregation was
demonstrated using SAXS. Lignin aggregates are composed of cylindrical building
blocks, which agglomerate with increasing lignin concentration. This reuslts in
increasing length of the cylinder units and radius of gyration of the macromolecule. The
effect of lignin aggregation was shown to change the average molecular weight by 12
% (an increase for Mn and a decrease for Mw). Although the change is relatively small
it could be significant. Especially as evidence in the literature suggests the aggregation
is dependent on both the solvent and type of lignin used. The addition of LiBr in future
analysis of lignin molecular weight is thus recommended.

The two types of lignin (high S-unit, and high G-unit) were linked to different types
of thermal behaviour on pyrolysis. Eucalyptus and hemp lignins, with a high S/G
ratio, exhibited a foaming behaviour, and resulted in a lower char yield at 1000 °C
than the high G-unit lignins. This was thought to be due to the stability of the heated
material. The high G-unit lignins also did not show swelling to the same extent. The
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difference in foaming is likely due to either the volatiles released during decomposition,
or a difference in viscosity between the high and low S/G ratio lignins. Both effects are
likely to have an impact on the structure of carbons prepared from these lignins. The
same structural and thermal characterisation techniques were applied to an industrial
organosolv lignin to confirm the link between lignin structure and thermal behaviour.
The industrial organosolv lignin was confirmed to have a comparable molecular weight
and high S/G ratio. Accordingly a char loss and foaming behaviour comparable to the
other high S-unit content lignins was exhibited.

The findings in this chapter have shown that the aromatic lignin structure does have a
bearing on the type of carbon produced. The chemical composition of lignins should
thus be carefully considered when choosing a source feedstock for the generation of
carbon materials, or other applications relying on thermal behaviour. The foaming
exhibited by the high S/G ratio lignins also leads to the generation of carbon foams.
The large transport pores could be valuable for applications such as water filtration, or
as electrode materials, where a rapid diffusion and transport of the adsorptive species is
required and is explored further in the following chapters.
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4.1 Introduction

The aim of this chapter is first to gain an understanding of which factors have the most
significant influence on the structure and adsorptive characteristics of lignin-derived
activated carbons, and second, to select the process conditions required to produce a
high surface area activated carbon (BET surface area > 1000 m2 g-1). A Design of
Experiments methodology was selected to examine the influence of four factors (dwell
time and temperature for the carbonisation and activation processes) on four responses
(char and activated carbon yields, activated carbon surface area and activated carbon
average pore size), as described in Section 2.2.2.

4.1.1 Synthesis of Activated Carbons

As described in Chapter 1, the synthesis of activated carbon materials is a two-step
procedure requiring both a carbonisation and activation process. Carbonisation, or
pyrolysis, is the thermal decomposition of a carbonaceous material to eliminate non-
carbon species and produce a fixed mass of carbon with a rudimentary pore structure.213

Carbonisation occurs in an inert atmosphere of typically nitrogen or argon, within a
typical temperature range of 600 to 900 °C.49 During decomposition the non-carbon
elements are eliminated as volatile gases. The remaining carbon atoms arrange into
sheets of condensed aromatic rings with some short-range planar structure.29,47,213 The
arrangement of sheets is irregular, leaving interstices between them, which can be filled
with tarry matter, decomposition products, and disorganised carbon.29,213 This process
produces a carbon char, which may also contain significant amounts of heteroatoms
(such as O, H and S) from the feedstock.48 The char retains a similar structure to the
original material, as illustrated in Figure 4.1, but with a lower bulk density.

a b

Figure 4.1: Scanning electron micrographs showing the surface morphology of an oil palm shell
(a) before and (b) after pyrolysis under vacuum. The starting material structure is retained on
carbonisation. Reprinted from from Jia & Lua,96 with permission from Elsevier.
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Interstices in the carbon char can give rise to pores, which are responsible for
the excellent adsorption characteristics of activated carbons. Immediately following
carbonisation, however, the pore volume and surface area of chars are usually
insufficient for commercial applications.47 A subsequent activation process is required
to enhance the char’s basic porous structure.213 The objective of activation is to produce
a highly porous solid with a well-developed and accessible internal pore structure.99,214

The activation process encompasses two main phases. In the initial stage of activation,
removal of disorganised carbon opens previously inaccessible pores. This exposes the
aromatic sheets to the action of activating agents, leading to the development of new
pores and a microporous structure.213,215,216 In the later stages of activation, carbons
of the aromatic ring system begin to burn, which leads to a widening of existing
pores. Large pores are formed by the burn-out of walls between adjacent smaller pores,
resulting in a decrease of micropore volume. The extent of burn-off is thus an important
measure of the degree of activation.213,216 The activation process results in randomly
distributed pores of various shapes and sizes, and consequently a high surface area.213

Activation can be performed using either a physical or chemical method. Chemical
activation is a single step procedure, incorporating both the carbonisation and activation
processes. The starting material is impregnated with a chemical activating agent,
then heated in an inert atmosphere to a temperature of 400 to 800 °C.49,213 Typical
reagents include phosphoric acid, zinc chloride, sulphuric acid, and potassium
hydroxide.47,213 The reagents act as both a dehydrating agent and oxidant, which allows
carbonisation and activation processes to proceed simultaneously.29,49 Alternatively,
physical activation involves a two-step procedure. The first carbonisation process
proceeds as described above, producing a carbon char. The second activation process
is carried out in the presence of an oxidising gas: usually carbon dioxide or steam,
at a temperature between 600 and 1100 °C.49,213 The active oxygen in the activating
agent burns away the more reactive parts of the carbon skeleton as CO and CO2.213 The
activation, also known as gasification, proceeds by the following reactions:213,215

C + CO2 2 CO ∆H = +159.0 kJ mol−1 (4.1)

C + H2O CO + H2 ∆H = +118.5 kJ mol−1 (4.2)

The reactions of both CO2 and steam with carbon are endothermic and proceed slowly
below 750 and 950 °C respectively. Activation with steam is also accompanied by the
water-gas shift reaction at temperatures above 800 °C:213,215
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CO + H2O CO2 + H2 ∆H = -42.3 kJ mol−1 (4.3)

Chemical activation has the advantage of a single-step process, and is performed both at
lower activation temperatures and for shorter activation times than the physical method.
Reported yields and the extent of microporosity in carbons from chemical activation
are also higher.103,213 The main disadvantage of chemical activation, however, is the
generation of liquid waste which can cause secondary environmental pollution, and thus
must be treated before disposal.98,103 In addition, the process of recovering and recycling
chemical reagents is highly complex.103 Physical activation is consequently commonly
used in the manufacture of activated carbons. The mechanism of this activation process
is described in greater detail in the following section.

4.1.1.1 Mechanism of Physical Activation

The mechanism of physical activation (referred to from this point onwards as activation)
is highly complex and not completely understood. The process depends entirely on how
the activating gas gains access to the internal carbon atoms of a char, and the capacity
at those sites for a reaction to take place, leading to their removal. When other factors,
such as the processing parameters and presence of impurities, are normalised, the rate
of activation is dependent on the structure of the initial carbon char.47 All carbon atoms
on the surfaces of a char are available to react with the activating gas. The reactivity of
these atoms, however, differs depending on their spatial arrangement.47,213 Without this
structural heterogeneity the process of activation would not be possible. The activating
gas would react immediately with the external surface of the char without any increase
in porosity. Instead, the activating molecule can penetrate into the pores of the char and
selectively attack a specific site, passing over many others as it diffuses into carbon.47

Carbon atoms at the edge of aromatic sheets or in defect positions have unpaired
electrons or residual valancies. These atoms are rich in potential energy and thus are
more reactive than atoms in the bulk.213

Marsh et al.47 describes how the oxidising gas interacts with the carbon atoms in the
char, resulting in the formation of a chemisorbed oxygen, known as a surface oxygen
complex. For the reaction of CO2:

C + CO2 CO + C(O) (4.4)

During the activation process the surface oxygen complex can become stable under the
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reaction conditions, blocking a reaction site:

C(O) C O (4.5)

Or it can decompose, leaving the surface as CO:

C(O) CO (4.6)

This leaves a new unsaturated carbon atom for further reaction. Surface oxygen
complexes thus act as both reaction intermediates and inhibitors. In the case of steam
activation, a similar process occurs, with the additional formation of surface hydrogen
complexes C(H). The volatile products released during activation (carbon monoxide and
hydrogen in the case of steam) can also act as inhibitors. The inhibiting effects of the
volatile products and surface complexes are not necessarily negative. They can prevent
the much faster carbon-oxygen reaction, helping to control the rate of activation and
development of porosity. The endothermic nature of the activation reactions means the
activation can be controlled accurately from the processing conditions.213

The presence of inorganic impurities in the feedstock such as salts, oxides, alkali
metals, and transition metals can have a significant impact on the carbon structure,
acting as catalysts during the activation process and influencing pore development.47,215

Rodriguez-Reinoso et al.215 demonstrated how the presence of an iron catalyst affected
the production of almond shell derived activated carbons. Addition of iron increased the
rate of reaction in comparison to the uncatalysed char and promoted the development
of meso- and macroporosity. This was attributed to the increased formation of oxygen
surface complexes at the point of contact between the catalyst surface and the carbon.

4.1.2 Carbonisation Parameters

The effect of processing conditions, in both carbonisation and activation procedures,
on the porosity and surface area of activated carbons has been widely studied. The
key parameters examined and their consequences are discussed over the following few
sections. The parameters of the carbonisation process have been studied previously in
the literature with many experiments performed primarily on biomass feedstocks due to
their low cost, wide availability, and the potential of upgrading a by-product to a high-
value material. The most investigated parameters include the carbonisation temperature,
hold time, gas flow rate, and heating rate. The effect of factors on the yield, porosity,
surface area, or a combination of these responses, are frequently examined and the
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process optimised. A review of the literature on carbonisation parameters and their
effect on activated carbons is the primary focus of this section.

Carbonisation temperature is perhaps the most intensively investigated parameter. The
effect of temperature on the yield of carbons is intuitive, and consistent behaviour
has been reported throughout the literature. Char yields are reported to decrease
with increasing temperature, due to a greater release of volatile matter.95,102,214,216

Accordingly, the volatile matter content of chars decreases with increasing temperature.
The fixed carbon and ash contents increase as non-carbon elements are eliminated. This
removal leads to a material composed primarily of carbon.93,95,216

The effect of increasing temperature on the porosity characteristics of chars, however,
is more complex. Generally, chars prepared at low carbonisation temperatures (below
400 °C) have a low BET surface area (Guo et al. reported values below 50 m2 g-1),
and result in low surface area activated carbons. At these temperatures, the pyrolysis
reactions would have just commenced, and only a limited porous structure would have
been formed, causing the low surface areas reported. Increasing the carbonisation
temperature of chars caused a significant increase in the surface area, pore volume, and
micropore volume of consequent activated carbons. Across the literature examined, a
maximum of between 500 and 750 °C was reached before properties began to degrade
with further increases in carbonisation temperature.93–96,143,217 The increase in surface
area and pore volume was attributed to the primary devolatilisation of low molecular
weight volatiles. Raising the temperature increases the amount of low molecular weight
volatiles emitted from the char structure, enhancing the development of rudimentary
pores. Subsequent activation enhances this porosity further, leading to an improvement
in adsorptive characteristics (such as adsorption capacity, BET surface area, and pore
volume).93,94,96

The Lua group examined the degradation of activated carbon properties at carbonisation
temperatures beyond 600 to 800 °C.93,96 At higher carbonisation temperatures
secondary devolatilisation of higher molecular weight volatiles begins. If the
carbonisation temperature is too high, these high molecular weight volatiles can
decompose and soften to form an intermediate melt. The melt can close off some of
the basic pore structure in the carbon char, as shown in Figure 4.2a. On activation,
the melt obstructs the passage of the activating gas into the porous structure, leading to
a reduced burn-off, and resulting in activated carbons with reduced surface areas and
pore volume.96 A further increase in carbonisation temperature to 900 °C however was
reported by the Lua group to cause devolatilisation of part of the melt, as shown in Figure
4.2b.93,96 This opened previously closed pores, formed additional pores, and improved
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the surface area of resulting activated carbons.

a b

Figure 4.2: Scanning electron micrographs of pistachio nut chars prepared at (a) 600 °C and (b)
900 °C. The 600 °C char shows formation of an intermediate melt, this is volatilised in the 900
°C char. Reprinted from Lua et al.,93 with permission from Elsevier.

Increasing the carbonisation temperature beyond 900 to 1000 °C once more resulted in
a reduction of surface area for subsequent activated carbons. Jia & Lua96 and Guo &
Lua95 reported this decrease was due to the sintering or shrinkage of the char’s porous
structure. Sintering acts to seal pores or constrict their diameter, inhibiting the diffusion
of the activating gas, leading to a reduced BET surface area on activation. Lua et al.93

instead attributed the reduced surface area to a broadening of porosity. By 1000 °C most
volatiles would be emitted, and consequently, the char would contain larger pores, which
would be widened further on activation. The decreased surface area could be because
larger pores contribute less to surface area than smaller pores.

Carbonisation hold, or dwell, time elicits similar behaviour to the carbonisation
temperature. Previous studies report that an initial increase in hold time, up to an
optimum value of 1 to 2 hours, improves the BET surface area, pore volume, and
micropore volume of subsequent activated carbons,93–95,143 as illustrated in Figure 4.3
for oil palm shell carbons. The adsorptive properties of the material improve due to
the continued release of volatile matter, which acts to enhance the rudimentary pore
structure of the char as the hold time increases. Subsequent activation further enhances
this structure and improves the porosity of activated carbons.93,94

Also demonstrated in Figure 4.3, is that a further increase of the carbonisation hold time
above the optimum becomes detrimental to the porosity of resulting activated carbons,
reducing the adsorptive properties. Lua et al.93,94 attributed this again to the formation
of an intermediate melt, sealing off porosity in the char, and restricting diffusion of
the oxidising gas in the following activation stage. An alternative mechanism reported
by Guo & Lua,95 is the shrinkage of char at prolonged hold times which leads to the
constricting and sealing of pores as described above, again reducing the porosity of
subsequent activated carbons.
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Research by Guo & Lua et al.95 indicates the effect of hold time on the porosity of
activated carbons is temperature dependent, as demonstrated in Figure 4.4. For oil palm
stone activated carbons at carbonisation temperatures below 700 °C any increase in hold
time was beneficial to the BET surface area. At 800 °C increasing the carbonisation hold
time past an optimum of 3 hours was detrimental to the adsorptive properties of resulting
activated carbons. This effect became more prominent at even higher carbonisation
temperatures (900 °C), where increasing the hold time past the 1 hour optimum had a
detrimental effect on the activated carbon surface area. This effect is likely a result of
the carbonisation reaction rate. At lower carbonisation temperatures the pyrolysis rate
is slower, and thus increasing the hold time is beneficial to the activated carbon porosity,
by releasing increasing quantities of volatiles and enhancing the char’s rudimentary
structure. Due to the faster reaction rates of higher carbonisation temperatures, an
optimum is soon reached, and prolonged hold time causes the detrimental effects
described above.

Guo & Lua95 also reported the activated carbon yields were dependent on both
carbonisation temperature and hold time. The yields of low temperature (400 °C) chars
were more significantly affected by the hold time than those of higher temperature chars
(900 °C). At low carbonisation temperatures, the release of volatile matter is time-
dependent, since there is insufficient thermal energy to release all volatiles during short
hold times. At high temperatures, however, most volatiles are released during the ramp
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Figure 4.3: The effect of carbonisation hold time on resulting oil palm shell activated carbons.
The surface area and micropore volume improve with increasing hold time up to an optimum 2
hours; any further increase in hold time is detrimental to material properties. Redrawn from Lua
et al.,94 and reprinted permission from Elsevier.
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Figure 4.4: The effect of hold (or retention) time is shown to be temperature dependent on oil
palm stone activated carbons. Below 800 °C increasing the hold time has a positive effect on the
surface area. Above 800 °C longer hold times have a detrimental effect. Reprinted from Guo et
al.,95 and reprinted permission from Elsevier.

up and within the first hour of carbonisation, thus increased carbonisation time has little
effect on the yield.

The carbonisation heating rate is another parameter frequently optimised in activated
carbon production. The heating rate can be considered an extension of the carbonisation
hold time. For example, increasing the rate reduces the time required to ramp up,
and consequently decreases the length of time the char is heated.94 The heating rate
is reported to have a detrimental effect on the adsorptive characteristics of activated
carbons if it is too low or too high. Lua et al.93,94 reported an optimum of 10 °C min-1

for pistachio nut and oil palm shell chars. Any deviation to higher or lower heating rates
was detrimental to the BET surface area and pore volume of resulting activated carbons.

Baklanova et al.218 studied the effect of heating rate on cedar nutshells and hydrolytic
lignin chars, and concluded a heating rate above 3 °C min-1 decreased the adsorptive
properties of chars. Finally Loloie et al.143 found increasing the heating rate from 5
to 10 °C min-1 produced only a slight decrease in the surface area of activated carbons
prepared from scrap tyres. A low heating rate resulted in chars being held at temperature
for a prolonged time and can cause a decrease in adsorptive properties, originating
from the same detrimental effects described previously for prolonged hold times.94

Conversely, when the heating rate is too high the ramp up is much shorter, and the
char is not carbonised long enough for sufficient pore development.93,94
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The final parameter commonly optimised in the carbonisation process is the flow rate
of the pyrolysis gas. The purge gas, commonly argon or nitrogen, does not actively
participate in the pyrolysis reactions. The main purpose of the purge gas is to remove
released volatiles from the reactor.94,219 Lua et al.94 found a low carbonisation flow
rate (50 mL min-1) failed to remove volatiles efficiently from the reactor and resulted
in the deposition of volatiles onto the surface of the char. Consequently, pores in
the basic char structure were sealed, preventing diffusion of the oxidising gas in the
following activation process, and causing a decrease in the surface area and porosity of
resulting activation carbons. The optimum flow rate removes volatile matter before it is
redeposited, enhancing the adsorptive properties of activated carbons.

At high carbonisation flow rates (above 300 mL min-1) the porosity characteristics of
activated carbons decrease. Lua et al. attributed this to a reduction in the sample
temperature, which lowered the carbonisation reaction rate. This would decrease the
quantity of volatiles released and thus the fundamental pore structure of the char would
not be as well developed before activation. Sumathi et al.219 reported an interaction
between the carbonisation flow rate and the carbonisation hold time. Increasing both
parameters to their maximum values studied (500 mL min-1 for 1 hour) produced an
activated carbon with an improved surface area (compared to carbons produced at a
low flow rate and carbonisation dwell time). Reducing the carbonisation flow to low
and medium values (below 300 mL min-1), however, produced activated carbons with a
decreased surface area. They believed this was also due to a reduced surface temperature
of the sample.

The carbonisation parameters examined by previous research and the optimum
conditions found are summarised in Table 4.1. Although conditions are variable across
the sources examined at a heating rate of 10 °C min-1 or below and gas flow rate of 150
mL min-1 or below appear beneficial for activated carbon development. An optimum
carbonisation hold time of 2 hours is most common; however, there is variability.
The carbonisation temperature seems to be the most variable parameter, with optimum
conditions found between 500 and 800 °C. Clearly, careful selection of carbonisation
parameters is essential for optimising the adsorptive capacity of activated carbons. This
is due to the rudimentary porous structure formed during the carbonisation process,
which is enhanced by activation. The obstruction of pores or deterioration of the porous
structure negatively affects the adsorptive properties of resulting activated carbons.
The conditions chosen must be appropriate to form this basic porous structure, but
the process should finish before any adverse effects can take place. The processing
conditions for the following activation stage, and their impact on activated carbon
properties are explored in the next section.
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4.1.3 Activation Parameters

The activation process parameters, similar to the carbonisation stage, have been
investigated previously in the literature for their effect on the adsorptive properties of a
wide range of activated carbons. The most investigated parameters include the activation
temperature, hold time, choice of oxidising gas, gas flow rate, and heating rate. A
summary of the literature on these factors is the primary focus of the following section.

As introduced previously in section 4.1.1, the extent of char burn-off during activation
is considered a measure of the degree of activation. According to Dubinin &
Zaverina213,220 a microporous carbon is produced with up to 50 wt.% burn-off, a carbon
with mixed porosity when burn-off is between 50 and 75 wt.%, and a macroporous
carbon when burn-off exceeds 75 wt.%. The effect of burn-off on the pore size
distribution of resulting carbons was investigated by Daud et al.217 and Chang et al.97

on materials derived from palm shells and corn cob waste respectively. Improvement
in micropore volume and BET surface area was seen with increasing burn-off values up
to 50 wt.%. This improvement was attributed to the opening of previously inaccessible
pores and creation of new porosity. Increasing the burn-off past 50 wt.% saw a decline
in the micropore volume of activated carbons. Additionally, Daud et al. noted the
development of meso- and macropore volume onset at burn-off values of 20 and 30
wt.% respectively. The extent of this porosity increased with increasing levels of burn-
off.
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Figure 4.5: BET surface area and micropore volume for coconut shell carbons improve
with increasing activation temperature up to 900 °C, before declining with further increase in
temperature. Figure redrawn from Yang et al. 103 data.
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Activation temperature is perhaps the most investigated parameter for activated carbon
production. The reaction of both steam and carbon dioxide with carbon is endothermic
(as discussed previously in section 4.1.1.1); thus the rate of reaction is highly dependent
on the temperature. A general trend was seen throughout the literature on increasing
the temperature of the activation process and is illustrated in Figure 4.5. At low
activation temperatures (below 750 °C) the reaction between carbon and the activating
gas is limited. This results in activated carbons with a low BET surface area and pore
volume.98 Increasing the activation temperature results in a higher burn-off, reduced
yield, and consequently has a beneficial effect on the adsorptive characteristics of
activated carbons, up to an optimum temperature of 800 to 900 °C. The increased
rate of reaction between carbon and the oxidising gas enhances the char’s rudimentary
porous structure, and creates new pores through the release of low molecular weight
volatiles.98–103,143,219

Further increase of the activation temperature beyond the optimum is detrimental to
the BET surface area and micropore volume of activated carbons. This is due to
the widening of pores and collapse of pore walls, which at these higher temperatures
dominates over the process of developing new micropores. This process is evidenced
by an increase in meso- and macropore fractions and widening of the average pore
size,98–100,103,143,215,219 as illustrated in Figure 4.6 for coconut shell activated carbons.
At 750 °C the distribution is centred on ultramicropores (pores with a diameter below
7 Å), indicating a well-developed microporous structure. A broadening of the pore size
distribution occurs with increasing activation temperature, as it shifts to supermicropores
(pores with diameter 7 to 20 Å) and mesopores at 950 °C. Similar behaviour was noted
by Ganan et al.101 and Yang et al.103

In addition, research carried out independently by Berger et al.221 and Rodriguez-
Reinoso et al.215 on brown coal and peach stone CO2-activated carbons respectively,
showed there is a relationship between burn-off and activation temperature, which
affects the porosity of resulting carbons. Brown-coal activated carbons produced to
the same burn-off level, but at higher activation temperatures, had a broader pore size
distribution than those produced at lower activation temperatures. Peach stone carbons
activated to the same level, but using a higher activation temperature, also resulted in a
broader distribution, with activated carbons showing a substantial increase in mesopore
volume.

The activation hold time must be long enough to form a basic porous structure through
the elimination of moisture and volatiles, but should stop at the point when volatile
evolution ends to prevent pore enlargement.98 Indeed this pattern is seen throughout
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Figure 4.6: Pore size distributions calculated using NLDFT showing the increase in pore size
of coconut shell carbons with increasing activation temperature. Redrawn from Guo et al.98 and
reprinted with permission from Elsevier.

the literature studies on optimum dwell time and is illustrated in Figure 4.7. The
BET surface area and micropore volume of activated carbons increase with longer
hold times up to an optimum time of 1 to 2 hours. During this time volatiles are
released, and the reaction of the activating gas with carbon progresses, developing
the microporosity of activated carbons.98–100,103,143,214 At the optimum hold time the
greatest quantity of micropores is formed, resulting in the largest micropore volume and
surface area.98 Extended activation times beyond this optimum have a detrimental effect
on the adsorptive properties of activated carbons. Widening of micropores and collapse
of pore walls exceeds the formation of new micropores, leading to an increase in meso-
and macroporosity.98–100,103,143

The activating gas serves a dual purpose: reacting with the carbon to further develop
porosity and removing released volatiles from the furnace. The most common agents
investigated were CO2 and steam. Following carbonisation, chars exhibit a relatively
narrow microporosity which may be further constricted by the presence of tar or other
pyrolysis products.222 The effective diffusivity of water vapour, with smaller molecular
weight and dimensions, is much larger than that of CO2.223 Consequently, steam should
be able to access these micropores more readily than CO2, and steam-derived activated
carbons would be expected to have a narrower microporosity and higher gasification
rate.222,223 Such behaviour was seen in earlier work by Wigmans et al., however more
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Figure 4.7: Activation hold time improves the BET surface area and micropore volume of
coconut shell activated carbons, up to an optimum of 140 minutes before properties begin to
degrade. Prepared at 900 °C with a CO2 flow rate of 200 mL min-1 and heating rate of 10 °C
min-1. Redrawn from Yang et al.,103 and reprinted with permission from Elsevier.

recent research appears to show the opposite.222–224

In general both CO2 and steam show the same activation behaviour. The largest
increases in porosity occur during the early stages of activation. Burn-offs greater
than 40 - 50 wt.% result in the destruction of porosity and decrease in adsorptive
characteristics of carbons.223 The development of a carbon’s microporosity, however,
can follow two pathways depending on the gasifying agent. Molina-Sabio et al.222

and Rodríguez-Reinoso et al.223 examined the effect of the gasifying agent on olive
stone derived activated carbons. During CO2 activation, microporosity is developed
and widened simultaneously, with the former most predominant at low burn-offs (below
20 wt.%) and the latter at higher burn-offs (above 30 - 40 wt.%). Steam, however,
widens microporosity throughout the activation process, with the limited creation of
new micropores. As a result, steam activated carbons have a higher total pore volume,
mesopore and macropore volumes, but a lower micropore volume, in comparison to
carbons activated with CO2. Similar results were also reported with activated carbons
prepared from rockrose by Pastor-Villegas and Durán-Valle.224

The difference in porosity development between steam and CO2 is potentially an effect
of surface oxygen complexes (introduced previously in section 4.1.1.1).222,223 Molina-
Sabio et al.222 related the evolution of CO to the concentration of surface oxygen groups.
CO evolution was found to vary as a function of the activation agent and was higher
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for carbons activated in CO2 compared to those activated in steam. They discovered a
relationship between the formation of micropores and the evolution of oxygen functional
groups; for steam, the microporosity and number of surface groups increased only
slightly with burn-off. Considering significant carbon removal still occurred, this
indicated the activation proceeded via pore widening rather than the creation of new
micropores. For CO2 activation, there was a parallel increase in microporosity and the
quantity of oxygen surface groups, indicating the formation of new microporosity was
favoured over pore widening. Consequently, H2O-activated carbons exhibited a broader
pore size distribution than CO2-activated carbons. An alternative hypothesis proposed
that the angular H2O molecule does not attack the carbon as selectively as the linear
CO2 molecule, resulting in micropore widening.223

The effect of the gas flow rate has been studied previously, particularly for processes
utilising CO2 as the oxidising gas. The flow rate controls the rate of reaction between
carbon and the oxidising gas. Too low (around 50 ml min−1) and insufficient amounts of
gas will be able to diffuse into the sample interior and react with the carbon.103 As seen
previously in the carbonisation process, an insufficient flow rate also allows redeposition
of volatiles on the sample surface, which can block the porosity of activated carbons.99

Across the literature, increasing the activating gas flow rate was found to improve the
BET surface area of carbons up to an optimum and decrease the yield.98,99,103 This is
due to an enhanced reaction between carbon and the oxidising gas, increasing the burn-
off. In the case of Yang et al.103 and Guo et al.98 for coconut shell derived activated
carbons, an improvement in the total pore volume and micropore volume occurred with
increased flow rate to an optimum.

The optimum flow rate is highly variable, between 100 and 800 mL min-1.98,99,143

This disparity is likely due to differences in the experimental set-up, for example, the
diameter and length of the work tube, size and shape of the combustion crucible, and
whether the flow rate was measured on the inlet or outlet of the furnace. Despite
variations in the absolute values, increasing the flow rate past an optimum level is
detrimental to the BET surface area and micropore volume of activated carbons.99,143,225

Guo et al.98 also reported an increase in the mesopore volume of materials.

As the flow rate increases, the number of active sites available in the char to react with
the oxidising gas also increases. At a certain level, all active sites in the char will react
with the oxidising gas. Increasing the flow rate past this point is unfavourable for the
formation of new pores, and instead, widening of the existing micropores occurs.213

Sumathi et al.219 noted a relationship between the flow rate and activation time for
palm shell activated carbons. Increasing both the flow rate and hold time improved the

104



CHAPTER 4. OPTIMISATION OF LIGNIN-DERIVED ACTIVATED CARBONS

pore development of carbons, leading to an increase in BET surface area. When either
parameter was in excess, however, there was a reduction in BET surface area. This was
due to two possible effects: excessive burn-off of the carbon causing pore enlargement,
or thermal annealing of the pores.

The activating heat rate can be considered either an extension to the carbonisation hold
time (if performed under an inert atmosphere) or the activation hold time (in an oxidising
atmosphere). Yang et al.103 and Yang & Lua99 found the surface area of coconut-shell
CO2 activated carbons heated under an inert gas improved with an increase in heat rate
from 5 to 10 °C min-1. This was attributed to the longer dwell time increasing the burn-
off,103 and the higher heating rate causing a higher thermal gradient across the sample,
which favoured CO2 diffusion into the sample interior.99 Increasing the heating rate
above 10 °C min-1 decreased the BET surface area and increased the yield of activated
carbon. The higher heating rate reduced the contact time of the carbon char with the
activating gas, reducing the burn-off and thus pore development.99,103

The activation parameters examined, and the sources, used are summarised in Table
4.2. The optimum conditions are highly variable across the sources examined, as seen
with the carbonisation parameters. Several groups have examined the importance of the
carbonisation and activation parameters and the magnitude of their effect. To assess
the relative impact of each parameter coefficients of variation can be determined for the
materials adsorptive properties (e.g. BET surface area, micropore volume etc.) for each
of the parameters studied. The coefficient of variation represents the ratio of the standard
deviation to the mean and can be used to compare the variation in several variables with
different mean values, such as BET surface area and micropore volume. The average
coefficient of variation can be used to determine the significance of each parameter on
the adsorptive properties of the final material.94

There is variation in the literature on the importance of the different carbonisation
processing parameters. For pistachio nut shell activated carbons, Lua et al.93 determined
that carbonisation temperature had the most significant effect on adsorptive properties,
followed by the heating rate. This was thought to be because both the quantity of
volatiles released and rate of reaction were important in determining pore structure.
The gas flow rate, by contrast, was not found to be significant, because the removal
of volatiles did not immediately affect the materials porosity. Carbonisation hold time
was determined the least significant effect because most of the volatiles for pistachio
nut shell materials were released during the ramp up and within the first hour. Later
work on a different source material, however, yielded different results.94 The most
significant factor for oil palm shell derived activated carbons was the carbonisation
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hold time, followed by the gas flow rate and carbonisation temperature. The heating
rate had the least effect on material properties. The author did not comment on why
these factors were the most significant; however, it is likely an effect of the feedstock.
Loloie et al. optimised parameters for both the carbonisation and activation processes.
The activation temperature was found to have the most significant effect; although,
carbonisation temperature and time were also notable. The effect of the heating rate
was found to be negligible.

Optimisation of an activated carbon’s properties through careful selection of processing
parameters is a complex process. There is variation in optimum conditions (Table 4.1
and 4.2), and disagreement over which parameters have a more significant effect on
carbon adsorptive properties. General trends, however, on the impact of parameters on
adsorptive properties can be discerned. In most cases increasing parameter values up to
an optimum value results in the continued development of the activated carbon porous
structure, and improvement in characteristics such as BET surface area and micropore
volume. Pushing conditions past their optimum values invariably has a detrimental
effect on such properties as the porous structure starts to degrade.

The general variation in optimal conditions between different studies is due to a large
variety of external factors, including the set-up used during synthesis, type of furnace or
reactor, amount of starting material, type of starting material, particle size, combustion
boat selection, boat/reactor loading, and interactions between parameters etc. The
impact of different parameters and their optimal conditions for maximising activated
carbon adsorptive potential is, therefore, unique to each system. The most common
factors assessed in both carbonisation and activation processes are the temperature,
dwell time, heating rate, furnace gas, and gas flow rate.

Most of the literature sources highlighted so far investigate the factors of interest
using the one-variable-at-a-time approach rather than using an experimental design,
introduced in Section 2.2.2. Although this approach offers high resolution of the
experimental range, demonstrated in Figures 4.3 to 4.7, there is limited insight into
how factors are interdependent. The Design of Experiments method, by contrast, offers
a wealth of information on the significance of each factor on a specific response, but
also the presence of interactions between factors.

4.1.4 Experimental Design: Introduction and Planning

The settings identified in this work will be applied to different types of lignin in the
following chapter, and an in-depth characterisation performed to determine the effect of
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the lignin structure on the adsorptive characteristics and porosity of activated carbons.
Ideally, the experimental design would incorporate the five different types of lignin, and
the impact of lignin structure could be examined within the design itself. However,
due to limited availability of the lab-extracted lignins, and the need for a homogeneous
sample, the design was performed only on the industrially extracted organosolv material.

The selection process for the factors and responses is described in the following. The
first stage of experimental design involved selecting the factors to investigate and
their ranges, and selecting the response variables to be measured. For a successful
experimental design, all possible factors which may influence the system should be
considered at the outset. The carbonisation-activation process was considered carefully,
and the list of factors considered is included in the Appendix (Figure C.1). The potential
factors were divided into design factors and factors that were held constant. The latter
are variables which may influence the response but are not of interest in the present
experiment. These factors are held at a specific level to ensure they do not influence
the system.105 Examples of such factors controlled in this experimental design were the
crucible type, material loading, particle size (industrial organosolv lignin was provided
homogenised to a fine powder), cooling rate, cooling gas, activation heating gas, and
activation gas. Details of these parameters are given in Sections 2.2.1 and 2.2.2.
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Figure 4.8: Thermogravimetric (TG) trace of industrial lignin char (carbonised at 900 °C for
6 hours). Char was heated in argon at 5 °C min-1until the sample temperature ( ) reached
1000 °C when the gas flow was switched to CO2 (100 mL min-1), and the weight loss ( ) was
observed (see inset).
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The design factors selected for study were the temperature and dwell time for both
the carbonisation and activation processes. These were the factors most frequently
investigated in the literature, and most likely to influence materials adsorptive properties.
The initial design also included gas flow rate and ramp rate as parameters of interest, as
highlighted by the literature. Due to time constraints, however, these parameters were
excluded from the experimental design and instead held at a constant level (detailed
in Section 2.2.1). An appropriate investigation range for each of the four design
factors was selected. Conditions for carbonisation temperature, carbonisation dwell
time, and activation temperature were determined according to those used previously
in the literature. Carbonisation was performed primarily at temperatures between 350
and 900 °C and held at temperature for between 30 to 360 minutes. Physical activation
frequently utilised temperatures between 800 and 1000 °C. The activation dwell time
was selected to ensure a range of activation levels were investigated. The degree of
activation is commonly measured as the degree of material burn-off (see Section 4.1.3).

Thermogravimetric analysis (TGA) was used to approximate the appropriate range for
activation dwell time. The weight loss of the most severely treated carbon char (with
factors at their highest values of 900 °C for 360 minutes) was examined in a CO2

atmosphere at the highest activation temperature (1000 °C), shown in Figure 4.8. The
heating stage up to the activation temperature took place in an inert argon atmosphere,
during which around 40 wt.% of the char mass was lost. The furnace gas was switched
to CO2 once the activation temperature was attained, and a sharp decrease in sample
mass from 60 to 5 wt.% occurred within 30 minutes (see Figure 4.8 inset).

Following TGA, the appropriate activation time range was investigated further by
scaling up the experiment to a horizontal tube furnace. Chars prepared using the most
severe carbonisation conditions were activated in the tube furnace using CO2, with the
activation dwell time varied between 30 to 60 minutes. The resulting burn-off and
surface area values of activated carbons are shown in Figure 4.9. Burn-off increased in
the order of 40, 65, and 90 wt.% with increasing dwell times of 30, 50, and 60 minutes
respectively. Nitrogen sorption analysis showed a corresponding, and expected, increase
of BET surface area from 800 m2 g-1 at 40 wt.% burn-off to over 1000 m2 g-1 at 90 wt.%
burn-off.

The increase in activation time allows for more extensive oxidation of the carbon char by
the activating gas and thus a higher burn-off level. The rudimentary porosity in the char
is enhanced, and new pores are created, which leads to an improvement in BET surface
area. The burn-off rate was quicker in the TGA experiment (with 95 % burn-off within
30 minutes), likely due to the smaller sample size and differences between the TGA and
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furnace crucible. Based on the burn-off levels achieved in the scaled-up experiment a
range of 20 to 60 minutes was determined suitable for the activation dwell time. This
range ensured a wide range of activation levels was investigated in the experimental
design.

4.1.4.1 Design Selection

Four response variables were selected for activated carbon analysis: char burn-off,
activated carbon burn-off, activated carbon surface area, and activated carbon average
pore diameter. Burn-off is not only a measure of activation but also carbon yield.
A trade-off between yield and surface area is needed to obtain a carbon with good
adsorptive properties without uneconomical loss of material. A full nitrogen isotherm
would yield more extensive information on the porosity and adsorptive properties of
carbon. However, the measurement is time intensive and unsuitable for screening a large
number of materials. The BET surface area requires only five points to calculate, far
fewer than a full adsorption isotherm (which typically records over 100 to 150 points).
Consequently, BET surface area is preferred as an indication of a materials adsorptive
characteristics; promising materials can be identified and more in-depth characterisation
performed at a later stage. Average pore width was derived from SAXS patterns. As
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Figure 4.9: The effect of varying CO2 (100 mL min-1) activation time at 1000 °C on the BET
area (columns) and burn-off (�) of activated carbons from industrial lignin char (carbonised at
900 °C for 6 hours).
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with surface area, SAXS is preferred over gas sorption for screening large numbers of
samples. Although the latter may provide a more in-depth characterisation of porosity,
SAXS patterns only take 30 minutes to collect per sample rather than hours to days.
Experimental details for gas sorption and SAXS measurements are included in Section
2.3.

A screening design is usually performed first on a new system, to discover which
factors are the most influential, and to determine the ranges over which they should
be investigated. A second, separate optimisation design can then be performed
afterwards, to determine the combination of factors which produces optimal operating
conditions.104 Due to time constraints on the experiment, it was not possible to complete
two experimental designs, and thus only the screening design was performed. Some
optimisation of the experimental conditions is still possible with a screening design,
however, some information on the experimental system may be missed. To meet the
second chapter aim the activated carbon with the highest surface area was chosen as the
optimal conditions, and the process conditions applied to experiments in Chapter 5.

A resolution IV fraction factorial design was used to investigate the effect of the
four design parameters (carbonisation temperature, carbonisation hold time, activation
temperature, and activation hold time) on four measured responses (char and activated
carbon yield, surface area, and average pore diameter). The use of a factorial design
meant the number of experimental runs required to investigate the four factors decreased
from 16 to 8; 11 runs total including 3 repeats at the centre point. This fractional design
was required due to the aforementioned time constraints. The tradeoff of the reduced
number of experiments is that model terms will be more difficult to interpret. As a
result, the main effect of the individual factors on a response can still be identified with
high certainty. However, the effect of interactions between two or three factors will
be confounded (not completely resolved from one another). The experimental design
matrix showing the factor settings and measured responses for each experiment are
shown in Table 4.3.
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4.2 Results and Discussion

4.2.1 Carbon Morphology

The morphology of chars and activated carbons synthesised using the Design of
Experiments matrix, for mild, severe, and medium processing conditions (all factors
at their lowest setting, highest setting, or in the middle of the experimental range)
are investigated in the following. Chars resulting from the carbonisation process are
shown in Figure 4.10. Swelling of the lignin char on heating was seen previously during
thermogravimetric analysis on 10 - 15 mg of lignin powder (Section 3.2.4, and clearly
occurs during this set of experiments with a scaled-up mass.

 lignin 

 medium  severe 

 mild 

Figure 4.10: Image of lignin (pre-carbonisation) and chars carbonised using mild (350 °C for
30 minutes), medium (625 °C for 195 minutes), and severe (900 °C for 360 minutes) conditions,
a constant ramp rate of 5 °C min-1was used throughout. Dimensions of the carbonisation vessels
were 105 mm × 22 mm × 14.5 mm.

The foaming phenomenon must occur below the carbonisation temperature of the mild
char (350 °C), since both low and high temperature chars exhibited swelling during
pyrolysis. The onset temperature of foaming was investigated by heating small mass
samples of lignin in a conventional oven (Figure 4.11). The lignin had softened by
150 °C, and the onset of expansion occurred between 150 and 200 °C, with an increase
in sample volume of approximately 210 % during this period. From 150 to 250 °C
(the highest temperature examined) the sample volume increased by around 250 %.
Deflation of the char occurred on removal from the heat source, implying that evolution
of gas was the cause of the swelling. Volatiles released during decomposition likely
provide the mechanism for foaming to occur.

The morphology of lignin chars was examined more closely using scanning electron
microscopy. Pockmarks appeared on the char surface with increasing treatment severity,
as shown for the medium and severely treated chars in Figure 4.12. The appearance
of these small voids could be attributed to an increase in volatile emission due to
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25 °C 150 °C 200 °C 250 °C Cooled 

Figure 4.11: Images of industrial organosolv lignin heated in a conventional oven. Expansion
of the sample onset between 150 and 200 °C, and continued to the maximum investigated
temperature of 250 °C. Deflation of the char occurred on removal from the oven at 250 °C
as it cooled to room temperature.

increased char burn-off. However, the medium and severely treated chars, despite
different carbonisation conditions, exhibited similar burn-off values of 59 and 60 wt.%
(± 1 wt.%) respectively. The apparent absence of pockmarks in the medium char is
instead likely due to the resolution of the micrograph. The samples in this work were
not measured with a conductive metal coating. Consequently, white areas are visible
in all micrographs due to charging of the sample caused by the accumulation of static
electric fields. This charging limits the use of higher acceleration voltages, leading
to a reduced resolution.226–228 The secondary electron yield is also lower in uncoated
samples, reducing the signal to noise ratio and thus the micrograph clarity.226,227 The
absence of a conductive coating means caution is required when comparing sample
morphologies.

Micrographs of all chars are shown in Figure 4.13. The formation of large bubbles on the
surface of all materials is evident, likely due to escaping volatiles. The same behaviour

 200 μm 

 severe 

 200 μm 

 medium 

Figure 4.12: Scanning electron micrographs at an enhanced magnification of the top surface of
lignin char monoliths carbonised at medium (625 °C for 195 minutes) and severe (900 °C for
360 minutes) conditions.
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Figure 4.13: Scanning electron micrographs comparing lignin-derived chars carbonised using
mild (350 °C for 30 minutes), medium (625 °C for 195 minutes), and severe (900 °C for 360
minutes) conditions.
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 200 μm 

 mild 

 medium 

 500 μm 
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Figure 4.14: Scanning electron micrographs of industrial organosolv lignin-derived carbons
prepared using mild (carbonised: 350 °C for 30 mins, activated: 800 °C for 20 mins), medium
(carbonised: 625 °C for 195 mins, activated: 900 °C for 40 mins), and severe (carbonised: 900
°C for 360 mins, activated: 1000 °C for 60 mins) processing conditions. Chars were ground to a
powder before activation.
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was observed in lignin TGA chars (Figure 3.16). The underside of the industrial lignin
monoliths shows evidence of flow, with large bubbles throughout the structure. By
comparison, the top side of the char monoliths have a very rough texture. The large and
small voids evident in SEM are on the micrometre scale, and thus do not contribute to
the adsorption capacity of the char.

Following carbonisation, chars were ground to a fine powder and then subjected to the
activation process; the resulting activated carbon morphology is shown in Figure 4.14.
The medium and mildly treated activated carbons have a similar overall burn-off (64
wt.% and 62 wt.% respectively), but the former exhibits much larger voids throughout
the material. Charging is evident in these micrographs, akin to Figure 4.12, the use
of a conductive coating would lead to a clearer micrograph with improved resolution.
Despite this, the difference between the char voids in these micrographs is more apparent
than in Figure 4.12. Consequently, we can be confident this is a true variation in
morphology rather than an effect of the resolution. The increased severity of activation
conditions used for the medium char is likely the cause of the larger voids. Atoms at
edges of graphene sheets are more reactive than those in the graphene layers (or basal
plane),47 thus favouring further widening of the voids in the medium char.

4.2.2 Evaluation of Raw Data from Design of Experiments

The raw data (shown in Table 4.3) was first evaluated using replicate plots, shown
in Figure 4.15. The variation between the replicate points was compared with the
overall variation in the data set for each of the measured responses. Each experiment
performed with a unique combination of factors is shown as an isolated point, and the
three replicates (with identical factor settings at the mid-point) shown in-line. Overall,
for all measured responses the variation between the replicates is much smaller than the
variation over the data set. This implies a small replicate error, which will not affect the
results of the regression analysis.

Normally, or near-normally, distributed data is advantageous for regression analysis,
improving the efficiency of data analysis and enhancing the model validity.104 The
distributional shape for each of the four responses was examined. The char burn-off
responses were negatively skewed, whereas the activated carbon burn-off and surface
area responses were positively skewed (included in Appendix C). This skewness
indicates at least one measurement with an extreme response, which would have
a significant impact on the modelling.104 A logarithmic transformation (or negative
logarithmic for the char burn-off) was applied to the responses, resulting in a near
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normal distribution, as shown in Figure 4.16. The average pore diameter response did
not require any transformation; the original response data had a normal distribution.
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Figure 4.15: Replicate plots used to ensure the variation between replicate measurements (�) is
smaller the variation over the data set (•) for each of the measured responses (char and activated
carbon burn-off, activated carbon surface area, and activated carbon average pore size). Each
point represents a numbered experiment, with the factors for each listed in Table 4.3.

4.2.3 Assessing the Influence of Factors on Response Variables

Regression analysis was used to determine the influence of each factor on the response
parameters (burn-off, surface area, and average pore radius) by fitting the data to a
second order polynomial model (Equation 2.4) as described in Section 2.2.2. The model
validity is assessed using the goodness of fit parameter r2 and the goodness of prediction
parameter q2: how well the regression model fits the data, and how well the model
predicts the experimental data, respectively. Both parameters, measured between 0
and 1, should be high and preferably not separated by more than 0.3. The regression
coefficients (β ) indicate how much influence each of the investigated factors has on the
response. Refining of the models took place by removing insignificant factors and by
including square and interaction terms, where applicable, to maximise the q2 value.104
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AC burn off (wt.%) Char burn off (wt.%) 

AC surface area (m2g-1) AC pore diameter (Å) 

Figure 4.16: Histograms of response were used to study the distributional shape of the four
response variables; char and activated carbon burn-off, activated carbon surface area, and
activated carbon average pore diameter. To attain a near-normal distribution the char burn-
off response required a negative logarithmic transformation, and the activated carbon burn-off
and surface area required a logarithmic transformation. Original distributions are included in
Appendix C. Plots were created using MODDE Pro 11.0.

4.2.3.1 Influence of Factors on Char Burn-Off

Regression coefficients for the char burn-off are shown in Figure 4.17a. The
carbonisation temperature had the most significant influence on char burn-off. The
positive effect indicates an increase in carbonisation temperature (CTemp) results in
an enhanced burn-off. Higher pyrolysis temperatures cause an increase in the amount of
low molecular weight volatiles emitted from the char, and thus an increase in burn-off.

Carbonisation time (CTime) has a small but limited influence on the char burn-off.
Devolatilisation of the char appears to be completed primarily during the heating stage.
Table 4.3 shows only a small difference in burn-off between 350 °C chars held for 30
minutes (40 wt.% burn-off, Exp 1 and 5) or for 360 minutes (44 wt.% burn-off, Exp 3
and 7). This is likely due to a combination of the small sample size (3 g) and relatively
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Figure 4.17: (a) Regression coefficient plot for the char burn-off response indicating the
influence of carbonisation temperature (CTemp) and carbonisation time (CTime). Error bars
represent the 95 % confidence interval. Burn-off is defined as the difference between the weight
of initial feedstock/char and the weight of material following carbonisation/activation. (b) A plot
of experimentally observed points against those predicted by regression analysis (dotted line) for
char burn-off. The summary of fit parameters, r2 and q2, were listed.
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slow ramp rate (5 °C min-1) used in the experiments. A smaller sample size means
there is a reduced quantity of volatiles to be emitted in comparison to a larger sample,
and thus complete devolatilisation at elevated temperature occurs within a shorter time
frame. The ramp rate of the furnace is restricted to a maximum of 5 °C min-1 to avoid
cracking of the ceramic work tube. Compared to a rapid or flash pyrolysis (for example,
at 20 °C min-1) volatile emission occurs over a longer period. The ramp rate can be
considered an extension of the dwell time, and if most devolatilisation occurs in this
initial ramping period, the following carbonisation dwell time becomes less significant.

Linear terms, such as CTemp and CTime indicate the factors have a direct influence on
the response. The char burn-off is also affected by the squared term CTemp∗CTemp,
indicating a non-linear relationship between carbonisation temperature and burn-off.
This is supported by the behaviour of lignin during TGA (Figure 3.15). A rapid decrease
in weight loss (or increase in burn-off) occurs at temperatures below 400 °C, which
plateaus above 600 °C. A positive CTemp∗CTemp term would imply the effect of
carbonisation temperature increases at higher carbonisation temperature. However, as
seen in the TGA, the reverse is true. After an initial rapid increase in burn-off, this
gain decreases at higher temperatures, and the burn-off begins to plateau when further
devolatilisation of the char is not possible. The relationship between carbonisation
temperature and burn-off, therefore, is quadratic with a negative effect; the effect of
carbonisation temperature decreases at higher carbonisation temperatures.

Figure 4.17b indicates good agreement between the regression model and char burn-off.
The experimental points are clustered close to the dotted line predicted by the model,
resulting in a high r2 of 0.98 and q2 of 0.97, both indicative of an excellent fit. The model
was further examined by analysis of variance (ANOVA) using two F-tests. The first
evaluated the significance of the regression model, which was found to be statistically
significant at the 95 % confidence level (p < 0.05, for this model p = 6.44×10−8). The
second test compared model error with replicate error, char burn-off showed no lack of
fit (p > 0.05, for this model p = 0.20) indicating the model fit well to the data. Overall
there is excellent evidence to suggest that the model sufficiently describes char burn-off
behaviour.

4.2.3.2 Influence of Factors on Activated Carbon Burn-Off

Regression coefficients for the activated carbon burn-off are shown in Figure 4.18a.
Burn-off is influenced primarily by the carbonisation and activation temperature.
Carbonisation temperature (CTemp) has a negative effect on the activated carbon burn-
off, the higher the temperature, the lower the burn-off, this is due to devolatilisation
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Figure 4.18: (a) Regression coefficient plot for the activated carbon burn-off response indicating
the influence of carbonisation temperature (CTemp), activation temperature (ATemp), and
activation time (ATime). Error bars represent the 95 % confidence interval. Burn-off is defined as
the difference between the weight of initial feedstock/char and the weight of material following
carbonisation/activation. (b) A plot of experimentally observed points against those predicted by
regression analysis (dotted line) for activated carbon burn-off. The summary of fit parameters,
r2 and q2, were listed.

122



CHAPTER 4. OPTIMISATION OF LIGNIN-DERIVED ACTIVATED CARBONS

of the char during pyrolysis. Elemental analysis (Table 4.4) reveals low temperature
chars have a reduced carbon content in comparison to high temperature chars. The latter
would have undergone more extensive volatile emission during the carbonisation stage.

During heating to the activation temperature (which occurs in an inert argon
atmosphere), devolatilisation of the low temperature chars would occur to a greater
extent, leading to greater burn-off values. Conversely, increasing the activation
temperature (ATemp) or (to a lesser extent) the activation time has a positive effect
on activated carbon burn-off. The rate of reaction between CO2 and carbon is known to
increase exponentially at higher activation temperatures.229 This likely leads to a greater
release of volatiles and, consequently, a higher burn-off. An increase in activation time
would also allow for further reaction of the activating gas with the char, further resulting
in an increased burn-off.

Table 4.4: Elemental analysis of chars carbonised at 350 °C and 900 °C for 30 minutes. The
ash content and elemental composition are measured in wt.%, the mean values of duplicate
measurements on the same sample are shown. Uncertainties indicate variation between the
measured values and the mean.

Carbonisation
(Temp-time) Ash[a] C[b] O[c] H[b] N[b] S[b]

350-30 0.2 ± 0.3 74.1 ± 0.5 20.8 ± 0.6 4.6 ± 0.1 0.5 ± 0.1 <0.1
900-30 1.0 ± 0.3 95.7 ± 0.3 2.7 ± 0.4 0.9 ± <0.1 0.8 ± <0.1 <0.1

[a] Determined by burning in pure oxygen. [b] Microanalysis determined by combustion.
[c] Calculated as the difference between CHNS values.

The linear activation time term (ATime) and interaction term CTemp∗ATemp exhibit
large confidence intervals. These intervals indicate the terms are statistically
insignificant, however, removing these terms from the model has a negative effect on
the r2 and q2 (decreasing from 0.83 to 0.65 and from 0.55 to 0.48 respectively). The
improvement in the model with the inclusion of these terms indicates a more complex
relationship, which is not represented well in the current model. The inclusion of
currently confounded interaction effects or three-way interaction terms could provide
a better description of the relationship between the factors and the activation burn-off
response. However, this is not possible with the fractional factorial model used. The
positive CTemp∗ATemp interaction term is confounded with the term CTime∗ATime.
The former was included in the model due to the greater significance of the linear
CTemp and ATemp terms. The effect of the interaction term can be observed in the
response-contour plot in Section 4.2.4.

Large confidence intervals in Figure 4.18a indicate the activated carbon burn-off model
does not entirely account for the observed behaviour. Figure 4.18b shows a greater
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spread of the experimental data away from the predicted line, reflected in a r2 value of
0.83 and q2 value of 0.55. ANOVA analysis, however, showed the model is statistically
significant at a 95 % confidence level (p = 0.01), and the model has no lack of fit (p
= 0.20). Although there are potentially confounded or higher interaction terms which
would improve the model fit (which are not possible to determine in the current fraction
factorial design), the model does provide a reasonable and statistically significant
prediction of activated carbon burn-off behaviour.

4.2.3.3 Influence of Factors on Activated Carbon Surface Area

The activated carbon surface area was calculated by application of the BET method to
partial N2 isotherms (isotherms and BET fitting parameters are included in Appendix C).
Figure 4.19a shows the regression coefficients for activated carbon BET surface area.
Factors related to activation conditions appear to have the greatest influence on surface
area. Both activation temperature and dwell time have a positive effect; increasing either
factor leads to an improved surface area. As discussed previously for the activated
carbon burn-off, an increase in activation temperature leads to an increased rate of
char oxidation. Increased activation time has a comparable effect, allowing for further
reaction of CO2 with the char. Both effects act to enhance the rudimentary porous
structure of the char and promote the creation of new porosity, improving the adsorptive
characteristics of the activated carbon.

Carbonisation temperature, by contrast, has a negative effect; an increased pyrolysis
temperature leads to a reduced surface area. This adverse effect initially appears
counter-intuitive. As seen in the literature (Section 4.1.2) below an optimum
temperature of 600 to 800 °C, increasing the pyrolysis temperature has a positive effect
on the activated carbon surface area. Higher temperatures and increased burn-off lead to
an improved pore structure in the char, which is further enhanced on activation, leading
to an improvement in adsorptive characteristics including surface area.

The maximum carbonisation temperature investigated in this study (900 °C) is likely
to be past the optimum level. Lua et al.93 noted the formation of an intermediate melt
at high carbonisation temperatures due to secondary devolatilisation of high molecular
weight volatiles. The consequent negative effect on burn-off and surface area was
attributed to obstruction of the activating gas accessing the porous structure. Similar
behaviour could be the cause of the negative CTemp coefficient for surface area, and
could also contribute to the negative effect for char burn-off seen previously in Section
4.2.3.1.
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Figure 4.19: (a) Regression coefficient plot for the activated carbon surface area response
indicating the influence of carbonisation temperature (CTemp), activation temperature (ATemp),
and activation time (ATime). Error bars represent the 95 % confidence interval. Burn-off is
defined as the difference between the weight of initial feedstock/char and the weight of material
following carbonisation/activation. (b) A plot of experimentally observed points against those
predicted by regression analysis (dotted line) for activated carbon surface area. The summary of
fit parameters, r2 and q2, were listed.
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Figure 4.20: Scanning electron micrographs of the top surface of industrial lignin-derived chars
carbonised at 350 and 900 °C for 30 minutes.

The presence of an intermediate melt was investigated using a combination of scanning
electron microscopy (SEM) and gas adsorption. Micrographs of low (350 °C) and high
(900 °C) temperature chars carbonised under otherwise identical conditions are shown
in Figure 4.20. The smooth appearance of the chars indicates softening of lignin powder
during pyrolysis, however, no redeposition of volatiles is evident on the surface of the
high temperature char. The appearance of pockmarks on the char surface was discussed
previously (Section 4.2.1) and is attributed to increased carbon atom migration at higher
carbonisation temperatures.

Although micrographs did not show evidence of an obstruction, this could occur instead
at the nanopore level. The char structure was probed using gas adsorption (CO2

isotherms are shown in Figure 4.21). The high temperature char has a more well-
defined pore structure, evidenced by the increased maximum quantity of gas adsorbed
(70 cm3 g-1) in comparison to the low temperature char (15 cm3 g-1). N2 adsorption
corroborates the CO2 results; the high temperature char had a larger BET surface area
(150 m2 g-1) than the low temperature char (<1 m2 g-1), which was negligible (isotherms
included in Appendix C). Gas sorption experiments do not indicate any obstruction of
porosity in the high temperature char, and thus formation of an intermediate melt from
volatile redeposition is unlikely to be the cause of reduced surface area with increased
carbonisation temperature.

An alternative theory is that the high temperature chars sintered, leading to a shrinkage
of the char particles and narrowing of porosity within the structure, hindering the
accessibility of the activating gas. This effect was noted by Jia & Lua96 and Guo &
Lua95 for carbonisation temperatures over 900 °C. The low temperature chars were
also heated beyond this level to achieve the highest activation temperature (1000 °C),
however, do not appear to suffer any negative effects from char sintering. This is likely
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Figure 4.21: Carbon dioxide isotherms recorded at 273 K on chars derived from industrial
lignin carbonised at (H) 900 °C and ( ) 350 °C for 30 minutes. Adsorption branch indicated by
closed symbols and desorption by open symbols. Isotherms were collected by Dr. M. Tian at the
University of Bath.

because the low temperature chars were held at this increased temperature for a shorter
period before activation. The high temperature chars were not only heated to 900 °C but
also held at temperature for a minimum of 30 minutes and then cooled at a slow rate (1
°C min-1). However, as with the intermediate melt theory, the CO2 isotherms in Figure
4.21 show no evidence of pore obstruction.

A more likely explanation is widening of the existing porosity in the high temperature
char on activation led to the formation of meso- and macropores, which have a reduced
contribution to surface area in comparison to micropores. Work by Rodriguez-Mirasol
et al.210 examined the adsorptive properties of activated carbons from a medium
(550 °C) and high (800 °C) temperature char and found similar behaviour, i.e. an
improved surface area in materials carbonised at a lower temperature. The medium
temperature chars exhibited a larger micropore volume than high temperature chars,
which instead had increased meso- and macropore volume. Lua & Guo93 noted a
similar degradation in surface area for pistachio nut shell carbons pyrolysed at 1000 °C,
which they attributed to pore widening. Of these three possible theories, pore widening
provides the most credible explanation for the negative CTemp effect on surface area.
The broadening of porosity with carbonisation temperature is discussed further in the
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following section.

Figure 4.19b indicates good agreement between the predicted model and experimental
values for activated carbon surface area. The experimental points are clustered close to
the line predicted by the model, resulting in a high r2 of 0.90 and q2 of 0.79. ANOVA
analysis revealed the model is statistically significant at a 95 % confidence level (p =
4.68×10−4), however, the model has a lack of fit (p = 0.01). The high r2 and q2 values
indicate the lack of fit is probably artificial; with a true lack of fit both of these values
would be small. Instead, the lack of fit is most likely caused by the extremely close
replicates obtained for surface area (502 - 518 m2 g-1). Altering one of these values so
there is greater variation between replicates (for example, by 50 m2 g-1) yields a model
with no lack of fit (p > 0.05).

4.2.3.4 Influence of Factors on Activated Carbon Average Pore Diameter

The average pore diameter was estimated by fitting the Gibaud model to small-angle
x-ray scattering (SAXS) patterns of activated carbons. Patterns and the resulting fitting
parameters are included in Appendix C. Regression coefficients are shown in Figure
4.22a. The carbonisation and activation temperature terms (CTemp and ATemp) appear
to have the largest influence on the average pore size. The squared term ATemp∗ATemp

and interaction term CTemp∗ATemp also appear to have some influence. The large
confidence intervals for ATemp∗ATemp and CTemp∗ATemp indicate these terms are
statistically insignificant. However, as seen with the activated carbon burn-off model,
removing these terms has a negative effect on the r2 and q2 (decreasing from 0.87 to
0.65 and from 0.63 to 0.47 respectively). This indicates once more a more complex
relationship which is not represented well in the current model.

Both the linear carbonisation temperature and activation temperature coefficients are
positive; increasing either leads to widening of the average pore size. Increasing the
carbonisation temperature leads to an enhancement of porosity in the char, which is
further improved on activation by the creation of new micropores and widening of
existing pores. Low temperature chars do not have this enhanced porous network (as
shown by the CO2 isotherms in Figure 4.21) and so the process of pore widening is
less dominant, instead favouring the creation of new porosity. High temperature chars,
conversely, favour the pore widening process, leading to a broadening of the pore size
distribution. A similar effect occurs with activation temperature, at higher temperatures
the processes of pore widening and pore wall collapse dominate over the development
of new micropores, resulting in a broadening of the average pore size.
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Figure 4.22: (a) Regression coefficient plot for the activated carbon average pore size response
indicating the influence of carbonisation temperature (CTemp), activation temperature (ATemp),
and activation time (ATime). Error bars represent the 95 % confidence interval. Burn-off is
defined as the difference between the weight of initial feedstock/char and the weight of material
following carbonisation/activation. (b) A plot of experimentally observed points against those
predicted by regression analysis for activated carbon average pore size. The summary of fit
parameters, r2 and q2, were listed.
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The interaction term CTemp∗ATemp implies increased broadening of the pore size
distribution occurs at higher carbonisation and activation temperatures. This is
potentially linked to the negative effect of carbonisation temperature on surface area
observed in the previous section. High temperature chars have a more well defined
porous structure, and larger pores than low temperature chars. Activation increases
this pore size further, with higher activation temperatures (as mentioned in the previous
paragraph) contributing to an increased pore diameter in comparison to lower activation
temperatures. The combination of these two effects is that the broadest pore sizes are
obtained when both of these factors are at their highest values. The outcome of this
is widening of micropores which leads to the collapse of pore walls and formation of
meso and macropores. As discussed in the previous section, these larger pores have a
reduced contribution to carbon adsorptive capacity, and thus will negatively impact the
surface area. The effect CTemp∗ATemp is more clearly seen in the response-contour
plot, Figure 4.28.

The squared term ATemp∗ATemp implies a possible non-linear relationship between
activation temperature and average pore diameter. The positive effect indicates the
effect of activation temperature increases at higher activation temperature. The pore
broadening could be related to the rate of CO2 activation, which is temperature
dependent and below 1500 °C is known to increase according to the Arrhenius
equation.47,230 Teng and Lin229 examined the rate of CO2 activation on coal, shown
in Figure 4.23, clearly demonstrating the exponential increase of activation rate with
increasing reaction temperature.

Figure 4.23: Activation rate of coal chars in CO2 at different temperatures. Reproduced from
Teng and Lin.229 Copyright 2004 © John Wiley & Sons, Inc. All rights reserved.

During activation, oxygen atoms chemisorb to active sites. The reaction rate is
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proportional to the concentration of occupied sites. The number of active sites is
dependent on both the activation temperature and reactivity of the carbon surface.47,230

Pore broadening could show the same exponential relationship as reaction rate.
However, we would also expect to see this effect in the activated carbon burn-off if
the two were related. An exponential relationship between the factor and response
would not be accounted for in the current model, which is primarily suited to linear
relationships, and could account for the poorer fits seen for activated carbon burn-off
and pore diameter.

Similar to the carbon burn-off model, the large confidence intervals in Figure 4.22a
indicates the pore diameter model does not entirely account for the observed behaviour.
This is supported by a lower q2 value of 0.53. Figure 4.22b shows a spread of
experimental data away from the predicted line, particularly for experiments with the
broadest pore size (6 and 8). The r2 value of 0.92 is quite high; however the inclusion
of more terms in the model can result in arbitrarily high values.104 ANOVA analysis
reveals the model is statistically significant at a 95 % confidence interval (p = 0.01) and
has no lack of fit (p = 0.26). ANOVA and regression analysis indicates the pore diameter
model is statistically significant, but the large confidence intervals and low q2 show an
incomplete description of the system.

Akin to the activated carbon burn-off model, the inclusion of higher order or confounded
interaction terms could improve the model fitting. Another potential problem is the use
of the SAXS technique to assess average pore size. There are only small differences
between activated carbon values (a maximum of 1.8 Å between the smallest and largest
pore diameters), which means only a small error in the measurement or Gibaud analysis
would affect the results substantially. The use of a technique such as gas sorption
to examine the porosity is preferable because of a greater insight into how porosity
characteristics such as pore volume and pore size distribution can be obtained. It is
likely values such as micropore and mesopore volume would also show a much greater
variation than the SAXS-derived diameter value across the samples examined and could
provide a better model fit. The advantage of SAXS analysis, and why it was the preferred
method over gas sorption for this experimental design, is the ability to screen a large
number of samples very quickly.

4.2.4 Model Application to Design of Experiments Results

Following regression analysis, response-contour plots were examined to gain a better
understanding of the modelled system, and how it is impacted by the important factors
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and interactions identified in Section 4.2.3. The coefficient plot for char burn-off
suggested that carbonisation temperature, dwell time, and a squared carbonisation term
primarily influenced the burn-off. The effect of these factors can be seen in the response
contour plot in Figure 4.24.
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Figure 4.24: Response contour plot for char burn-off, showing the influence of carbonisation
temperature and carbonisation dwell time.

The squared carbonisation temperature term distorts the contour plot from a linear to a
quadratic relationship at high carbonisation temperature, where plateauing of the burn-
off occurs. The bottom-right corner of the contour plot suggests a decrease in burn-off
at the lowest dwell time occurs above 800 °C. This is unlikely to be a real effect, but
an error in the model as a result of small experimental variation between char burn-
off values at this temperature. The char burn-off model was tested against real data
by comparison of the predicted values with experimental TGA data for the industrial
organosolv lignin, shown in Figure 4.25.

The data predicted by the model appears to be in good agreement with experimental
TGA data. There is some variation between values below 500 °C, but above this level
the values are consistent, and certainly within the 95 % confidence interval. The low
temperature inconsistency is likely a result of differences between how the burn-off
values were measured rather than a fault with the model. Burn-off values at 350 °C for
chars prepared in the furnace (40 wt.% for Exp 1 and 5, 30 minute carbonisation) are
higher than values recorded during TGA (28 wt.%). Unlike the TGA data, the furnace
char weights were not measured in situ, but after completion of the dwell and cooling
steps. This extended dwell time at temperature likely contributed to an increased level
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Figure 4.25: Comparison of experimental data ( ) from thermogravimetric analysis (TGA)
with predicted values (�) from a polynomial model for char burn-off with carbonisation
temperature. The burn-off at 350 °C for TGA is highlighted on the graph ( ). Error bars
represent the upper and lower bounds of the 95 % confidence interval.

of burn-off. The higher temperature chars (at 625 and 900 °C) did not have the same
issue because devolatilisation at these higher temperatures occurs primarily during the
heating stage, as discussed in Section 4.2.3.1, and so extending the dwell time has little
effect on the char burn-off.

The high r2 and q2 values observed and ANOVA analysis previously indicated the
model sufficiently describes how the factors affect char burn-off during the carbonisation
process. This is further supported by the agreement between the predicted experimental
data in Figure 4.25. A low standard deviation of residuals (4) and high p-value (0.99)
between the experimental TGA and predicted data indicates excellent agreement.

Activated carbon burn-off, according to the coefficient plot in Figure 4.18, was primarily
influenced by carbonisation and activation temperature, with possible contributions
from activation time and a carbonisation and activation temperature interaction. The
effect of these factors on the system are shown in the response contour plot Figure
4.26. The carbonisation-activation temperature interaction distorts the plot from a
linear relationship and indicates higher burn-off values can be achieved at lower
carbonisation temperatures. This is plausible; as discussed previously, low temperature
chars contain a larger amount of volatiles and have a higher burn-off in comparison
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Figure 4.26: Response surface plot showing the influence of carbonisation temperature,
activation temperature, and activation dwell time on activated carbon burn-off. Carbonisation
dwell time is held fixed at its highest level (6 hours).
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Figure 4.27: Response contour surface plot for activated carbon surface area, showing the
influence of carbonisation and activation temperature and activation dwell time. Carbonisation
dwell time is held fixed at its highest level (6 hours).
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to materials prepared from high temperature chars. The contour plot indicates that to
obtain the highest yield of activated carbon material (lowest burn-off) mild activation
conditions and a high carbonisation temperature are required. The reliability of the
model predictions can be assessed relatively easily, by adding complementary runs
with selected conditions according to the surface plot, and assessing whether there is
agreement between the predicted and actual response.

The response contour plot for activated carbon surface area is shown in Figure 4.27.
According to coefficient plots in Figure 4.19 surface area was primarily influenced by
carbonisation and activation temperature and activation dwell time. The lack of square
or interaction terms indicates a linear relationship between all factors and surface area,
shown in the contour response plot. Materials with the highest surface area value are
obtained at the most extended activation dwell times, low carbonisation temperatures
and highest activation temperatures.

Finally, the response contour plot for activated carbon average pore diameter is shown in
Figure 4.28. Regression coefficients (Figure 4.22) revealed carbonisation and activation
temperature have the most significant influence on pore size diameter, with potential
contribution from a squared activation temperature term and carbonisation-activation
temperature interaction. The CTemp∗ATemp interaction leads to increased pore size at
higher carbonisation and activation temperatures, with the broadest porosity obtained
for the highest carbonisation and activation values. The squared ATemp∗ATemp term
implies an increased broadening of pore size at a higher activation temperature. This
is seen on the contour plot by decreasing widths of the pore size bands with increasing
activation temperature.

It is difficult to compare results between experimental design studies in the literature
because different sets of factors and responses are examined. However, the effects of
activation temperature and dwell time on BET surface area in this work were compared
to findings from Sumathi et al.219 on palm shell activated carbons. A comparison of
response contour plots is shown in Figure 4.29. There appears to be good agreement
between the two plots. With constant carbonisation conditions, both models indicate that
materials with the largest surface area are produced at the highest activation temperature
and most extended hold times. The lowest surface area materials are obtained at
low activation temperatures and short hold times. Both models also showed similar,
middling BET surface area values (∼ 600 m2 g-1) were achieved at high activation
temperature and short dwell times. By contrast, the opposite corner of the plot with low
activation temperature and long dwell times produces materials with decreased surface
area values.
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Figure 4.28: Response contour surface plot for activated carbon average pore diameter, showing
the influence of carbonisation and activation temperature. Carbonisation and activation dwell
time were held fixed at their highest levels (360 and 60 minutes respectively).

Figure 4.29: Comparison of response surface plots from (left) this work (carbonisation
temperature of 900 °C and dwell time of 6 hours) and (right) Sumathi et al. 219 showing the
effect of activation temperature (X1) and activation dwell time in CO2 (X2) on the BET surface
area (Y1). Reprinted from Sumathi et al. 219 with with permission from Elsevier.
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The positive effect of activation temperature on the activated carbon burn-off, BET
surface area, and pore diameter was seen previously in the literature by multiple
sources (see Section 4.1.3). Higher temperatures lead to increased material burn-off, the
creation of new porosity, and widening of existing pores. As indicated by the response
contour plots in Figure 4.29, the surface area is primarily dependent on the activation
temperature rather than the dwell time. The highest surface area values are attained
only at high activation temperature, which can be attributed to the dependence of the
endothermic CO2 reaction on temperature.

Degradation of surface area with increasing activation temperature once past an
optimum point, due to severe deterioration of porosity, was seen in the literature.
This adverse effect was not observed in this work, indicating the optimum was point
was not surpassed for the industrial lignin under these conditions. However, other
research groups reported an optimum activation temperature of between 750 and 800
°C.210,218,231 The optimal point could have been missed in the design, but, due to the use
of 100 °C intervals this is unlikely. Running additional experiments at 1100 and 1200
°C would confirm whether a sharp drop in carbon adsorptive characteristics is observed
at a higher temperature. Alternatively, this apparent difference in optimum values could
result from the different types of lignin used by the groups in the literature. Kraft and
hydrolytic lignin are known to contain increased levels of impurities in comparison to
organosolv lignin. These impurities could have acted to catalyse the activation and cause
the optimum to be reached at lower temperatures.

Research by Lua et al.94 and Guo & Lua,95 suggests that low temperature chars (below
400 °C) do not produce high surface area activated carbons. Conversely, earlier Lua
research,93 and work by Jia & Lua96 both show that activation of chars carbonised at
400 °C exhibit similar surface area values to chars carbonised at 900 °C. These findings
are similar to those in this work. Crucially, both the Lua and Jia & Lua groups found an
optimum carbonisation temperature between 500 and 700 °C, which was not observed in
this work. Although the experimental design utilised a mid-point at 600 °C, this was not
activated under the same conditions (1000 °C for 60 minutes) as the two highest surface
area carbons (carbonised at 350 °C for 30 minutes and 900 °C for 6 hours). The response
contour plot Figure 4.27 shows how the highest surface area values are only obtained
at the most extended activation dwell time and highest temperature. A true optimum
carbonisation level could be between the low and high values investigated. Running an
additional experiment under these same activation conditions would confirm this. Any
future design considerations on this lignin system should also consider increasing the
number of carbonisation levels examined to assess this, as it would have a significant
impact on the experimental design model.
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Carbonisation dwell time did not appear as significant in this system as in those studied
by other research groups.93,94,143 As mentioned in Section 4.2.3.1, this is an effect
of using a small sample size and relatively slow ramp rate. Devolatilisation occurs
primarily in the heating stage, the dwell time consequently only affects experiments at
low temperature, even so, the effect is small. If scaling up this system using a larger
sample size it is likely the carbonisation dwell time would become significant, and the
impact on responses should be examined again.

The response contour plots illustrate the tradeoff required between different factors and
responses. For example, the activated carbon burn-off response plot indicates to obtain
a low burn-off and high yield we should stay in the bottom right-hand corner: at high
carbonisation temperature and low activation temperature. To access carbons with a
greater surface area, unsurprisingly, greater burn-off of material is required, and factors
must stay in the top left corner of the surface area response plot: at low carbonisation
temperature and high activation temperature.

Hydrogen storage applications require a material with a narrow porosity of 6 to 7
Å,35 a large surface area, and from a manufacturing view, a low burn-off if possible.
The response contour plots are valuable in determining where these conditions could
be achieved. The pore diameter plot suggests we need to use low carbonisation and
activation temperatures for a small pore diameter. A high surface area still requires a
low carbonisation temperature, but conversely, also a high activation temperature. A
comparison of the activated carbon burn-off and surface area plots also indicates the
greatest surface areas are attained at increased levels of burn-off. There is potentially a
middle ground at lower carbonisation temperatures and medium activation temperatures
where the material has an improved surface area but still retains a small pore width. This
would be a promising area for future optimisation.

The response contour plot for activated carbon diameter demonstrates the limitations of
this model. For example, at a carbonisation temperature of 900 °C, a carbon activated
at 800 °C is predicted to have a wider pore width than a carbon activated at 900 °C. As
presented in the literature review, the broadening of porosity with increasing activation
temperature is a well-known phenomenon, due to the development of mesoporosity.
No experiment was performed with both a carbonisation and activation temperature at
900 °C, so this is evidently an extrapolation of the model, not real data. Excluding the
squared and interaction terms reduced the model validity, as mentioned previously, and
instead implies a linear relationship between factors and response that is also unrealistic.
In practice, the relationship is too complex to be explained using a screening design.
While response contour plots can be helpful for directing future experiments for systems
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that are well understood, they can also misconstrue data, and so should be used with
some caution.

While the char burn-off and activated carbon surface area models appear to fit the
experimental data well, the activated carbon burn-off and pore diameter models present
issues. ANOVA, r2 ,and q2 analyses indicate a clear correlation between the examined
factors and the responses. However (particularly in the case of the pore diameter),
interpretation of the response-contour plots and the lower r2/q2 values in comparison to
the char burn-off/surface area analysis suggests these models are too simple to describe
the relationship between the factors and the response; thus the models described are not
completely reliable. A strategy to overcome this is discussed later in the next section.

Despite potential reliability issues with the prediction power of the models, in only
11 experiments (8 excluding the repeats) the experimental design has successfully
identified the most critical factors for each response, or indicated where there is likely
a more complicated relationship for future investigation. The char burn-off model, in
particular, has demonstrated the strength of experimental design when the appropriate
factors are identified, by showing the applicability of the model to experimental
TGA data. To perform a similar analysis using the one variable at a time approach
on four factors at two levels would have required 16 experiments (excluding repeat
measurements), and would not include information on potential interactions between
factors.

Comparison of the experimental design results with literature data has indicated further
optimisation of the carbonisation temperature may be possible, this was not detected
in this design due to the wide carbonisation temperature range investigated. However,
the purpose of the fractional factorial design used was primarily the identification of
important parameters. Although optimisation of conditions can be performed to a
certain extent, as demonstrated in this work, a further optimisation design would provide
more detail. These model issues do, however, further highlight that care must be taken
when interpreting contour plots. The reliability of such plots could be determined
by running complementary experiments and examining the difference between the
predicted and actual values.

4.2.5 Analysis of Optimal Activated Carbon

Following completion of the experimental design, the Experiment 5 processing
conditions (carbonisation at 350 °C for 30 minutes, then activation in CO2 at 1000
°C for 60 minutes) were chosen as the optimal. The carbon had the highest surface
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Figure 4.30: Nitrogen sorption isotherms recorded at 77 K on a (a) linear and (b) logarithmic
scale of activated carbon derived from industrial organosolv lignin. The material was carbonised
at 350 °C for 30 minutes then subsequently activated in CO2 at 1000 °C for 60 minutes. A full
N2 isotherm ( ) and repeat of the upper isotherm portion (�) were performed. The adsorption
branch is indicated by filled markers and the desorption by hollow markers.
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area (1409 m2 g-1), and a slightly lower burn-off (83 wt.%) than the next highest
surface area carbon, Experiment 8 (87 wt.% burn-off, 1055 m2 g-1). The adsorptive
characteristics of the Experiment 5 carbon were examined in more detail, with the
adsorption isotherm shown in Figure 4.30. The isotherm exhibits Type I behaviour
typical of highly microporous materials; most adsorption occurred below p/po < 0.1.
A repeat measurement of the upper part of the isotherm was completed, also shown
in Figure 4.30. There is excellent agreement between the two measurements, and an
almost identical BET surface area (1409 and 1400 m2 g-1 for the original and repeat
measurements respectively).

The adsorptive properties of the activated carbon are displayed in Figure 4.31. The
microporous nature of the carbon is evident with micropores contributing 72 % to
the total pore volume and 87 % to the BET surface area. The average pore diameter
predicted by gas sorption (wavg : GSA) is smaller than the diameter derived from SAXS
analysis (6.6 Å and 9.4 Å respectively). A more detailed discussion of the differences in
pore size diameter obtained from these two methods is given in Section 5.2.3.6. In brief,
variations between these two techniques are well known and attributed to differences
between the models used and porosity observed. SAXS measures all porosity, whereas
gas sorption only takes into account pores open to nitrogen. The deviation of 2.8 Å for
this work is within the range seen in the literature and also later in Chapter 5.

The repeatability of the synthesis was examined by preparation of a second activated
carbon using the same conditions as Experiment 5. A value for activated carbon burn-
off was, unfortunately, not obtained due to sample loss. However, the sample had
a BET surface area of 1306 m2 g-1 (isotherm included in Appendix C), a decrease
of approximately 7 % from the previously prepared carbon. Gibaud analysis of the
repeated SAXS pattern yielded an average pore diameter of 9.5 Å, very similar to the
previous value of 9.4 Å. To examine the effect of these variations on the regression
model the repeat values were entered into the design. There was a very small difference
in the resulting r2 and q2 values (< 0.01). The ANOVA analysis for activated carbon
surface area exhibited no change, and there were only small changes in the average pore
diameter model (lack of fit p = 0.17). Although further experiments would need to be
performed to examine the robustness of the experimental design, this result indicates
small variations in the responses do not result in significant changes to the model
validity.

The adsorptive properties of the lignin-derived activated carbons prepared here are
comparable to those recorded in the literature. Rodríguez-Mirasol et al.231 used similar
synthesis conditions for activated carbons from eucalyptus kraft lignin; carbonisation at
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Figure 4.31: Comparison of the maximum quantity of nitrogen adsorbed (Qads), the total (Vtotal)
and micropore (Vmicro) pore volumes, the BET (SBET) and micropore (Smicro) surface areas,
and the volume-weighted average pore size (wavg) for an industrial organosolv lignin derived
activated carbons. The material was carbonised at 350 °C for 30 minutes then subsequently
activated in CO2 at 1000 °C for 60 minutes.

350 °C followed by activation in CO2 to ∼ 50 wt.% burn-off. The chars had a negligible
BET area (23 m2 g-1), as seen for the lignin chars studied in this work. The activated
carbons reached BET area values of 1223 and 1273 m2 g-1 and micropore volumes of
0.36 and 0.39 cm3 g-1 (determined by the alpha-S method), for activation at 750 and 850
°C respectively.

These values are within the range of materials prepared in this work, and almost identical
to the properties of the organosolv eucalyptus lignin-derived sample. In a separate
publication, Rodríguez-Mirasol et al.210 produced eucalyptus kraft lignin carbons using
a higher carbonisation temperature (550 or 800 °C) but activated in CO2 to the same ∼
50 wt.% burn-off (at 800 °C). The BET areas of samples (1049 to 1123 m2 g-1) were
once more within the same range as the carbons from this work, although slightly lower
than the kraft eucalyptus lignin samples mentioned above. Work by Carrott et al.232

produced carbons activated in H2O-saturated N2 from alkaline and hydrolytic lignins to
a similar ∼ 50 wt.% burn-off (carbonisation and activation at 750 °C). The hydrolytic
lignin carbon had a comparable BET area (1005 m2 g-1) and micropore volume (0.33
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cm3 g-1) to the organosolv lignin carbons prepared here. The alkaline lignin carbon,
however, had a lower surface area (79 m2 g-1) and micropore volume (0.03 cm3 g-1)
compared to the lignin-derived carbons produced in this work.

4.2.5.1 Future Applications of Design of Experiments

Time constraints limited the use of experimental design in this work. This section
presents how design of experiments can be applied in future investigations of lignin-
derived carbons. The next steps involve the improvement of the screening design and
use of an optimisation design to ensure a true optimum point has been reached.

Improvement of the Screening Design

The fractional factorial design used in this work enabled the successful identification of
critical factors affecting activated carbon properties. However, potentially significant
interactions between these factors were confounded (such as the CTemp∗ATemp

and CTime∗ATime interactions in the activated carbon burn-off model). The
model reliability can be improved and confounded effects resolved by performing
complementary runs. Considering the small number of factors investigated the
expansion of the model to a full factorial design by performing an additional 8
experiments is recommended. This will lead to both significant improvements in the
model reliability and prediction power.

In addition to completing the full factorial design, it is recommended that two additional
application-specific responses are measured and included in the design: hydrogen
uptake at 77 K and 1 bar and maximum specific capacitance in an aqueous or organic
electrolyte. Optimisation of activated carbon surface area and burn-off is useful as
both applications require a high surface area and, from a manufacturing point of view,
preferentially a low burn-off. However, these two applications have different porosity
requirements (discussed in Chapter 6). Consequently, the combination of factors
required to produce an optimum material are likely to be different for each application.
Modelling how the factors affect these responses will be valuable for tailoring the
carbons specifically for each application.

Optimisation of the Experimental Design

The purpose of a screening design is primarily to determine whether factors have an
influence on a response and identify their appropriate ranges.104 Time constraints meant
optimisation of the activated carbons in this work was done using the screening design.
However, ideally important factors would be identified using a screening design, and
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then an optimisation design would be performed after to determine their ideal settings.
In an optimisation design, the factors are examined in greater detail (using more levels)
for a more in-depth understanding of the relationship between the factors and responses,
and identification of the optimum experimental conditions.104

The screening design performed in this chapter highlighted the non-linear relationship
between factors and responses such as activated carbon burn-off and average pore size.
After completing the full factorial design to resolve interactions terms, the next step
would be accounting correctly for these non-linear relationships (model curvature).
Factorial designs can only model linear relationships. Consequently, the optimisation
design should be chosen carefully: it must support the modelling of quadratic terms.
Commonly used designs for this purpose include the central composite face-centred
(CCF) or central composite circumscribed (CCC).104,105

For reliable modelling of quadratic relationships, all factors must be investigated using
at least three levels (low, medium, high), with five recommended. Besides improving
the model reliability by accurate modelling of quadratic terms, the use of extra levels
will be advantageous for optimisation. The use of only two levels (low and high) in the
screening design led to uncertainty over whether an optimum point was overlooked at
mid-range values of factors. The optimisation design will overcome this by performing
experiments in this central area. The disadvantage, however, is the large number of
experiments required to perform this type of design.

Insignificant factors can be excluded to reduce the number of experiments required
for an optimisation design. In this work, the screening design identified activation
temperature, carbonisation temperature, and activation dwell time as important to all
responses, and consequently, do require further investigation. However, carbonisation
dwell time only had a small effect on the char burn-off. Providing CTime exhibits the
same behaviour in the extended (full factorial) screening design, it can be excluded from
the model and held at a fixed value of 30 minutes. A composite design using only three
factors at three levels will require 17 experiments (14 runs plus 3 repeats), which is
preferential to the 27 runs required for investigating four factors.104

BET surface area and SAXS-derived average pore diameter proved useful tools for the
screening of large numbers of materials. However, for the optimisation design, more
detailed and complex relationships can be studied. Consequently, it is recommended
a nitrogen full isotherm is performed on each activated carbon prepared in the
optimisation design to obtain a more detailed analysis of the pore size distribution and
parameters such as total pore volume and micropore surface area.

The recommended stages for expanding the work done in this chapter are as follows:
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extension of the screening design with complementary runs to resolve confounded factor
interactions, addition of application-specific responses, exclusion of insignificant model
terms identified from screening, the use of an optimisation design to model quadratic
relationships and explore the experimental system in more depth. These steps will
ensure a reliable system model which will form the basis of any further investigations,
and achievement of a true optimum specific to the desired application (hydrogen uptake
or supercapacitance).
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4.3 Chapter Summary

A Design of Experiments methodology was used to identify the influence of four
processing parameters (carbonisation and activation temperature and dwell time) on four
measured responses (char and activated carbon burn-off, activated carbon surface area,
and activated carbon average pore diameter). A simple resolution IV fraction factorial
design was used to determine which factors were the most important for CO2-activated
carbons, based on an industrial organosolv lignin.

Regression analysis was used to obtain regression coefficients, which described the
impact of each factor on the investigated response. Response contour plots were
then examined to discern how these factors affected the whole system. Carbonisation
temperature was the most significant term for char burn-off, a squared relationship
indicated plateauing of burn-off at high temperature once devolatilisation was complete.
Carbonisation time appeared to affect this system to a lesser extent in comparison to the
literature. This was thought to be due to the use of a small sample size and low ramp
rate, which caused devolatilisation to occur primarily during the heating stage. Analysis
of the model suggested an excellent fit with experimental data. This was further proven
by good agreement between the predicted values and experimental TGA data.

The activated carbon burn-off was influenced primarily by carbonisation and activation
temperature. The negative effect of the former was attributed to more extensive
devolatilisation of high temperature chars. The positive activation temperature
interaction was due to an increased rate of reaction of CO2 causing higher burn-off.
The inclusion of statistically insignificant terms for activation time and a carbonisation-
activation temperature interaction indicated non-linear relationships which were not
accounted for accurately within the current model. ANOVA analysis shows that,
although not perfect, the model is statistically significant.

Activation temperature and dwell time had a positive effect on activated carbon surface
area, due to a greater extent of the CO2 reaction. An adverse carbonisation temperature
effect was attributed to broadening of larger pores in high temperature chars, leading
to the formation of meso- and macroporosity, which contribute less to surface area
in comparison to micropores. Fitting parameters indicate the model is valid. An
artificial lack of fit appeared to be caused by the excellent agreement between replicate
measurements. The response contour surface plot also showed good agreement with
similar data from Sumathi et al.219

Activation temperature and carbonisation temperature cause a broadening in the pore
size of activated carbons, undoubtedly related to the adverse effect of carbonisation
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temperature on surface area described above. Broadening of the porous network in
high temperature chars occurs to a greater extent than in low temperature chars, due
to the extended rudimentary pore structure present in the former. This is supported by
a potential contribution from a carbonisation-activation temperature interaction. The
inclusion of this interaction term and a squared activation temperature term improved
the model validity but were deemed statistically insignificant. Again, this suggests
a more complicated relationship with the response, not adequately described by the
current model.

The screening model was not a perfect description of how the factors affected each
response. However, it successfully identified the most important factors, and highlighted
cases where the factor-response relationships were complex and required further
investigation. Carbonisation and activation temperature were undoubtedly the most
important factors across all the responses studied, affecting the porosity and yield of
activated carbons. Temperature is related to the rate of reaction in both processes, which
is key to the removal and rearrangement of carbon material. In turn, this determines the
porosity of chars and carbons, and consequently, their adsorptive performance.

Further comparisons to the literature indicated that the model may have missed a
potential optimum at a carbonisation temperature of 600 °C. This is due to the wide
carbonisation range used in the investigation. Addition of a complementary run
would quickly determine the presence of an optimum; carbonisation at 600 °C for 30
minutes then activation at 1000 °C for 30 minutes. These conditions would be directly
comparable to the current optimal parameters, with only a change in temperature, and
quickly identify any benefit from carbonisation in this area. Furthermore, in the design
it was unclear whether the activation temperature had reached the optimum point, an
extension of the experimental range to a higher temperature would ensure this point was
included in the design. The factorial screening design used in this work is primarily
suited to identifying the most significant factors. Optimal processing conditions are best
investigated later by extension of the current experiment to a full factorial design, or use
of a separate optimisation design, in which more levels are used for each factor.

The optimum factor range (carbonisation at 350 °C for 30 minutes and activation at
1000 °C for 60 minutes) was determined as the conditions producing the highest surface
area sample (1400 m2 g-1). Gas sorption analysis of this carbon revealed a highly
microporous structure. These conditions were subsequently applied to experiments in
Chapter 5 to produce activated carbons with good adsorptive properties from different
types of lignin. The ultimate aim is to use these materials to determine whether lignin
structure impacts the porosity of activated carbons.
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5.1 Introduction

This chapter aims to ascertain whether the aromatic lignin structure has any influence
on the microstructure of activated carbons. This chapter first concentrates on the
scale-up of the lab-based organosolv lignin extraction process, introduced in Chapter
3, and confirmation of high purity lignin production. The focus then shifts to the
preparation of activated carbons and chars from these four lab-extracted organosolv
lignins, utilising the optimum conditions explored in Chapter 4. Subsequently, an
extensive characterisation of activated carbon porosity is undertaken utilising gas
sorption and small-angle scattering techniques. Textural and morphological properties
of the activated carbons are also explored, and the origin of the plastic swelling or
foaming phenomenon first observed in Chapter 3 is discussed.

5.1.1 Importance of Feedstock Structure

Physical activation, introduced in Chapter 4, relies on the removal of carbon atoms
from active sites in a char using an oxidising gas; CO2 in this work. The activation
process is dependent on both the reactivity of the carbon char and rate of the gasification
(char-CO2) reaction.233 Several key experimental parameters in the carbonisation and
activation processes are known to influence the char reactivity and activation rate,
and consequently, the adsorptive properties of activated carbons. Moreover, the char
reactivity and activation rate are affected by a variety of factors that stem from
the feedstock, including molecular structure of the char, ash and carbon contents,
graphitisation, and the physical changes the char undergoes on heating.233,234

The char surface area has also been identified as an important characteristic which
affects the rate of activation. Several studies have shown an increased activation rate for
chars with a higher BET surface area; leading to more extensive porosity in the resulting
activated carbon.233–236 This behaviour is dependent on the mechanisms of surface
oxygen complex formation (Equation 5.1) and surface oxygen complex decomposition
(Equation 5.2),47,233 introduced in Section 4.1.1.1. The rate expression for the physical
activation mechanism is described in Equation 5.3. Above 800 °C, the rate of the
gasification reaction is known to be first order with respect to the CO2 partial pressure,
up to atmospheric pressure.233 Consequently, the rate is controlled by Equation 5.1 and
is related to the surface area available for the adsorption of CO2.233

C + CO2
k1


k1

CO + C(O) (5.1)
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C(O)
k2−→ CO (5.2)

rate =
k1PCO2

1+ k′1
k2

PCO + k1
k2

PCO2

(5.3)

Studies on biomass-derived carbons exemplify the importance of the feedstock and
how it leads to differences in char reactivity. Biomass is primarily composed of
three components: cellulose, hemicellulose, and lignin. These components onset
thermal degradation at varying temperatures.237,238 Their proportions influence the
precursor reactivity and the extent to which the structure is modified.49,238 Sangchoom
& Mokaya239 compared the effects of chemical activation on carbons derived from
cellulose and lignin hydrothermal chars, produced using an otherwise identical
procedure. At lower activation temperatures (700 °C and below) the cellulose carbons
exhibited a higher total and micropore surface area than the lignin-derived materials.
At harsher (>700 °C) activation conditions, however, cellulose carbons showed a
reduction in adsorptive properties, whereas lignin carbons retained a high surface area
and micropore area. The improved properties of lignin carbons are likely a result
of lignins increased thermal stability compared to cellulose. Several research groups
have suggested that lignin is the source of char formation in biomass carbons, whereas
cellulose and hemicellulose contribute primarily to volatile emission.49

Sharma et al.240 determined lignin-derived chars exhibited lower reactivity than chars
from other biomass components such as pectin and cellulose. This decreased reactivity
was attributed to the highly cross-linked and aromatic nature of the lignin char. The
aromatic composition of lignin chars was investigated using 13C NMR spectroscopy to
identify the quantity of aromatic and non-aromatic subgroups present (shown in Figure
5.1). Relative to the char weight, the concentration of aromatic carbons was shown to
increase with carbonisation temperature, due to the loss of non-aromatic carbons by
devolatilisation. Relative to the carbon in the starting feedstock, as expected, there
was an overall decrease of both aromatic and non-aromatic carbons. However, the
non-aromatic carbons exhibited an exponential loss in concentration, up to ∼ 30 %.
In comparison, the aromatic carbon loss was more gradual with only a 10 % loss in
concentration, indicating the resistance of aromatic carbons to thermal degradation. This
low reactivity and increased thermal resistance can be attributed to the increased yield
of lignin chars compared to other biomass components.

These variations in char reactivity lead to activated carbons from different biomass
feedstocks exhibiting vastly different adsorptive properties. For example, Zhang et
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Figure 5.1: Analysis of aromatic (squares) and non-aromatic (circles) carbon subgroups in lignin
chars against carbonisation temperature (determined from 13C NMR spectroscopy). Results
are expressed relative to the carbon content of the char (black) and relative to the weight loss
of carbon in the starting feedstock (blue). For the latter, the subgroup content in the starting
unheated lignin is also shown (symbol with cross). Redrawn using data from Sharma et al.240

Figure 5.2: Influence of carbonisation temperature on the specific surface area of activated
carbons (ACs) derived from various nutshells: almond shell (AM), coconut shell (CN), oil palm
shell (OP), pistachio shell (PT), and walnut shell (WN). Reproduced from Hayashi et al.241 with
permission from Elsevier.
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al.100 prepared carbons from oak corn stover, and corn hull under identical experimental
conditions by activation with CO2. Oak and corn stover exhibited an improvement in
micropore volume with burn-off up to an optimum of 43 %, followed by degradation
due to pore widening. By contrast, corn hull carbons showed a continuous development
of micropore volume at all levels of burn-off investigated.

Hayashi et al.241 prepared a series of carbons through the chemical activation of various
nutshells. Figure 5.2 shows, despite identical activation conditions, the surface area
of carbons varied significantly. This disparity was attributed to variations in weight
loss behaviour, caused by differing proportions of lignocellulosic components and their
different degradation mechanisms in each nutshell. Daud and Ali242 also prepared
carbons from the chemical activation of palm and coconut shells, corroborating the
Hayashi et al. findings. The activation rate of the coconut shell char was determined
to be five times higher than that of the palm shell char, due to an increased cellulose
content. Palm shell carbons, with a higher lignin content, produced materials with an
improved surface area and more extensive porosity than the coconut carbons at all levels
of burn-off studied.

Variations in the thermal behaviour and reactivity of biomass chars, and their rate
of activation, lead to the production of activated carbons with different adsorptive
properties. However, it is unclear whether variations in a single biomass component,
such as lignin, would affect the adsorptive properties and porosity of lignin-derived
activated carbons to the same extent. The activation rate or char reactivity would need
to be influenced by chemical and structural variations in the lignin macromolecule. The
following sections provide an overview of the thermal behaviour of lignin, how this
behaviour is affected by the macromolecular structure, and the influence on the char
reactivity and activation rate.

5.1.2 Thermal Decomposition of Lignin

The thermal decomposition of lignin is known to occur over a broad temperature range,
with a maximum mass loss rate between 300 and 450 °C. Decomposition occurs by
several competing reactions with bonds cleaved at varying temperatures, depending
on the bond energies.243–245 It is generally accepted that this depolymerisation occurs
through a free-radical mechanism, following complex reaction pathways.243,246

According to Wang et al.,247 two mechanisms primarily control the pyrolysis process.
The first stage involves decomposition of the lignin structure and release of volatiles.
Ether linkages are the most abundant and thermally labile bonds present in lignin.245,247
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Cleavage of these bonds leads to depolymerisation of the lignin macromolecule.247,248

Bonds in this primary stage are easily broken at low carbonisation temperatures,
between 200 and 400 °C.245,247 This results in the elimination of small molecular weight
volatiles (including H2O, CO2, and CO), the formation of new functional groups (such
as carbonyl and carboxyl), and the appearance of free radicals. Radicals undergo further
reactions to form stable end products, contributing to the second pyrolysis process;
polymerisation and cross-linking reactions to form a char.244,246,247

Two types of radicals are produced during lignin thermal decomposition; unstable
species associated with heteroatomic functional groups, and stable species related to
condensed aromatic systems.244 The quantity of radicals produced depends on the
number of bonds broken, and consequently, on the bond energy. Radical concentration
is dependent on the ability of radicals to undergo quenching reactions, such as
recombination. Both processes rely on the stability of radical species. Volatile evolution
is dependent on the concentration of radicals and the frequency of recombination
reactions, which lead to repolymerisation.246
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Figure 5.3: Relative electron-spin resonance (ESR) signal strength (�) and the rate of
weight loss (N) determined by thermogravimetric analysis against temperature for alkali lignin.
Redrawn using data from Avni et al.244

Avni et al.244 studied the formation of free radicals during alkali lignin pyrolysis. The
concentration of stable radicals rapidly increased from 200 to 500 °C and decreased but
remained significant up to 700 °C. The radical concentration and rate of weight loss
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were shown to follow a similar trend (illustrated in Figure 5.3) indicating weight loss of
the feedstock was related to the formation of stable radicals during pyrolysis. Bährle et

al.246 observed the same behaviour during fast pyrolysis of Klason lignins, supporting
the free-radical depolymerisation mechanism.

5.1.3 Influence of Lignin Structure on Activated Carbon Porosity

The char reactivity and rate of activation are primary drivers affecting the development
of activated carbon porosity. These properties are dependent on the nature of the
pyrolysed char. Section 5.1.2 shows lignin pyrolysis and char formation processes
are controlled by the release of volatiles and stability of radical species. However,
differentiating which parameters affect the thermal behaviour of lignin and porosity of
lignin-derived materials, and to what extent, can be challenging. Studies examining
the thermal behaviour of lignin and the production of lignin carbons frequently utilise
lignins extracted using a variety of isolation methods, feedstocks, and processing
conditions. This section explores evidence in the literature outlining how chemical and
structural differences in the lignin macromolecule affect the thermal behaviour of lignin.
The effect of these variations on the char reactivity and activation rate and the resulting
impact on activated carbon porosity is discussed.

Lignin-derived chars and activated carbons prepared by various research groups are
shown in Table 5.1 and Table 5.2, respectively. Surface areas reported for lignin chars
range from low (5 to 50 m2 g-1) to moderately high values (213 to 654 m2 g-1). Reported
surface areas for lignin-derived carbons range from 46 to 1853 m2 g-1 for physical
activation and 514 to 3235 m2 g-1 for chemical activation. Pore volumes range from 0.01
to 0.83 cm3 g-1 for physical activation and 0.25 to 1.96 cm3 g-1 for chemical activation.
Materials produced from chemical activation, in general, have a larger surface area and
pore volume than carbons produced using physical activation.

Studies by Jeon et al.253 and Carrott et al.232 prepared lignin-derived activated carbons
from different types of lignin using identical activation and carbonisation conditions.
As shown in Table 5.1 and Table 5.2 the resulting carbon materials exhibited varying
adsorptive properties. This shows, akin to biomass, lignins exhibit structural and
chemical heterogeneity that influences the reactivity of the lignin char or the rate of
gasification. Jeon et al. performed one of the most comprehensive studies on how the
chemical and structural properties of lignin affected the porosity of carbon materials.
Lignin-derived carbons were prepared without an activation step using three different
lignin feedstocks: softwood kraft, senesced organosolv, and corn stover alkali. The

155



CHAPTER 5. POROSITY OF LIGNIN-DERIVED ACTIVATED CARBONS

Table
5.1:

C
haracteristics

of
chars

derived
from

the
pyrolysis

of
lignin

in
an

inertatm
osphere

(N
2

or
A

r).
T

he
feedstock

(w
here

know
n)and

extraction
m

ethod
are

listed
w

ith
the

carbonisation
tem

perature
and

dw
elltim

e,and
the

resulting
B

E
T

surface
area

(S
B

E
T )ofthe

chars.

R
eference

E
xtraction
M

ethod
Feedstock

C
onditions

S
B

E
T

(m
2

g
-1)

B
aklanova

etal. 218
H

ydrolytic
-

600
°C

,120
m

ins
360

C
arrottetal. 232

K
raft(purified)

-
750

°C
,30

m
ins

458
A

lkali
N

orw
ay

spruce
370

H
ydrolytic

Sugarcane
330

C
hatterjee

etal. 249
O

rganosolv
H

ardw
oods

800
°C

,30
m

ins
32

Fu
etal. 250

K
raft

-
450

°C
,60

m
ins

57
H

ayashietal. 251
K

raft
Softw

oods
500

-900
°C

,60
m

ins
10

-50
Ism

ailova 252
H

ydrolytic
C

otton
400

-800
°C

56
-553

Jeon
etal. 253

A
lkali

C
orn

stover
M

ultiple
steps

[a]
126

K
raft(purified)

Softw
ood

1092
O

rganosolv
Senesced

519
K

hezam
ietal. 254

K
raft

-
700

°C
,60

m
ins

10
R

odríguez-M
irasoletal. 210

K
raft

E
ucalyptus

450
-900

°C
,120

m
ins

[b]213
-496

Snow
don

etal. 255
H

ydrolytic
-

600
-900

°C
,360

m
ins

5
-654

Z
hang

etal. 145
Steam

explosion
-

700
°C

,120
m

ins
77

[a](i)
200

°C
,5

°C
m

in
-1,5

m
ins

(ii)
950

°C
,1

°C
m

in
-1,360

m
ins

[b]lignin
w

as
precarbonised

and
w

ashed
w

ith
acid

priorto
carbonisation

156



CHAPTER 5. POROSITY OF LIGNIN-DERIVED ACTIVATED CARBONS

Ta
bl

e
5.

2:
C

ha
ra

ct
er

is
tic

s
of

lig
ni

n-
de

riv
ed

ca
rb

on
s

pr
od

uc
ed

th
ro

ug
h

ch
em

ic
al

(C
)

or
ph

ys
ic

al
(P

)
ac

tiv
at

io
n.

T
he

fe
ed

st
oc

k
(w

he
re

kn
ow

n)
,e

xt
ra

ct
io

n
m

et
ho

d,
ac

tiv
at

io
n

co
nd

iti
on

s,
an

d
ad

so
rp

tiv
e

pr
op

er
tie

s
(B

E
T

su
rf

ac
e

ar
ea

,S
B

E
T
,a

nd
to

ta
lp

or
e

vo
lu

m
e,

V
to

t)
ar

e
lis

te
d.

R
ef

er
en

ce
Ty

pe
Fe

ed
st

oc
k

A
ct

iv
at

io
n

C
on

di
tio

ns
S B

E
T

(m
2

g-1
)

V
to

t
(c

m
3

g-1
)

B
ak

la
no

va
et

al
.21

8
H

yd
ro

ly
tic

-
P:

H
2O

80
0

°C
,1

20
m

in
s

86
5

0.
83

[b
]

C
ar

ro
tt

et
al

.23
2

K
ra

ft
(p

ur
ifi

ed
)

-
P:

C
O

2
75

0
°C

,3
0

-2
10

m
in

s
38

7
-6

05
0.

15
-0

.2
8

K
ra

ft
(p

ur
ifi

ed
)

-
P:

H
2O

75
0

°C
,3

0
m

in
s

92
0.

04
A

lk
al

i
N

or
w

ay
sp

ru
ce

P:
C

O
2

75
0

°C
,3

0
-1

20
m

in
s

46
-4

60
0.

01
-0

.1
7

A
lk

al
i

N
or

w
ay

sp
ru

ce
P:

H
2O

75
0

°C
,3

0
m

in
s

79
0.

02
H

yd
ro

ly
tic

Su
ga

rc
an

e
ba

ga
ss

e
P:

C
O

2
75

0
°C

,2
0

-1
20

0
m

in
s

39
0

-1
64

4
0.

18
-0

.6
1

H
yd

ro
ly

tic
Su

ga
rc

an
e

ba
ga

ss
e

P:
H

2O
75

0
°C

,2
0

-2
40

m
in

s
61

6
-1

00
8

0.
21

-0
.3

8
Fu

et
al

.25
0

K
ra

ft
-

P:
H

2O
72

5
°C

,4
0

m
in

s
31

0
-

Is
m

ai
lo

va
25

2
H

yd
ro

ly
tic

C
ot

to
n

P:
H

2O
90

0
°C

12
70

-
R

od
rí

gu
ez

-M
ir

as
ol

et
al

.21
0

K
ra

ft
E

uc
al

yp
tu

s
P:

C
O

2
80

0
°C

,2
40

-2
40

0
m

in
s

64
1

-1
36

0
0.

33
-2

.0
3

[c
]

R
od

rí
gu

ez
-M

ir
as

ol
et

al
.23

1
K

ra
ft

E
uc

al
yp

tu
s

P:
C

O
2

80
0

-9
00

°C
,2

40
-2

40
0

m
in

s
74

7
-1

85
3

0.
33

-1
.9

6
[c

]

G
on

za
le

z-
Se

rr
an

o
et

al
.25

6
K

ra
ft

B
la

ck
liq

uo
r

C
:H

3P
O

4
(2

:1
)

35
0

-6
00

°C
,1

20
m

in
s

10
31

-1
45

9
0.

65
-1

.0
9

[b
]

H
ay

as
hi

et
al

.25
1

K
ra

ft
Sp

ru
ce

C
:m

ul
tip

le
(1

:1
)[a

]
50

0
-9

00
°C

,6
0

m
in

s
40

0
-2

00
0

-
K

he
za

m
ie

ta
l.25

4
K

ra
ft

B
la

ck
liq

uo
r

C
:K

O
H

,(
0.

25
:1

)
70

0
°C

,6
0

m
in

s
51

4
0.

25
Sa

ng
ch

oo
m

&
M

ok
ay

a23
9

B
or

re
ga

ar
d

L
ig

no
Te

ch
C

:K
O

H
(2

-4
:1

)
60

0
-9

00
°C

,6
0

m
in

s
18

20
-3

23
5

0.
91

-1
.7

7
Z

ha
ng

et
al

.14
5

St
ea

m
ex

pl
os

io
n

-
C

:K
O

H
(2

:5
)

70
0

°C
,1

20
m

in
s

90
7

0.
52

[a
]
K

2C
O

3,
N

a 2
C

O
3,

K
O

H
,N

aO
H

,Z
nC

l 2
,H

3P
O

4
[b

]
su

m
of

m
ic

ro
po

re
an

d
m

es
op

or
e

vo
lu

m
es

[c
]
su

m
of

m
ic

ro
po

re
,m

es
op

or
e,

an
d

m
ac

ro
po

re
vo

lu
m

es

157



CHAPTER 5. POROSITY OF LIGNIN-DERIVED ACTIVATED CARBONS

moderate (126 to 519 m2 g-1) to high (1092 m2 g-1) BET surface area exhibited by the
lignin carbons was attributed to devolatilisation of oxygen-containing functional groups.
The CO2 and H2O evolved during pyrolysis act as internal activation agents. The authors
proposed a relationship of increasing surface area with oxygen consumption; the kraft
lignin had a higher oxygen consumption (17 % reduction) and surface area (1092 m2

g-1) than the alkali lignin carbon, which exhibited the lowest oxygen consumption (14
% reduction) and surface area (126 m2 g-1). However, the organosolv lignin carbon
showed the highest oxygen consumption (18 %) but had a lower surface area (519 m2

g-1) than the kraft lignin.

Factors other than oxygen consumption are evidently essential for the development of
porosity. The authors also suggest that the molecular weight of lignin and differences in
volatile evolution could cause the variations observed in char porosity. The use of lignins
from different feedstocks and using different extraction methods by Jeon et al. (and
Carrot et al.) complicates this relationship; it is impossible to distinguish between the
influence of the molecular weight, isolation procedure, or feedstock. Both the extraction
procedure and aromatic composition resulting from the lignin feedstock are known to
affect the thermal decomposition behaviour of the macromolecule and may influence
activated carbon porosity. The magnitude of these effects and their potential impact are
discussed over the following sections.

5.1.3.1 Effect of Isolation Method

The isolation or extraction method, introduced in Section 3.1.2, has an overarching
influence on the macromolecular structure of lignin, affecting multiple parameters
including the molecular weight of lignin fragments, the type and abundance of
linkages and functional groups within the molecule, and the presence of impurities.
Consequently, the extraction method also has a significant influence on the thermal
behaviour of lignin, which has been reported in the literature.

Wörmeyer et al.257 used TGA to examine rice straw lignins isolated using four
different methods: organosolv, soda, aquasolve, and liquid hot water. The lignins
exhibited a comparable degradation pattern, akin to the behaviour observed in this
work (Section 3.2.4). However, despite isolation from the same feedstock, the lignins
exhibited different values of DTGmax (temperature of maximum rate of weight loss).
This demonstrates the influence of the isolation method on lignin thermal stability,
which could impact the char reactivity. A study by Gardner et al.258 showed similar
results: using TGA, a relationship between the degree of lignin condensation (measured
by nitrobenzene oxidation) and DTGmax was observed. Lignin condensation varies
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depending on the isolation method. Milled wood lignins, for example, are highly
uncondensed.

In addition to affecting thermal stability, several studies have reported differences
in volatile evolution on pyrolysis between lignins produced from different isolation
methods. Both the type and quantity of low molecular weight volatiles released will
have a significant impact on the internal activation process, and therefore, the extent of
a chars rudimentary porous structure. Wang et al.247 examined the pyrolysis behaviour
of lignins extracted from the same pine wood feedstock using four different isolation
methods: alkali, milled wood, klason, and organosolv. A greater abundance of thermally
unstable ether bonds and side-branches in alkali and milled wood lignin was linked to
enhanced evolution of phenolic compounds on pyrolysis. Furthermore, the presence of
a catalytic Na+ impurity in alkali lignin and differences in the functional groups present
across all lignins resulted in variations in the onset temperature and quantities released
of CH4, CO2, and CO volatiles. Similar differences in volatile emission were noted in
separate studies by Wang et al.259 on pyrolytic and milled wood lignins and Jakab et

al.260 on milled wood, organosolv, and kraft lignins.

Jakab et al.260 examined the effect of the lignin isolation method on the volatiles
produced during pyrolysis. A difference in the evolution of H2O and CO2 was observed.
Ball milled and organosolv samples exhibited an increased H2O yield compared to kraft
lignin, which had an increased CO2 yield. Wang et al.247 examined the temperature
evolution of volatiles from pine lignin pyrolysis; the profile of CH4, CO2, and CO was
dependent on the extraction method. Steam and carbon dioxide are known to have
different gasification rates,261 with the former being faster and producing carbons of
broader porosity. Consequently, lignins with an increased evolution of H2O on pyrolysis
could have an increased internal activation rate, reaching a higher burn-off level with
more extensive porosity. The rate of activation could also be limited by the release
of large amounts of CO, which acts as an inhibitor. More extensive devolatilisation
of the char could be caused by either the type or quantity of volatiles emitted.
This devolatilisation would lead to increased char surface area, and consequently, an
increased rate of the char-CO2 reaction on activation.

5.1.3.2 Effect of Molecular Weight

The molecular weight of lignin was also proposed to influence the BET surface area
and porosity of chars. In the study by Jeon et al.253 the kraft lignin carbon had the
highest adsorptive properties (surface area and N2 uptake) and also the lowest molecular
weight (1098 g mol-1) of the samples investigated. The opposite was true for the alkali
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lignin carbon; it had the highest molecular weight (2596 g mol-1) and lowest adsorptive
properties. Low molecular weight lignin was suggested by Jeon et al. to contain more
end groups and have higher chain mobility and free volume, which allowed segments to
carbonise more easily (increased char reactivity), leading to a more porous structure.

Other studies in the literature have reported lignin molecular weight affects the thermal
stability of the polymer, and consequently, could affect the char reactivity. Lignins were
extracted using the same feedstock and identical isolation procedure then separated
into high and low molecular weight components. Guo et al.262 prepared alkali-
extracted lignin and separated the sample by ultrafiltration into three different weight
fractions. The thermal degradation range, measured by TGA, appeared unaffected by the
macromolecule weight. However, for low molecular weight lignins, DTGmax occurred
at a lower temperature, and a reduced char yield at 1000 °C was observed. Both are
indicative of decreased thermal stability. Findings from Buranov et al.57 on organosolv
extracted flax lignin support these results. A single sample was separated into high
and low molecular weight fractions using centrifugation. Thermal behaviour examined
using DSC demonstrated that the high molecular weight fraction exhibited increased
thermal stability due to a larger glass transition temperature (160 °C) than the lower
molecular weight fraction (106 °C).

Guo et al.262 also examined the effect of molecular weight on the pyrolysis products
resulting from lignin thermal degradation. The composition of the primary pyrolysis
products; CO, CO2, H2O, and CH4 was unaffected by the molecular weight. However,
the macromolecule weight had a significant impact on the relative quantities of these
products released. Removal of the methoxy group on the phenyl ring structure was
favoured in low molecular weight lignins, leading to increased yields of CH4, CO2,
CO, phenol, and alkyl guaiacyl products. High molecular weight lignins, conversely,
favoured the generation of guaiacol and alkyl guaiacol. As discussed above, an increased
quantity of volatiles produced could lead to a more extensive internal activation of the
char.

The findings by Buranov et al. and Guo et al. support the suggestion by Jeon et

al. of improved adsorptive properties from low molecular weight lignin. However,
volatile evolution rather than segmental mobility is likely to cause, or at least contribute,
to the observed differences in adsorptive properties. The combination of lower thermal
stability and increased volatile emission from low molecular weight lignins would be
expected to produce a char with a higher surface area and an increased activation rate. It
is worth noting that the difference in molecular weight between the Jeon et al. samples
(1098 to 2596 g mol-1) is much lower than the lignins examined by Guo et al. (3867
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to 12,060 g mol-1) and Buranov et al. (8749 to 30,332 g mol-1). Consequently, any
differences in thermal behaviour are likely to be reduced in comparison.

5.1.3.3 Effect of Aromatic Structure

The aromatic composition of lignin (i.e. the ratio of monolignol units in the
macromolecule) is another property known to affect pyrolysis behaviour. The aromatic
composition depends on the type of biomass lignin is extracted from.49,155 Bährle et

al.246 examined the stable radical concentration in hardwoods (which primarily contain
S-units) and softwoods (which primarily contain G-units). Between 350 and 450 °C,
a reduced quantity of volatiles was emitted by softwood lignins in comparison to
hardwoods, which was attributed to two effects. First, G-units have a free position
on the aromatic ring which is occupied by an additional methoxy group in S-units.
Consequently, G-unit radicals have a higher probability of undergoing recombination
reactions at this position and thus lower radical stability. Secondly, softwoods have an
increased quantity of strong 5-5 (C-C) linkages and decreased number of weaker β-O-4
(C-O-C) linkages (bond energies of 502 and 272 kJ mol-1, respectively) in comparison
to the hardwood lignins. Both the increased abundance of strong 5-5 linkages and the
lower radical stability are expected to contribute to this reduced formation of radicals in
softwood lignins.

2 0 0 2 2 0 2 4 0 2 6 0 2 8 0 3 0 0 3 2 0
2 4

2 8
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4 0
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Figure 5.4: The inverse relationship between char yield and the total number of hydroxyl and
methoxyl groups determined by wet chemical methods. Redrawn from Jakab et al.243 with
permission.
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The ratio of aromatic monolignols is also intrinsically linked to the content of methoxyl
groups in lignin; S-units have an additional methoxy group in comparison to G-
units. Accordingly, hardwood lignins have a higher methoxyl content than softwood
lignins. Wang et al.247 and Jakab et al.243 observed during TGA experiments that
softwood lignins had a larger char yield and reduced rate of weight loss compared to
hardwoods. These differences were attributed to the decreased content of methoxyl
groups in softwood lignin. Figure 5.4 demonstrates the inverse relationship between
the content of methoxyl and hydroxyl groups and char yield. Methoxyl radicals are
believed to stabilise large molecular fragments formed during pyrolysis, preventing the
polymerisation reactions that lead to char formation from occurring.247

Consequently, an increased number of methoxyl groups in hardwood lignins promotes
the evolution of volatiles rather than the development of char, leading to a lower char
yield. Research comparing hardwood and softwood klason lignins by Bährle et al.246

supports these findings. Evolution of high molecular weight volatiles was observed to
be dominant in hardwood lignins above 550 °C but not in softwoods. These variations
in the quantity of volatiles evolved are likely to have a significant impact on the rate
of activation; increased char devolatilisation would result in a higher surface area and
increased activation rate.

5.1.3.4 Prediction of How Aromatic Structure Influences Carbon Porosity

The production of lignin-derived carbons and chars in the literature using the same
synthesis conditions but different types of lignin results in materials with varying
adsorptive properties,232,253 as discussed earlier in this chapter. Consequently, lignins
must exhibit chemical and structural heterogeneity that influences the reactivity of the
lignin char or the rate of gasification, leading to disparities in the adsorptive properties.
Evidence in the literature suggests several parameters may cause differences in the
char reactivity or activation rate including molecular weight, aromatic ratio, purity, and
carbon content.

A methodical approach was utilised in this work (Chapter 3) to isolate the effect of the
aromatic ratio on activated carbon porosity. The same extraction method was used to
obtain high purity lignins with a similar molecular weight and carbon content, to ensure
the char reactivity and activation rate were unaffected by these parameters. Results in
Chapter 3 and the literature review presented here show the aromatic ratio of lignin does
influence the behaviour of lignin during pyrolysis, and supports the theory of a further
influence on activated carbon adsorptive properties.
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Lignins were divided into low S/G and high S/G materials based on results from 2D-
NMR spectra. Swelling of the low S/G chars during thermogravimetric analysis was
an immediate indication these materials exhibit different thermal behaviour to the high
S/G lignins. Swelling of the low S/G chars was attributed to an increased viscosity
compared to high S/G samples. This was supported by evidence in 2D-NMR spectra of
an increased quantity of β-5 linkages for low S/G lignins (which limit molecular chain
rotation) and the known propensity of G-units to cross-link. Cetin et al.235 reported
melting of biomass chars blocked their internal porosity, leading to a reduced activation
rate. The increased viscosity of low S/G chars could cause a similar effect, although
this is unlikely; micrographs in Chapter 3 and Chapter 4 shows the entire lignin sample
softens to form a plastic-like char with no structure retained for a blockage to occur.

The ratio of monolignol units is known to impact the quantity of volatiles emitted.
Low S/G lignins produce fewer volatiles compared to high S/G lignins due to higher
char stability. This reduced devolatilisation and higher stability of the low S/G chars
is evidenced by the higher yields and increased DTGmax values exhibited by the rice
husk and flax TGA chars in Section 3.2.4. Increased devolatilisation of the char is likely
to result in a larger BET surface area. This increased surface area would result in an
increased rate of activation, due to the larger number of active sites available for CO2

adsorption. Consequently, high S/G lignins are expected to produce activated carbons
with improved adsorptive properties compared to low S/G lignins.
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5.2 Results and Discussion

5.2.1 Lignin Characterisation

For the production of activation carbons, an increased quantity of lignin extracted from
the four biomass feedstocks (rice husk, flax straw, hemp hurds, and eucalyptus chips)
was required. To achieve this the organosolv extraction process was scaled-up to treat a
larger quantity of biomass. Characterisation of lignin took place to ensure the material
was of high purity and with a similar structure to materials used for the Chapter 3
investigation.

The extraction efficiency (Eeff), lignin purity results, and sugars content are shown in
Table 5.3. The ash content and elemental analysis of the lignin is shown in Table 5.4.
Eeff (reported as the yield of lignin produced per weight of the initial feedstock) of the
large-scale extraction process was almost identical to the small-scale method (9 - 13
wt.%, previously 9 - 14 wt.%), with the efficiency of the eucalyptus lignin extraction
still slightly higher (13 wt.%). The degree of delignification was also similar to the
extractions performed in Chapter 3, and yields were once more within the expected
range.

Table 5.3: Results of the scaled-up organosolv lignin process, including the extraction efficiency
(Eeff), total lignin content, and sugars content. The lignin content includes both acid-insoluble
(Klason) and acid-soluble values, and the combined total. The analysis was run in duplicate.
Uncertainty values shown here represent the standard deviation between measurements.

feedstock
Lignin

(wt.%)
Eeff Lignin Content (wt.%)

Content (wt.%)
Sugars

Klason Acid-soluble Total
Rice husk 9 86.0 ± 0.5 1.7 ± 0.2 87.7 ± 0.8 2.1 ± 0.1

Flax 11 92.8 ± < 0.1 1.2 ± 0.1 94.1 ± 0.1 0.4 ± < 0.1
Hemp 10 90.5 ± 0.4 2.4 ± < 0.1 92.9 ± 0.4 0.4 ± < 0.1

Eucalyptus 13 93.6 ± 0.9 2.3 ± 0.2 95.9 ± 1.0 0.9 ± < 0.1

A combination of the total lignin content, sugar content, ash content, and elemental
composition determined the purity of organosolv extracted lignin samples. All materials
exhibited a high total lignin content (>87 wt.%), which was primarily composed of acid-
insoluble (known as Klason) lignin (86 - 93 wt.%) with a small amount (1 - 2 wt.%) of
acid-soluble lignin. The minimal acid-soluble lignin content is expected, due to the acid
precipitation step in the extraction procedure.

There is an increase in ash content for samples from the scaled-up extraction (0.3 -
- 1.2 wt.%) compared to the small-scale extraction (<0.15 wt.%). However, the level
is relatively minor. A commercial Kraft lignin for example (without extra purification
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Table 5.4: Microanalysis and ash content of organosolv extracted lignin samples. All parameters
were calculated on a dry basis. The ash content analysis was performed in duplicate, the mean
values are shown. Uncertainty values given represent the range.

Lignin
Feedstock

Microanalysis (wt.%)

Ash C O H N S

Rice husk 1.24 ± 0.06 61.9 31.2 6.1 0.8 0.0
Flax 0.36 ± 0.21 64.3 29.6 6.1 0.0 0.0

Hemp 0.45 ± 0.22 64.2 28.4 6.3 0.7 0.4
Eucalyptus 0.76 ± 0.35 61.2 33.2 5.6 0.0 0.0

[a] determined on a dry matter basis, [b] microanalysis determined by combustion,
[c] calculated as the difference between 100% and the CHNS values on a dry basis.

steps, such as Lignoboost) has a high ash content of up to 13 wt.%.210,263 The total sugar
content was low for all samples, and primarily composed of glucan and xylan. The high
lignin, low sugar, and low ash contents indicate all specimens are of high purity. The
lignin content of rice husk lignin was slightly lower than the other samples. However,
this is accounted for by the higher ash and sugar contents of this sample.

The ratio of syringyl to guaiacyl units (S/G ratio) is a measure of the aromatic
composition of lignin. Figure 5.5 illustrates these values, derived from 2D-NMR
integrals. The S/G values are comparable to the previous small-scale extraction. Rice
husk and flax lignins still exhibit the lowest S/G ratio of 0.23 (previously 0.19), hemp
has a slightly decreased value of 1.01 (previously 1.18), and eucalyptus lignin maintains
the highest ratio of 2.63 (previously 2.85).

Figure 5.6 illustrates the molecular weights of the lignins. To prevent aggregation, lignin
samples were dissolved in THF/LiBr according to the procedure investigated in Section
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Figure 5.5: Pie charts to illustrate the mean ratio of syringyl ( ) to guaiacyl ( ) units as
calculated from 2D-NMR integrals. The S/G ratio values were calculated from integral on
at least two different spectra. Uncertainty values represent the standard deviation between
measurements. S/G values are also listed in Appendix D.
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3.2.3. Values were within the expected range for organosolv extracted lignin. There
remains no correlation between S/G ratio and molecular weight; low S/G flax and rice
husk lignins have similar values to the high S/G hemp lignin. The eucalyptus-derived
sample maintains the highest molecular weight. A reduction in polydispersity compared
to results in Chapter 3 (Figure 3.10) arises from the addition of LiBr.

Figure 5.7 shows the thermal decomposition lignins in an inert atmosphere. Samples
exhibit similar behaviour to those from the small-scale extraction (Figure 3.15b);
degradation occurs over a wide temperature range with three stages of weight loss.
The spike in the eucalyptus lignin TG trace (∼ 300 °C) was an anomaly caused by
disturbance of the measurement equipment during collection. The low S/G rice husk
lignin exhibited the greatest char yield (42.0 wt.%), followed by the high S/G lignins;
eucalyptus (40.3 wt.%) and hemp (38.7 wt.%). As discussed previously in section 3.2.4,
the increased yield of the rice husk char is due to the higher thermal stability of G-
units.209,243 Compared to previous TGA experiments, there is an increased char yield at
1000 °C, which previously ranged from 33.7 wt.% to 39.8 wt.% for hemp and rice husk
lignins respectively. This variation is likely due to the use of a different instrument and
alumina crucible size. High S/G ratio lignins continue to exhibit a foaming effect (see
Figure D.2), which was less prevalent for the low S/G rice husk lignin.

Overall, the results in this section indicate the production of high purity, low ash and
low sulphur containing materials. The lignins produced from the scaled-up extraction
procedure have similar properties to the previous, smaller-scale method. Samples
have a low molecular weight and form two distinct groups based on their aromatic
composition: high S/G and low S/G. Thermogravimetric curves show the lignins have
a wide decomposition range, with the increased G-unit content of rice husk lignin
contributing to an enhanced char yield. High S/G ratio samples continued to exhibit
the foaming and swelling behaviour observed in Chapter 3. The next section focuses on
the first step in the preparation of activated carbons: the pyrolysis of lignins to form a
char.
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Figure 5.6: Gel permeation chromatography results of lignin samples extracted using the
organosolv method. Mn is the number average molecular weight, Mw is the weight average
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weight data for lignin samples is listed in Appendix D.
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Figure 5.7: Thermogravimetric (TG) traces of rice husk ( ), hemp ( ), and eucalyptus
( ) lignins. Samples were run from 40 to 1000 °C in argon at 5 °C min-1. Samples were run
in duplicate, traces of repeat measurements are included in Appendix D.
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5.2.2 Characterisation of Lignin-Derived Chars

The preparation and characterisation of lignin-derived chars is the focus of the following
section. The confirmation of lignin purity and structure in the previous section was
essential to ascertain the influence of the aromatic composition on the morphology and
porosity of chars, and also of subsequently activated carbon materials (for the latter see
Section 5.2.3).

Preparation of chars from the four larger-scale organosolv lignins (low S/G rice husk and
flax, and high S/G hemp and eucalyptus) utilised the optimal carbonisation conditions
established in Chapter 4, a detailed method is given in Section 2.2.1. In brief, pyrolysis
of lignin materials took place at 350 ◦C to a burn-off level of ∼ 40 wt.% (values listed
in Table 5.5). Optical microscopy was utilised to assess char morphology, and char
porosity was probed using gas sorption.

Table 5.5: Burn-off levels for lignin-derived chars carbonised at 350 °C for 30 minutes under
argon. Rice husk and hemp lignin underwent repeat carbonisation experiments. Uncertainty
values represent the difference in burn-off between replicates. The largest uncertainty values
(for rice husk lignin) were applied to flax and eucalyptus samples.

feedstock
Lignin

(wt.%)
Char burn-off

Rice husk 39 ± 1
Flax 36 ± 1

Hemp 42 ± < 1
Eucalyptus 41 ± 1

5.2.2.1 Char Morphology

Figure 5.8 shows the chars resulting from lignin carbonisation at 350 °C. Unexpectedly,
the swelling occurred in both high S/G and low S/G materials (for comparison, Figure
5.9 shows a vessel filled with lignin before carbonisation). Previously, swelling of only
the high S/G ratio lignin (hemp and eucalyptus) was noted during Chapter 3 and Chapter
5 thermogravimetric analysis, TGA (section 3.2.4 and 5.2.1). Although the low S/G
materials did not swell during TGA, chars did show the formation of a foam (Figure
3.16), with bubbles evident throughout the structure. The enhanced swelling effect seen
here was probably an effect of increased material loading and a thicker layer within the
carbonisation vessel.

Although all samples swell and produce a foam, there are intriguing differences in
behaviour between the low S/G and high S/G materials. The low S/G rice husk and
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 Rice husk  Flax 

 Hemp  Eucalyptus 

Figure 5.8: Image of chars carbonised at 350 °C for 30 minutes, derived from different types
of organosolv lignin: rice husk, flax, hemp, and eucalyptus. Dimensions of the carbonisation
vessels were 105 mm × 22 mm × 14.5 mm.

Figure 5.9: Carbonisation vessel filled with hemp-derived lignin (3 g) prior to carbonisation.
Dimensions of the vessel were 105 mm × 22 mm × 14.5 mm.

flax lignin-derived chars, despite the expansion (especially rice husk lignin), remained
within the carbonisation vessel. However, the high S/G hemp and eucalyptus chars
overflowed, as demonstrated by the hemp lignin char in Figure 5.8. The eucalyptus-
derived sample expanded to an even greater extent, overspilling the vessel within the
furnace. The material detached during sample removal, however, remnants are visible
on the side of the vessel in Figure 5.8. Furthermore, the chars behaved quite differently
during removal from the carbonisation boat and on handling. The low S/G ratio chars
were less brittle and easier to handle than the high S/G ratio chars. This is especially
true for the rice husk derived material, which could be cut easily with a knife.

The differences in brittleness of the chars could have important implications for these
materials if the application called for their use in a monolithic form. The morphology
of lignin-derived chars was investigated further using optical microscopy. Figure 5.10
shows optical micrographs of the char cross-sections. Due to the brittleness of the hemp
lignin char monolith, a side view is shown rather than a cross-section. It is evident from
the cross-sections that thermal decomposition of these lignin materials produces a foam.
As explored previously in Section 3.2.4, this requires both the release of volatiles to form
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bubbles and softening of the lignin to a high viscosity material which can support the
expansion and avoid foam collapse.211,264

Bubbles are evident throughout the monolith cross-section for all materials. Li et

al.265 described the formation of bubbles in a pitch-derived carbon foam. Heating
of the feedstock releases volatiles, which dissolve into the softened matrix. The
volatiles saturate and nucleate, allowing for the growth of bubbles. These coalesce with
neighbouring bubbles, in a process driven by surface tension. The size of bubbles in the
char monoliths is difficult to assess from Figure 5.10, however, there appears to be some
variation evident in bubble size.

A closer view of materials is shown in Figure 5.11. The low S/G rice husk lignin
contains small bubbles throughout the monolith structure. Smaller bubbles are also
present in the crust of the flax lignin monolith. By contrast, the eucalyptus lignin
monolith contains large voids; apparently devoid of these smaller bubbles. Likewise,
the side-view of hemp lignin shows an absence of smaller bubbles. For comparison
Figure 5.12 shows the appearance of small bubbles in the horizontal side-on view of the
flax lignin monolith. The smaller bubbles present in low S/G ratio chars could account
for why these materials appear to be less brittle than the high S/G ratio materials; large
voids make the material more susceptible to cracking.

The large quantity of small bubbles present in the rice husk-derived char suggests they
are not coalescing to form larger voids, which could be due to the viscosity of the
softened lignin. Work by Narasimman et al.264 examined the effect of viscosity on the
formation of foams from sucrose and aluminium nitrate. An increased aluminium nitrate
concentration led to a higher viscosity material, caused by increased cross-linking. The
high viscosity material was found to stabilise bubbles against coalescence and rupture.
The presence of smaller bubbles within the low S/G ratio lignins (rice husk and flax)
thus suggests these materials have a higher viscosity than the high S/G ratio samples,
which display coalescence and formation of larger bubbles.

A combination of the NMR and TGA data in this work, and findings in the literature,
support this theory. In Chapter 3, 2D-NMR spectra of the lignin revealed the low S/G
rice husk and flax lignins exhibited an increased quantity of β-5 linkages (∼ 40 %)
compared to the high S/G lignins (10 - 20 %). The presence of β-5 and 5-5 linkages,
found more frequently in low S/G lignins, is known to limit the molecular rotation of
the macromolecule.212 The TGA data in this work (Figure 3.15b and Figure 5.7) and
findings by Wang et al.209 and Jakab et al.243 show lignins with a low S/G ratio have
higher thermal stability than high S/G materials, seen by an increased char yield. G-units
are known to have a high propensity for condensation and coupling reactions.209,243
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 2 mm 

Figure 5.12: Optical micrograph showing the horizontal side-on view of flax lignin-derived char
carbonised at 350 °C for 30 minutes.

The combination of limited chain rotation and increased cross-linking within the lignin
macromolecule likely leads to an increased viscosity for lignins with a low S/G ratio.
These findings are further supported by research from Sun et al.,266 which reports
organosolv lignins with a lower S/G ratio exhibited higher viscosity values and a
tendency to form more cross-linkages. The increase viscosity of low S/G lignins would
produce a more stable material on heating, and consequently, the smaller bubble size
observed in the optical micrographs.

An alternative theory to explain the overflow of high S/G chars during pyrolysis is
the release of an increased volume of volatiles compared to the low S/G materials.
Narasimman et al.264 showed increased concentrations of blowing agent produce an
increase in foam volume, resulting from a more substantial quantity of gas released in
a short time frame. The extra methoxy groups present in S-units could play a similar
role to the blowing agent. As discussed in Section 5.1.3, methoxyl groups promote
the evolution of volatiles, which may lead to an increased volume of gas evolved during
pyrolysis for high S/G lignins. In turn, this more substantial gas volume could contribute
to larger voids and subsequent overflow of material from the carbonisation vessel.

Ferdous et al.267 heated lignins in a fixed-bed reactor and examined the volatiles released
using gas chromatography. They demonstrated that a substantial volume of volatiles
was released at low carbonisation temperature (below 350 °C): 30 wt.% and 20 wt.%
gas yields for Kraft and Alcell lignins respectively. A then near-constant yield between
350 and 550 ◦C indicated most low-temperature reactions took place below 350 ◦C .
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Thermogravimetric analysis performed in this work supports these results. Significant
mass loss onsets between 150 and 200 °C, with the maximum loss rate at just over
350 ◦C (354 to 368 ◦C ). This degradation behaviour is demonstrated clearly in the first
derivative curves of TGA results presented in Chapter 3 (see Figure B.6 in Appendix B).
The mass loss and volatile emission within this temperature range also correspond to the
foaming onset noted for the industrial lignin: between 150 and 200 °C (Section 4.2.1,
Figure 4.11). Gas released below 350 ◦C thus must contribute to the foam formation,
and swelling observed.

Work by Ferdous et al. suggests volatiles are released in apparently significant quantities
and within the correct temperature range to contribute to char foaming. If high
S/G materials do evolve an increased volume of gas, an increased contribution from
volatiles related to methoxy group degradation would also be expected. Methanol, from
degradation of aromatic methoxy groups, and methane, from demethylation of methoxy
groups and side chains, are likely candidates.209,237,260,268 Indeed, TG-MS results from
Jakab et al.243 demonstrated a positive correlation between the methoxy group content
of milled wood lignins and the yield of methanol and methane volatiles.

Jakab et al.260 and Wang et al.209 determined methanol emission onsets between 100
and 160 °C, the same temperature range as the foaming onset. Wang et al. also
noted that methanol emission for hardwood (high S/G) milled wood lignin onset at an
earlier temperature than the softwood (low S/G ratio) lignin. Methanol emission in all
lignins examined increased rapidly up to around 400 °C. Both studies suggest methanol
emission occurs within the same temperature window as the foaming phenomenon.
Furthermore, differences are noted by Wang et al. between hardwood and softwood
lignins.

Despite the promising temperature window of methanol emission, the three main
volatiles emitted by Alcell lignin below 350 °C (according to Ferdous et al.) were
CO (40 mol%), CH4 and CO2 (28 mol% each).267 Consequently, methane is more likely
to affect the volume of gas emitted. However, separate experiments by Jakab et al.,260

Wang et al.,209 and Faix et al.268 observed that methane evolution onsets around 300 °C,
with only small amounts recorded below this temperature. A rapid increase then occurs
to a maximum between 400 and 500°C. Although methane evolution would contribute
a larger gas volume than methanol emission, it appears to begin at a higher temperature
than the foaming onset, when the phenomenon is already well underway.

Differences in viscosity, the volume of gas evolved, or a combination of both effects
are likely causes of the foaming of lignin chars. Small bubbles observed in low
S/G materials in optical micrographs suggest an increased viscosity prevents their
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coalescence, resulting from the improved thermal stability and the cross-linking
tendency of G-units. Alternatively, the additional methoxy group in S-units could
contribute to an enhanced volume of gas emitted, and result in the overflow of high
S/G lignins. The literature suggests low-temperature reactions result in a high gas yield
in the temperature range of foaming onset. The impact of the foaming on the adsorptive
characteristics of chars is investigated in the following section.

5.2.2.2 Adsorptive Properties of Lignin-Derived Chars

Characteristics including surface area, pore volume, and pore width are vital for the
use of activated carbon as an adsorbent. These characteristics also determine the
suitability of a material for different applications, which usually have distinct porosity
requirements. For example, the adsorptive storage of hydrogen gas requires micropores,
and storage capacities are optimised for pores below 7 Å in diameter.35 The voids visible
under an optical microscope will not contribute significantly to the adsorptive properties
of the char, although they may act as transport pores. The adsorptive properties of lignin
chars were probed using gas sorption techniques.

Adsorption isotherms showing the uptake of N2 and CO2 in lignin-chars are shown in
Figure 5.13. Essentially no uptake of N2 occurs across all char samples. The downward
trend of isotherms in Figure 5.13a to negative adsorption could indicate outgassing
of the sample. However, it is more likely due to gas leakage; the seals on sorption
analysers are not perfect, a minimal amount of gas can leave the tube. This was
confirmed by performing a blank tube analysis, which was very similar to the isotherms
recorded for the chars. Regardless, the amounts of gas adsorbed are negligible (< 0.2
cm3 g-1) compared to the uptake of a porous carbon (usually above 100 cm3 g-1), and
consequently, the chars can be considered non-porous to N2.

There is a strong possibility of ultramicropores within the chars which are inaccessible
to the N2 molecule. At cryogenic temperatures, N2 has well-known diffusion limitation
issues, which can prevent molecules accessing the smallest pores.128 The use of CO2 as
an adsorptive up to 1 atm at 273 K can overcome these problems. Small pores up to 15
Å can be detected and, due to the increased temperature, equilibration rates are much
faster.128,269

The porosity of lignin chars was probed further using CO2 sorption, as shown in Figure
5.13b. Uptake of CO2 confirms the presence of porosity which is inaccessible to N2. The
adsorption isotherms exhibit Type I behaviour, suggesting that chars have a rudimentary
porosity composed of micropores. The CO2 uptake of chars, however, was limited; rice
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Figure 5.13: Sorption isotherms of (a) N2 at 77 K and (b) CO2 at 273 K for lignin-derived chars.
Materials were carbonised at 350 ◦C for 30 minutes (36 - 41 wt.% burn-off) from different lignin
feedstocks; rice husk (�), flax (•), and eucalyptus (H). Filled markers indicate the adsorption
branches and hollow markers the desorption branches.
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husk and eucalyptus lignin materials had the highest uptake of 15 cm3 g-1(0.70 mmol
g-1), and flax lignin char the lowest at 10 cm3 g-1(0.45 mmol g-1). These uptake values
are similar to those recorded for coals. Studies by both Abunowara et al.270 and Zhao et

al.271 on coals with a low BET surface area (below 0.7 m2 g-1) reported a similar CO2

uptake of 0.35 to 0.74 mmol g-1. The absence of N2 adsorption and limited CO2 uptake
indicates that, despite the formation of voids, the foaming does not greatly affect the
microporous structure of chars, and porosity created is outside the upper limit detected
by gas sorption.

Furthermore, all CO2 char isotherms exhibit a desorption hysteresis. Abunowara et al.

observed a similar hysteresis in coals and attributed this behaviour to the interaction
of CO2 with surface functional groups.272,273 The presence of functional groups is also
likely to be the cause of the hysteresis for lignin chars. A significant amount of oxygen
(∼ 20 %) was calculated to be present in the low-temperature lignin chars prepared in
Chapter 3 (see Table 4.4). There was also no desorption hysteresis noted in observed in
the CO2 isotherm of the 900 °C char (Figure 4.21) with an increased carbon content.

5.2.3 Characterisation of Lignin-Derived Activated Carbons

Lignin-derived activated carbons were prepared from the monolithic chars, using
optimal activation conditions established in Chapter 4. A detailed method is given
in Section 2.2.1. In brief, monoliths were ground to a fine powder, and activated
at 1000 ◦C to a burn-off of ∼ 55 wt.% (values listed in Table 5.6). The aromatic
composition of lignin feedstocks, as investigated in the previous section, appeared
to affect the mechanical properties of chars, but not the microstructure. Activation
enhances the rudimentary porosity created in the pyrolysis stage, and any differences
in microstructure should become apparent. The ash content of activated carbons
was evaluated using thermogravimetric analysis, and the activated carbon morphology
utilised thermogravimetric analysis, scanning electron microscopy, x-ray diffraction,
and Raman spectroscopy. Porosity was probed using a combination of gas sorption
and small angle x-ray scattering.

To ensure only the effect of the lignin aromatic composition on the porosity of chars was
examined, the chars were activated to the same burn-off level (55 wt.%). Differences in
the char burn-off rate were noted. The flax, eucalyptus, and hemp lignin chars reached
approximately 55 wt.% burn-off after 60 minutes. The rice husk lignin carbon, however,
had an increased burn-off rate and required a shorter activation time (50 minutes).
Activation of the rice husk lignin char for the extended time (60 minutes) produced
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Table 5.6: Burn-off levels for lignin-derived carbons activated at 1000 ◦C for 60 minutes (unless
otherwise stated) using CO2. The hemp-derived sample was prepared twice, uncertainty values
relate to the difference in burn-off between repeats, and were applied to all samples.

feedstock
Lignin

burn-off (wt.%)
Activated carbon

Rice husk 56 ± <1[a]

Flax 56 ± <1
Hemp 53 ± <1

Eucalyptus 59 ± <1
[a] activation time = 50 minutes

an activated carbon with a much higher burn-off (67 wt.%). The enhanced burn-off of
the rice husk lignin has two likely causes: a difference in char reactivity or in the char
particle size.

Increased reactivity of the char would lead to an increase in the number of sites attacked
by CO2 during activation. This would promote the creation of new micropores, widening
of existing porosity, and cause the increased rate of burn-off observed. The primary
difference between lignins is their aromatic composition. The S/G ratio, however, does
not appear to affect the reactivity of the material. Flax and rice husk lignins have the
same S/G ratio (0.23) yet flax has a lower burn-off rate; an activation time of 60 minutes
was required to reach a burn-off level of ∼ 55 wt.%. The increased reactivity could
instead result from the presence of impurities in the rice husk lignin char. Although the
lignin content of the rice husk-derived sample is high (88 wt.%), it is the lowest recorded
of the four lignins (Table 5.3), due to increased sugar and ash contents. Rodríguez-
Mirasol et al.274 observed an increase in the reactivity of eucalyptus kraft lignin chars
with increased ash content.

Particle size could also affect the burn-off rate of the rice husk lignin carbon. The rice
husk lignin monolith was comprised almost entirely of smaller bubbles (Figure 5.11).
These small bubbles do not appear to the same extent in the flax-derived material, and
high S/G lignin chars, in complete contrast, are comprised of large voids. On grinding
the rice husk monolith to a powder, the material may have broken into smaller fragments.
A smaller particle size would lead to an increased surface area exposed to the activating
agent, and consequently, an increased burn-off rate.

5.2.3.1 Thermogravimetric Analysis of Lignin-Derived Activated Carbons

The decomposition behaviour of lignin-derived activated carbons was examined by
thermogravimetric analysis in air. The weight loss of samples with time and the
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temperature profile are shown in Figure 5.14. A small peak is visible in the eucalyptus
lignin carbon profile at ∼ 70 °C. This is an anomaly caused by external disturbance of
the analyser, and consequently, should be disregarded. The initial heating stages dried
the activated carbon samples; a small weight loss of up to 5 wt.% can be observed on
heating up to 250 °C, due to loss of water. This small weight loss indicates the uptake of
atmospheric water by samples was negligible. At approximately 400 °C, a subsequent
dramatic weight loss onsets for all activated carbons due to oxidation of the carbon to
CO2.
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Figure 5.14: Thermogravimetric (TG) traces of activated carbons derived from different types
of lignin; rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). Samples were heated
in air and held at different temperature stages up to 550 °C according to the British Standards
recommendation109 for ash content determination. Samples were run in duplicate, traces of
repeat measurements are included in Appendix D.

The ash contents determined for activated carbon samples, and select chars, are
displayed in Table 5.7. The flax and hemp lignin-derived chars exhibited a negligible
ash content of below 0.5 wt.%, similar to the ash content of the original lignin (Table
5.4). The ash content increased, due to increased carbon content and decreased volatile
matter,93,216 to approximately 5 wt.% for activated carbon samples. The reported ash
contents in this work are on the lower end reported for lignin-derived carbon materials;
char ash content varies between 2 to 4 wt.%,231,275 and between 5 and 13 wt.% for
activated carbons.232,252 Carbons derived from biomass contain ash in varying quantities
from 0.1 up to 14 wt.%.216,276,277
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Table 5.7: Ash contents of chars and activated carbons derived from different types of lignin
feedstock. Samples were heated in air and held at different temperature stages up to 550 °C
according to the British Standards recommendation.109

Lignin
Source

Ash Content (wt.%)
Char Activated Carbon

Rice Husk - 5.8 ± 2.1
Flax 0.3 ± 0.4 5.7 ± 0.8

Hemp 0.1 ± 0.2 3.1 ± 1.5
Eucalyptus - 5.6 ± 0.7

5.2.3.2 Morphology of Lignin-Derived Activated Carbons

Scanning electron micrographs (SEMs) of lignin-derived carbons before and after
activation are shown in Figure 5.15. All materials have relatively smooth particles,
except those derived from rice husk lignin. The roughness of the rice husk lignin
particles likely results from the increased quantities of small bubbles throughout the
monolith. There appear to be small voids present in the activated carbons which are
not present in the chars. However, it is difficult to discern these voids clearly on
the micrographs. Both the coating of samples with a conductive metal to improve
the micrograph resolution (as discussed in Section 4.2.1) and the use of a higher
magnification would enable a more in-depth comparison between the four different
materials. Nevertheless, overall the large voids exhibited by the medium and severe
chars in Figure 4.13 are distinctly absent. The size of the voids in the Chapter 4
chars were related to the harshness of the synthesis procedure (higher temperature
and increased dwell time in the carbonisation and activation stages contributed to the
appearance of voids). The absence of large voids in Figure 5.15 indicates a mild
synthesis procedure.

Rough areas were found in both char and activated carbon materials; Figure 5.16
highlights a few examples. The majority of the particle surface, as seen in Figure 5.15,
is smooth. Figure 5.16b appears to show a sheared particle with the roughness occurring
within the centre. The presence of these areas within both the char and activated carbon
indicates void formation during the carbonisation stage, likely as a result of volatile
release during the development of the foam.

The degree of graphitisation can affect the suitability of a carbon material for different
applications and influence the porosity. An enhanced degree of graphitisation increases
electrical conductivity and controls the extent of charge storage in supercapacitor
electrodes.154,253 Increased graphitisation can also lead to the closing off of smaller
pores and growth of larger pores, causing a decrease in specific surface area.37,278
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Figure 5.15: Scanning electron micrographs comparing lignin-derived chars and activated
carbons. Activation has caused the appearance of multiple small holes on the surface of activated
carbons.
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Figure 5.16: Scanning electron micrographs of (a) eucalyptus lignin activated carbon, (b) hemp
lignin activated carbon and (c) rice husk lignin char. Arrows indicate rough areas which appear
to be caused by bubbles from volatile evolution during pyrolysis.
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The structure of lignin-derived carbons was examined using powder x-ray diffraction
(XRD). Patterns in Figure 5.17 reveal two broad peaks in all spectra at 2θ ∼ 22°
(d= 4.1 Å) and 2θ ∼ 44° (d= 2.2 Å), characteristic of the (002) and (100/101)
reflections of graphite, respectively.279–281 However, the absence of sharp peaks
indicates the lignin-derived activated carbons are primarily amorphous with a low degree
of graphitisation.38,143,282 XRD patterns were recorded in duplicate, and all original data
is included in Appendix D.
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Figure 5.17: X-ray diffraction patterns of activated carbons derived from different lignin
feedstocks; rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). Spectra have been
offset along the y-axis for clarity. Removal of the background silicon sample holder was
performed using Origin. Measurements were run in duplicate; representative plots are shown
here, with all plots included in Appendix D.

Raman spectroscopy is highly sensitive to the morphology of carbons; every band
corresponds to the vibrational frequency of a bond within the material. Therefore, it
is an excellent technique in combination with XRD to assess the extent of defects or
graphitisation within the carbon structure. Figure 5.18 shows collected Raman spectra
of lignin-derived activated carbons. Spectra were recorded in triplicate, and all original
data is included in Appendix D. All spectra exhibit peaks near 1340 and 1600 cm-1,
known as the D and G bands respectively. These bands show the presence of both
disordered (D) and graphitic sp2 (G) carbon within the material. The D band is broader
than the G band, with an additional shoulder visible at 1155 cm-1, indicating that all
samples contain a significant amount of amorphous carbon, similar to the XRD spectra.

183



CHAPTER 5. POROSITY OF LIGNIN-DERIVED ACTIVATED CARBONS

7 5 0 1 0 0 0 1 2 5 0 1 5 0 0 1 7 5 0 2 0 0 0
0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

R i c e  h u s k

E u c a l y p t u s

H e m p

Int
en

sity

R a m a n  S h i f t  ( c m - 1 )

F l a x

Figure 5.18: Raman spectra of activated carbons derived from different lignin feedstocks; rice
husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). Spectra have been offset for clarity.
Baseline correction and removal was performed using Origin, and cosmic ray removal using the
instrument software. Measurements were run in at least triplicate, plots of all original spectra
are included in Appendix D.

The D and G bands are not fully resolved, and so deconvolution of the spectra was
necessary for further analysis of the carbon structure. Previous work utilised either a 4
or 5 peak fit using Gaussian, Lorentzian, and Voigt functions.253,281,283–288 Successful
deconvolution of spectra in this chapter used either a 4-peak fit with the Voigt function
or 5-peak fit with the Gaussian function. The χ2 parameter was minimised during the
fitting of both functions. The χ2 value, however, was not used as a measure of the
goodness of fit, due to its dependence on the y-axis scale (as shown in the Appendix,
Figure D.17). The adjusted r2 value was used instead to assess the goodness of fit and
was very high (> 0.999) for both functions.

Figure 5.19 shows deconvoluted spectra using the 4-peak Voigt and 5-peak Gaussian
functions for the rice husk lignin activated carbon (examples of fits for each sample, and
fitting data are included in Appendix D). The D1 and G1 bands, referred to from now on
as the D and G bands respectively, are associated with in-plane vibrational modes from
the basal plane.286 The D-mode arises only from carbons atoms in immediate proximity
to a defect in the lattice (such as edges).285 Table 5.8 and Table 5.9 list the average
values for peak fitting results of the primary D and G bands (D1 and G1), for the 4 peak
Voigt and the 5 peak Gaussian functions respectively. Other defects cause the remaining
bands; the D2 band is attributed (tentatively) to polyene-like structures, and the D3 band
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Figure 5.19: Deconvoluted Raman spectra of rice husk lignin-derived activated carbon, fitted
using either (a) a 4-peak Voigt function or (b) a 5-peak Gaussian function. The orignal spectrum
( ) is overlayed with the fitting result ( ) and deconvoluted peaks; D2 ( ), D1 ( ), D3
( ), G1 ( ) and D4 ( ).

185



CHAPTER 5. POROSITY OF LIGNIN-DERIVED ACTIVATED CARBONS

to amorphous carbon.285 The additional D4 band in the 5-peak fit is suggested to arise
from lattice vibrations similar to the G-band, except involving atoms in graphene layers
at the surface of a graphitic crystal.285

Table 5.8: Parameters obtained by deconvolution of Raman spectra by fitting of 4 peaks using
the Voigt function. Spectra of lignin-derived activated carbons were recorded in triplicate, the
mean values are reported here with the raw data included in Appendix D.

4-Peak Voigt Fitting

Feedstock Mode
Peak Position

(cm-1)
FWHM
(cm-1)

ID/IG

Rice husk
D 1342 ± 1 129 ± 7

2.47 ± 0.53
G 1602 ± 4 62 ± 2

Flax
D 1343 ± 2 136 ± 12

2.93 ± 0.61
G 1605 ± 1 63 ± 4

Hemp
D 1346 ± 4 132 ± 8

2.75 ± 0.79
G 1605 ± 3 62 ± 4

Eucalyptus
D 1343 ± 2 124 ± 4

2.81 ± 0.85
G 1605 ± 1 62 ± 3

In this work there only a small difference in the goodness of fit parameters between
the 4 and 5-peak fits. The r2 values for the 5-peak fit are slightly higher and the χ2

values lower (data in Appendix D), in comparison to the 4-peak fit. However, the
reliability of the 5-peak fit for this set of carbons is unclear. The G and D4 bands exhibit
significant overlap. Furthermore, considering the D4 band involves atoms at the surface
of a graphitic crystal there does not appear to be an advantage in separating these two
peaks. Deconvolution of Raman spectra performed in the literature primarily use a 4
peak fit.253,281,283,284,288

For both fits, the G peak in all samples is shifted away from single crystal graphite289 (at
1575 cm-1) to higher values associated with nanocrystalline graphite290 (at 1600 cm-1).
This shift indicates the presence of both an amorphous carbon phase and nanocrystalline
domains within the samples. The small full-width at half maximum (FWHM) values (50
- 60 cm-1) of the G-band in both fits also supports the presence of ordered carbon.

The ratio of integral intensity for the D and G bands (ID/IG) can be used to assess
the degree of graphitisation, and is inversely proportional to the size of sp2 crystallite
clusters.284,286 Graphite flakes, for example, have a low ID/IG ratio of 0.1.291 Both the
Voigt and Gaussian fits predict a high integral ratio of 2.15 to 2.95, indicating once more
the presence of nanocrystalline carbon in the samples. As remarked by Shimodaira
& Masui,286 due to the material’s amorphous nature the nanocrystalline domains are
unlikely to have a regular lattice structure like graphite but be composed instead of
winding short basal planes.
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Despite the different feedstocks used, there do not appear to be significant differences
in the morphology of activated carbon materials. SEMs reveal smooth carbon particles,
with only rice husk lignin exhibiting rough edges, likely a result of the small bubbles
present in the monolithic char. The broadness of peaks in the XRD patterns indicates
the carbons are primarily amorphous, which is supported by the sizeable D-peak present
in Raman spectroscopy. However, there are features implying the existence of some
graphitic domains in both Raman and XRD spectra. In Raman spectra, the D and
G bands have a similar peak position and FWHM to those seen for high temperature
(>1000 °C) carbide-derived carbons.38 This suggests the synthesis temperature has a
more significant influence on activated carbon morphology than the lignin structure.

Table 5.9: Parameters obtained by deconvolution of Raman spectra by fitting of 5 peaks using
the Gaussian function. Spectra of lignin-derived activated carbons were recorded in triplicate,
the mean values are reported here with the raw data included in Appendix D.

5-Peak Gaussian Fitting

Sample Mode
Peak Position

(cm-1)
FWHM
(cm-1)

ID/IG

Rice husk
D 1342 ± 1 111 ± 1

2.80 ± 1.11
G 1604 ± 5 52 ± 1

Flax
D 1344 ± 3 107 ± 4

2.88 ± 1.01
G 1607 ± 1 51 ± 1

Hemp
D 1346 ± 4 113 ± 2

2.95 ± 0.49
G 1607 ± 3 52 ± 3

Eucalyptus
D 1343 ± 1 97 ± 3

2.15 ± 0.37
G 1607 ± 1 52 ± 7
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5.2.3.3 Adsorptive Properties of Lignin-Derived Activated Carbons

Gas sorption was used to probe the porosity of lignin-derived activated carbons. Figure
5.20 shows nitrogen adsorption isotherms recorded at 77 K. All isotherms exhibit Type
I behaviour, associated with microporous materials; adsorption occurs primarily at low
relative pressure, with little evidence of further adsorption in the meso- and macropore
range (p/po > 0.1).

The adsorptive characteristics of activated carbons derived from the isotherms in Figure
5.20 are illustrated in Figure 5.21. The maximum quantity of N2 adsorbed (Max Qads)
was taken directly from the isotherm. The calculation of the total pore volume (Vtot),
BET surface area (SBET), and t-plot derived micropore volume and micropore area
(Vmicro and Smicro) are described in Section 2.3.6. The volume-weighted average pore
width (wavg) was determined from the pore size distribution, calculated by application
of the 2D-NLDFT model to N2 isotherms. Original data is listed in Table D.3.

Figures 5.20 and 5.21 show all lignin-derived activated carbons follow the expected
trend of improved adsorptive properties with increasing burn-off. The eucalyptus
lignin carbon has the highest burn-off (59 wt.%) of the three and the largest adsorptive
properties. Conversely, the hemp lignin carbon has the lowest burn-off (53 wt.%) and
the smallest adsorptive values. There is a maximum increase of 20 % between values
recorded for the hemp lignin carbon and those for the eucalyptus lignin carbon. The
improvement in properties is due to the widening and creation of new micropores with
increasing burn-off level.

5.2.3.4 Analysis of Porosity using Gas Sorption

The microporous nature of lignin-derived activated carbons was examined in more
detail, shown in Figure 5.22. For all activated carbons Vmicro contributes 81 to 86 %
to the total pore volume Vtot, indicating an absence of meso- and macroporosity in the
samples. Similarly, Smicro contributes 81 to 89 % to the BET surface area SBET. When
taking into account the burn-off, rice husk and flax lignin-derived samples, with the
same burn-off value (56 wt.%) also have similar contributions to Vtot and SBET from
micropores. The hemp lignin carbon has a slightly lower burn-off (53 wt.%) and a
slightly increased contribution of micropores to the Vtot and SBET (86 % and 89 %
respectively). Eucalyptus lignin carbon, conversely, has an increased burn-off (59 wt.%)
and lower contribution of microporosity to Vtot and SBET (81 % and 83 % respectively).
Samples follow the same trend; an increase in burn-off level leads to a widening of
microporosity.
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Figure 5.20: Nitrogen sorption isotherms at 77 K on a (a) linear and (b) logarithmic scale of
activated carbons derived from rice husk (�), flax (•), hemp (N), and eucalyptus (H) lignins.
Samples were activated to a similar burn-off level (53 - 59 wt.%). Symbols are filled for the
adsorption branch and empty for the desorption.
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Figure 5.21: Comparison of the maximum quantity of nitrogen adsorbed (Qads), the total (Vtotal)
and micropore (Vmicro) pore volumes, the BET (SBET) and micropore (Smicro) surface areas,
and the volume-weighted average pore size (wavg) for activated carbons from different lignin
feedstocks; rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). All quantities were
derived or calculated from nitrogen sorption isotherms recorded at 77 K, actual and uncertainty
values are listed in Table D.3.

Examination of the micropore distribution leads to further information on activated
carbon porosity. Figure 5.23 shows pore size distributions (PSDs) derived from the
application of the 2D-NLDFT model to N2 isotherms. All samples show a similar
distribution, and pores can be divided into groups of four different sizes, according to
the PSD; below 7 Å, 7 - 9 Å, 9 - 20 Å, and above 20 Å. Table 5.10 lists the contribution
of each group to Vtot. Overall, activated carbons show comparable behaviour; the most
substantial contribution to pore volume is from micropores below 7 Å width (64 - 76
vol.%). There is a small contribution to pore volume from pores between 7 and 9 Å in
width (∼ 12 vol.%), which is similar for all samples. There is then a further contribution
to pore volume from pores between 9 to 20 Å in width (9 - 20 vol.%), also, a slight
contribution (< 5 vol. %) from pores greater than 20 Å in diameter.

Small variations between the different lignin-derived samples are evident, and appear to
be related to sample burn-off. The hemp-derived sample, with the lowest burn-off value
of 53 wt.%, has the most significant contribution (76 %) of ultramicropores below 7 Å
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Figure 5.22: Comparison of the micropore volume ( ) and micropore surface area ( ) relative
to the total pore volume and BET surface area respectively, and their relation to the extent of
activated carbon (AC) burn-off (�). Calculated by fitting of the 2D-NLDFT model to nitrogen
isotherms recorded at 77 K up to 1 bar.

diameter, and smallest contribution (9 wt.%) from larger micropores between 9 and 20 Å
in width. Rice husk and flax lignin carbons with intermediate burn-off values (56 wt.%)
have a reduced contribution from ultramicropores below 7 Å (∼ 70 %) and increased
contribution from micropores between 9 and 20 Å (14 %). Finally, the eucalyptus lignin-
derived carbon has the smallest contribution to Vtot from micropores below 7 Å (64 %)
and the largest contribution from micropores between 9 and 20 Å (20 %). This widening
of microporosity is particularly evident for the eucalyptus sample in Figure 5.23b: there
is a broadening and upward shift of the peak at ∼ 5 AA and the appearance of a small
peak near 14 Å.

The reduced contribution of ultramicropores with increasing carbon burn-off likely
results from widening of micropores. Despite these variations and the use of different
lignin feedstocks, the porosity of the lignin carbons measured by gas sorption is broadly
similar. Lignin-derived activated carbons have a high surface area (>1000 m2 g-1)
and narrow porosity primarily formed of ultramicropores below 7 Å, with a volume-
weighted average pore width of approximately 6 Å. To ensure the validity of these results
the reproducibility of the textural properties was examined.
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Figure 5.23: Pore size distributions of rice husk (�), flax (•), hemp (N), and eucalyptus (H)
activated carbons by fitting of the 2D-NLDFT model to nitrogen sorption isotherms at 77 K.
The calculated (a) cumulative pore volume and (b) differential pore volume are shown, offset for
clarity. Samples were activated to a similar burn-off level (55 to 60 wt.%).
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Table 5.10: Relative volumes of micropores at varying pore widths (w) to the total pore volume
of activated carbons (AC) derived from different lignin feedstocks. Micropore volumes were
calculated from pore size distributions, derived from nitrogen isotherms at 77 K. Duplicate
measurements were performed for rice husk and flax lignin carbons, with uncertainty values
indicating the maximum deviation of measurements from the mean.

Lignin Feedstock
Pore volume contribution (vol.%)

w < 7 Å 7 ≤ w < 9 Å 9 ≤ w < 20 Å w > 20 Å

Hemp 76 ± 1 12 ± < 1 9 ± 1 3 ± < 1
Rice husk 71 ± 2 11 ± 2 14 ± 1 4 ± 1

Flax 70 12 14 4
Eucalyptus 64 11 20 5

5.2.3.5 Repeatability of Textural Properties Measured by Gas Sorption

The repeatability of textural properties measured using gas sorption analysis was
examined using several methods. In addition to a full isotherm (over 150 points collected
between ∼ p/po 1 × 10-1 - 1), afterwards, a repeat partial measurement of the upper
isotherm region (up to 10 points collected between p/po 0.01 - 1.0) was collected
immediately for each carbon on the same sample (including the same tube, seal frit, and
filler rod). This repeat was primarily to ensure the free space measurement was accurate;
the liquid nitrogen level can decrease towards the end of long isotherm runs, which may
affect the value (collected after the isotherm finishes). BET surface area values (listed in
Appendix Table D.6) are consistent across the two measurements for all samples (within
± 3 m2 g-1), indicating no issues with the equipment or free space during isotherm
collection. The absence of a negative partial pressure tail in the full isotherms (Figure
5.20b), which is associated with the diffusion of gases from the sample,292 indicates the
carbons were degassed correctly.

Furthermore, additional repeat partial isotherms of the upper isotherm region (p/po

0.01 - 1.0) were performed in at least duplicate, using freshly loaded and weighed
samples, sample tubes, seal frits, and filler rods. These repeats were to account for
operator error, particularly during sample loading and measurement of dry weight. The
precision of the derived adsorptive properties was assessed by comparing values from
the full isotherm and all partial isotherm repeats. The mean values for Max Qads,
Vtot, and SBET are listed in Table 5.11, with the original values included in Appendix
Table D.6. Every sample presented excellent repeatability across all measurements; the
calculated adsorptive values are consistent with only small variations between repeats.
The maximum percentage error in all values is small; 7 % for Qads, and 5 % for Vtot and
SBET.
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Figure 5.24: Duplicate nitrogen adsorption isotherms on a (a) linear and (b) logarithmic scale at
77 K. The initial isotherms of rice husk (�) and hemp (N) lignin-derived activated carbons are
shown alongside duplicates (rice husk �, hemp M). For clarity, the desorption branches of all
isotherms have been omitted, and both rice husk isotherms in (b) were offset by 50 cm3 g-1.
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Table 5.11: Mean values for adsorptive properties; maximum quantity of nitrogen adsorbed
(Max Qads), the total pore volume (Vtot), and BET surface area (SBET). All quantities
were derived or calculated from nitrogen sorption isotherms recorded at 77 K. Samples were
measured in at least duplicate. Uncertainty values represent the maximum deviation between
measurements and the mean.

Lignin Feedstock Max Qads (cm3 g-1) Vtot (cm3 g-1) SBET (m2 g-1)

Rice husk 295 ± 17 0.46 ± 0.02 1128 ± 38
Flax 290 ± 14 0.44 ± 0.01 1131 ± 35

Hemp 283 ± 9 0.43 ± 0.01 1056 ± 59
Eucalyptus 336 ± 17 0.50 ± 0.02 1263 ± 35

The repeatability of adsorptive properties in the micropore region was also examined.
Duplicate full nitrogen isotherm measurements were performed on the rice husk and
hemp lignin-derived activated carbons. Duplicate isotherms for all samples were not
possible due to the long measurement time (up to 1 week). The original and repeat
isotherms are shown in Figure 5.24 for both lignin-derived carbons. The isotherms
exhibit good overlap, particularly above 1 × 10-6 p/po.

Pore size distributions (PSDs) were extracted from the initial and duplicate isotherms by
application of the 2D-NLDFT model. Results for the rice husk and hemp lignin carbons
are displayed in Figure 5.25a and Figure 5.26a, respectively. The similarity of PSDs,
any deviation from a perfect agreement, was examined by comparison of cumulative
pore volume values calculated at identical pore widths, shown in Figure 5.25b and
Figure 5.26b. Although the distributions appear to deviate somewhat below 7 Å, both
samples exhibited good agreement between PSDs, shown by high r2 values of over 0.97.
Comparable behaviour is seen for values of cumulative pore volume normalised to the
total pore volume (included in Appendix D).

Values for microporous adsorptive properties support the agreement seen between PSDs.
Mean values for the Vmicro, Smicro, and wavg:2D-NLDFT derived from the duplicate
isotherm measurements are listed in Table 5.12. Both hemp and rice husk show excellent
repeatability in these microporous textural properties; values are consistent with only
small variations between repeats. The maximum percentage error in values is small; 1
% for Vmicro and wavg:2D-NLDFT, and < 1 % for Smicro.

The use of repeated gas sorption measurements on the same sample and at least one
separately loaded sample is vital to ensure the adsorptive values obtained are reliable.
The excellent repeatability and low percentage error for values in this work show it is
possible to achieve good agreement between gas sorption measurements. This method
also enabled the identification of a potentially irregular isotherm. One isotherm and
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Figure 5.25: (a) Comparison of duplicate pore size distributions (PSDs) of rice husk lignin-
derived carbon obtained by fitting of the 2D-NLDFT model to nitrogen sorption isotherms
collected at 77 K. The cumulative pore volume for the original ( ) and duplicate ( )
isotherms, and the differential pore volume for the original (�) and repeat (�) isotherms are
both shown. (b) Comparison of agreement between the cumulative pore volumes calculated for
the original and repeat PSDs.
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Figure 5.26: (a) Comparison of duplicate pore size distributions (PSDs) of rice husk lignin-
derived carbon obtained by fitting of the 2D-NLDFT model to nitrogen sorption isotherms
collected at 77 K. The cumulative pore volume for the original ( ) and duplicate ( )
isotherms, and the differential pore volume for the original (N) and repeat (M) isotherms are
both shown. (b) Comparison of agreement between the cumulative pore volumes calculated for
the original and repeat PSDs.
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Table 5.12: Mean values for microporous adsorptive properties from multiple nitrogen isotherm
measurements; micropore volume (Vmicro), micropore surface area (Smicro), and volume-
weighted average pore size (wavg:2D-NLDFT). All quantities were derived or calculated from
nitrogen sorption isotherms recorded at 77 K. Samples were measured duplicate. Uncertainty
values represent the maximum deviation between measurements and the mean.

Lignin Feedstock Vmicro (cm3 g-1) Smicro (m2 g-1) wavg:2D-NLDFT (Å)

Rice husk 0.38 ± < 0.01 976 ± 1 6.2 ± <0.1
Hemp 0.36 ± < 0.01 953 ± 3 5.5 ± 0.1

its partial repeat recorded for the rice husk lignin carbon were excluded from the data
presented above. The adsorptive properties derived from these isotherms are shown in
Table 5.13. The original and repeat BET values are consistent (± 5 m2 g-1), indicating
the equipment operated as expected. However, there is a significant deviation of 16
to 17 % when comparing the adsorptive properties to separately weighed and loaded
samples (Table 5.11); suggesting an error in the sample preparation, which has led to an
unreliable result.

Table 5.13: Adsorptive properties derived from a rice husk lignin carbon isotherm with an
incorrect dry sample weight: maximum quantity of nitrogen adsorbed (Max Qads), the total
pore volume (Vtot), and BET surface area (SBET).

Isotherm Max Qads (cm3 g-1) Vtot (cm3 g-1) SBET (m2 g-1)

Full 355 0.55 1350
Partial - - 1345

Potential sources of error include an improperly degassed sample or determination of
the dry sample weight. The degassing stage is unlikely to be the cause of the problem.
Similar to the isotherms displayed in Figure 5.20, the irregular rice husk isotherm
displayed on a logarithmic scale (included in Appendix D) showed no indication of
the negative partial pressure tail related to improper degassing of the sample. Instead,
the most likely source of error was the determination of dry sample weight. For the BET
value of the irregular isotherm (1348 m2 g-1 ± 3 m2 g-1) to equal the mean BET value of
the repeated, separate isotherms (1128 m2 g-1 ± 38 m2 g-1), the dry weight needs to be
increased by approximately 30 mg. This value is significant, almost 20 % of the sample
weight used. Considering the tube was weighed five times both with and without the
dry sample, it suggests a different filler rod and seal frit were used for the measurement.
Indeed, increasing the dry sample weight by 30 mg produces adsorptive properties with
values (included in Appendix D) on par with those in Table 5.11.

A weight measurement error appears to have a significant impact on most of the
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calculated adsorptive properties. However, it should be noted that the PSD and wavg:2D-
NLDFT are relatively unaffected. PSDs for the original, irregular rice husk carbon
isotherm and the weight-corrected isotherm were derived from the 2D-NLDFT model.
Figure 5.27 shows the actual distributions were unchanged, only the magnitude of the
pore volume contribution was affected. Consequently, there was minimal deviation in
the relative volumes of micropores (see Table in Appendix E) and no change in the
volume-weighted average pore size (6.3 Å for both sets of data), which was consistent
with wavg:2D-NLDFT reported in Table 5.12.
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Figure 5.27: Pore size distributions (PSDs) of rice husk lignin-derived activated carbon. PSDs
were calculated by fitting of the 2D-NLDFT model to a nitrogen adsorption isotherm collected
at 77 K with a measured dry weight of 162.1 mg or a weight-corrected isotherm with a dry
weight of 192.1 mg. The differential pore volume for the PSD derived from the original (�)
and weight-corrected (�) isotherms, and the cumulative pore volume for the original ( ) and
weight-corrected ( ) isotherms are both shown.

Overall, this work has shown excellent agreement in textural properties derived from gas
sorption. Analysis of repeated full isotherm or partial isotherm measurements yielded
consistent results with a low percentage error of 7 % for Max Qads, 5 % for Vtot and
SBET, 1 % for Vmicro and wavg, and <1 % for Smicro. As demonstrated, the consistency
of these values allowed for easy identification of anomalous data. Further investigation
into the effect of a 20 % measurement error in the dry sample weight resulted in a
significant deviation in adsorptive properties of up to 17 %. The pore size distribution
and wavg, however, were relatively unaffected and remained consistent.
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5.2.3.6 Analysis of Porosity Using Small-Angle Scattering Studies

Using gas sorption to investigate the porosity of materials has several disadvantages:
only pores accessible to the probe gas (N2 in the previous section) will be analysed,
N2 measurements can be kinetically restricted in narrow micropores, and due to
the quadrupole moment of N2 the orientation of the molecule (and hence cross-
sectional area) can vary depending on the carbon surface chemistry.129 In addition, as
demonstrated as demonstrated in Section 5.2.3.5, errors in the dry weight or free space
can drastically affect the measured adsorptive properties. Consequently, small-angle x-
ray scattering (SAXS) was used as an alternative tool to corroborate average pore size
results derived from gas sorption of lignin-derived activated carbons.

Figure 5.28 shows the development of porosity on activation of lignin-derived chars.
SAXS patterns of chars exhibit a power law regime at low q, which obeys Porod’s
law, with a linear slope of n ∼ 4. This slope subsequently plateaus between 0.1 to 1.0
Å-1. Otani et al.293 noted similar behaviour for low temperature (400 °C), organosolv-
extracted eucalyptus lignin chars. Activated carbon patterns, by contrast, show two
power-law regimes with similar exponents at high and low q, separated by a shoulder.
The development of this shoulder is due to the generation of micropores.293 The absence
of a shoulder in char SAXS patterns shows their limited porosity, supported by the gas
sorption data discussed in section 5.2.2.2. On activation of the chars, the exponent shifts
from n ∼ 4 to n ∼ 3 for all samples except the hemp activated carbon, indicating a
change in the sample surface from smooth to rough.294

All carbon samples exhibit a shoulder at high q, at approximately 1.7 Å-1 (2θ = 24°)
which indicates an interlayer spacing of 3.8 Å. This is close to the broad (002) peak
observed in XRD spectra (2θ ∼ 22°, interlayer spacing of 4.2 Å). This shoulder is
likely caused by the presence of graphite within the sample; it is close to the (002) peak
recorded for pristine graphite (2θ = 27°, interlayer spacing of 3.4 Å),295 as mentioned in
Section 5.2.2.1. These results support the findings from Raman spectra, which indicated
the presence of ordered graphitic carbon. The occurrence of a shoulder in SAXS and
a broad peak in XRD rather than a sharp peak indicates the graphite is not crystalline,
corresponding to the short, winding basal planes within the activated carbon structure
suggested by Shimodaira & Masui.286

Power law and Gibaud models (Section 2.3.5) were fitted to SAXS patterns to extract
further information on the porosity of activated carbons, shown in Figure 5.29. Values
for the power law exponents, the radius of gyration, and average pore width are listed in
Table 5.14. The exponent of the low q region (q = 0 - 0.05) was determined using the
power law model, and subsequently used as a starting value for the Gibaud fitting. There
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Figure 5.28: Small angle x-ray scattering (SAXS) profiles of chars carbonised at 350 °C
(black marker) and resulting carbons (coloured marker) activated in CO2 at 1000 °C, derived
from different starting feedstocks; rice husk lignin (�), flax lignin (#), hemp lignin (M), and
eucalyptus lignin (O). Error bars are included but are within the width of the markers.

Table 5.14: Comparison of the magnitude of the power law regime (n) calculated from the
Power Law and Gibaud fitted using SasView and Origin respectively. The radius of gyration (Rg)
calculated by fitting of the Gibaud model was converted to the average pore width (wavg:SAXS)
using the relation; wavg = (5

3)
1
2 Rg. SAXS patterns were collected in duplicate, with the mean

values obtained from fitting displayed here, uncertainty values represent the deviation between
repeat measurements. Raw data listed in Table D.7.

feedstock
Lignin n

Rg (Å) wavg:SAXS (Å) χ2 r2

Power law Gibaud

Rice husk 2.6 ± 0.1 2.8 ± < 0.1 7.3 ± < 0.1 9.5 ± < 0.1 108 0.993
Flax 2.5 ± 0.1 2.8 ± 0.1 8.0 ± 0.1 10.3 ± 0.1 48 0.997

Hemp 3.6 ± 0.3 3.6 ± 0.6 8.0 ± 1.1 10.4 ± 1.4 123 0.990
Eucalyptus 2.8 ± 0.1 2.8 ± < 0.1 8.3 ± < 0.1 10.7 ± < 0.1 31 0.998
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Figure 5.29: Small angle x-ray scattering (SAXS) profiles of activated carbon derived from rice
husk (�), flax (#), hemp (M), and eucalyptus (O) lignins. Solid lines represent fitting to the (a)
the power law model using SasView and (b) the Gibaud model using Origin. Plots were offset
along the y-axis for clarity. Error bars are included but are within the width of the markers.
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is good agreement between the exponents calculated using the two different models.
Further, the radius of gyration (Rg) from the Gibaud analysis was used to derive the
average pore width (wavg : SAXS) of each sample, assuming spherically shaped pores.
An average pore width of between 9.5 and 10.7 Å was determined for all samples.

Duplicate SAXS patterns were collected for each lignin-derived activated carbon
(included in Appendix D). The two patterns were similar for almost all carbons and,
consequently, there was minimal variation when analysed with the Gibaud or Power Law
models. This can be seen by the low uncertainty values in Table 5.14. The hemp lignin
carbon, however, exhibited quite a significant difference in parameters between the two
SAXS patterns, indicated by the large uncertainty values. It was unclear why there was
such a large variation, but this was likely caused by a problem during collection, hence
SAXS analysis from hemp should be used with caution.

For both sets of SAXS patterns, the goodness of fit SAXS patterns and the Gibaud
model was assessed using the χ2 and r2 values. Mean χ2 and r2 for the duplicate
measurements are shown in Table 5.14. Overall, almost all fits had a high adjusted
r2 value (>0.990) and low χ2 value (31 - 123) indicating a good fit to the model. A
few fits showed more elevated χ2 values (108 - 123); however, these can be explained
by examination of the residual plots (Appendix D.6). The majority of residuals have
low values; however, there are a few points which do not fit well, skewing χ2 to higher
values. The fitting parameters for the duplicate hemp carbon SAXS were lower than
other samples, indicating reduced goodness of fit. Most carbons exhibited excellent
repeatability with a maximum percentage error for wavg:SAXS of 1 % for flax, 0.2 %
for rice husk, and < 0.1 % for eucalyptus. This is comparable to the error for wavg:2D-
NLDFT. The error for hemp, however, is more substantial at 13 %.

Figure 5.30 compares the pore widths calculated from N2 isotherms using the 2D-
NLDFT model, the SAXS-derived Rg from the Gibaud model, and the SAXS-derived
pore width calculated from Rg. Average pore width values derived from SAXS
were higher than the volume-weighted pore widths predicted by gas sorption, with a
maximum difference of 5.1 Å. This suggests the SAXS average pore width includes
contributions from larger pores that are not detected in gas sorption. Both techniques
consider pores up to 250 Å; however, there could be closed off or narrow porosity
inaccessible to N2 which is probed by SAXS. Alternatively, the disparity could be due
to differing fundamental assumptions of ideal slit pores for the 2D-NLDFT model and
spherical pores for the Gibaud fitting. The reduced wavg for gas sorption is most likely
due to the presence of small pores inaccessible to N2. Later in Chapter 6, we observe
that once bound with PTFE, the carbon powders exhibit a similar average pore size
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to the SAXS data. These findings are discussed in detail in Section 6.2.3.2, but in
brief, the binding process or infiltration of the polymer was thought to open previously
inaccessible porosity to gas sorption.
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Figure 5.30: Average pore size (wavg) comparison for lignin-derived activated carbons from
different feedstocks. Values were calculated using the 2D-NLDFT model (�) and the Gibaud
model (•). The latter was derived from SAXS data and calculated using the relation
wavg(SAXS) = (5

3)
1
2 Rg, where Rg is the radius of gyration (N). SAXS patterns were run in

duplicate, and the Gibaud model fitted to each. Mean wavg parameters are displayed here, and
uncertainty values represent the greatest difference between the highest/lowest value and the
mean. Uncertainty values for the flax lignin sample have been applied to hemp.

Gas sorption and SAXS methods agree wavg is largest for the eucalyptus lignin activated
carbon. Due to large uncertainty values for the hemp lignin carbon, it is difficult to
compare average pore width values. There is disagreement between the two methods
for the flax and rice husk lignin-derived samples. The 2D-NLDFT model predicts
the rice husk lignin carbon has a larger wavg than the flax lignin, whereas the Gibaud
model predicts the opposite. There are potentially larger pores available in the flax-
derived sample where the pore entrance was obstructed or partially blocked, and thus
not measured by gas adsorption, leading to an underestimate of the pore size. CO2

adsorption could be used in future experiments to examine the ultramicropore region
more closely, overcoming some of the possible issues surrounding underestimation of
the flax lignin carbon porosity.

Several groups have used a combination of SAXS and gas sorption to determine the
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porosity of carbide-derived carbons. Laudiso et al.,141 Dash et al.,38 and Yeon et

al.125 observed a maximum deviation of 3 Å in average pore size values between the
two methods; although, all three authors compared the radius of gyration from SAXS
measurements rather than converting to the average pore size. All three groups, despite
some variation in the absolute values for pore size, showed good agreement in the overall
pattern of average pore size for each sample. Although the deviation between SAXS and
gas sorption measurements was slightly larger for the lignin carbons in this work, both
methods indicated carbons had a similar average pore size, with a maximum deviation
of 0.9 Å between gas sorption values and 1.2 Å between SAXS values.
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5.3 Chapter Summary

The organosolv lignin extraction was successfully scaled-up to produce starting material
for activated carbon production. All lignin samples had a high purity with low ash and
minimal sulphur contents. Lignins had a low molecular weight and are divided into two
groups based on their aromatic composition; high S/G hemp and eucalyptus lignins, and
low S/G rice husk and flax lignins. The increased G-unit content of the low S/G lignins
contributed to an enhanced char yield and thermal stability.

All lignins exhibited swelling and formation of foam on carbonisation. Optical
micrographs showed small bubbles present throughout the rice husk lignin char and, to
a lesser extent, the flax char. The increased G-unit content of these samples was thought
to increase the viscosity of the heated lignin, and hinder the coalescence of bubbles,
leading to a more robust monolith material. The bubble formation in all chars was shown
not to affect the microporous structure or, consequently, the adsorptive properties. CO2

isotherms show chars have a limited porous structure.

Activation of chars was used to enhance their microporous structure and improve
adsorptive characteristics. The morphology of materials was investigated using a
combination of SEM and Raman spectroscopy. No significant differences were noted
between carbons via SEM, apart from an increased roughness of material derived from
rice husk lignin. Raman data revealed activated carbons are composed principally
of disordered carbon, with some graphitic domains. The presence of non-crystalline
graphite was also supported by the occurrence of a broad shoulder in SAXS patterns,
near the scattering vector expected for crystalline graphite.

The porosity and adsorptive characteristics of activated carbons were found to be
broadly similar, with no relation to their aromatic composition. Carbons had a high
surface area, and narrow porosity, with a small average pore width (∼ 6 Å). Deviations
between carbons were attributed primarily to variations in the extent of activation,
measured as the burn-off. An increased level of burn-off, although small, caused
an improvement in adsorptive properties, attributed to the creation and widening of
micropores. Average pore widths derived from SAXS were higher than those predicted
by gas sorption. This was believed to be due to the N2 probe molecule being inaccessible
to some of the larger pores. However, the differences in porosity across all carbons were
limited, with a maximum deviation of 1.2 Å.

The results in this work strongly suggest that the lignin feedstock does not noticeably
affect the microstructure of resulting activated carbons. This is due to the similarity in
the pore size distributions of all carbons, with any small variations correlated to the burn-
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off. The porosity of carbons is instead governed primarily by the activation conditions,
and the extent of burn-off. For activated carbon powders, this suggests organosolv-
extracted lignin from any source will produce a high surface area carbon at reasonable
burn-off levels.

Although the aromatic composition does not appear significant for the production of
powder activated carbons, it does have implications for carbon monoliths. The S/G
ratio seems to impact the viscosity of the lignin on heating and consequently has an
effect on the mechanical properties of carbon monoliths. The use of a monolith over
powder is attractive for several applications; for example, as electrodes in batteries or
supercapacitors. A polymer binder is currently required to form electrode materials,
which reduces the adsorptive properties of the carbon. Production of a monolithic
material negates the need for a binder. When using the carbon in a monolithic form,
however, the mechanical properties and lignin feedstock become significant. A high
S/G lignin, for example, would be unsuitable for the production of monoliths, due to the
brittle nature of resulting materials. A binder would be required to stabilise the carbon.
Due to the potential importance of monolithic carbon production, further investigation
into the effect of S/G ratio on the viscosity and mechanical properties of lignin materials
is a critical avenue for future research. An examination of the performance of the
activated lignin-derived carbons prepared in this work as adsorbents in supercapacitor
and hydrogen storage applications is the focus of the following chapter.

207





Chapter 6

Applications of Lignin-Derived
Activated Carbons

209



CHAPTER 6. APPLICATIONS OF LIGNIN-DERIVED ACTIVATED CARBONS

6.1 Introduction

The aims of this chapter were to benchmark for hydrogen uptake and electrochemical
performance of lignin-derived carbons, to determine the suitability of lignin carbons for
these applications, and to investigate whether the aromatic structure had an any effect
on performance.

6.1.1 Role of Activated Carbons in Hydrogen Storage

6.1.1.1 Influence of Surface Area

For a large number of carbon materials, hydrogen storage capacity is proportional to
the surface area. As a general rule, gravimetric uptake of H2 at 77 K and 1 bar is
1.1 wt.% for every 500 m2 g-1 of surface area the material has.5 A linear relationship
between capacity and surface area would indicate the carbon pore structure is irrelevant.
However, an ever-increasing number of carbons have shown this assumption to be
invalid, by over- or under-performing the so-called Chahine rule, as shown in Figure
6.1 for measurements at 60 bar. The materials which exhibit this behaviour generally
have a more substantial fraction of pores below 15 Å in diameter, a median pore size of
0.7 nm, or both.35

Several research groups have shown the greater importance of the correct pore size
over a large surface area. Gogotsi et al.35 activated TiC-CDCs at 875 °C for 8 hours
(CDC-875) or at 950 °C for 2 hours (CDC-950), producing carbons with different
porosity characteristics. CDC-950 had a larger surface area (3038 vs 2643 m2 g-1)
but broader porosity and a reduced fraction of pores below 15 Å compared to CDC-
875. Both activated carbons exhibited a similar H2 uptake of 4.6 wt.% (at 77 K and
60 bar). Consequently, CDC-875 had a greater H2 uptake density (1.75 vs 1.55 wt.% g
m-2), indicating that smaller pores are more efficient for storing H2. Sethia & Sayari296

produced nitrogen-doped carbons activated at 650 °C (AC-650) and 700 °C (AC-700).
AC-700 exhibited a greater surface area and pore volume in comparison to AC-650
(2386 vs 1342 m2 g-1 and 1.16 vs 0.65 cm3 g-1). However, both carbons had a similar
H2 uptake of 2.42 to 2.43 wt.%. AC-650 had a smaller average pore size (6.3 Å) and
larger volume of ultramicropores (0.21 cm3 g-1) than AC-700, with a pore size of 7.4
Å and negligible ultramicropore volume. The comparable uptake of AC-650, despite a
smaller surface area and total pore volume, again demonstrates the increased efficiency
of H2 storage in smaller pores.
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Figure 6.1: Excess hydrogen capacity at 77 K and 60 bar against surface area, demonstrating
the "Chahine" rule (solid black line). The dashed lines represent the best (blue) and worst (red)
material results at the date of the publication (February 2009). Redrawn from Gogotsi et al.35

and reprinted with permission from Elsevier.

The importance of small pores in potential H2 storage materials is evident. However,
work by Sevilla et al.297 highlights that a high surface area is still an essential
characteristic for maximum H2 uptake. Chemical activation of polythiophene produced
activated carbons with large surface areas and pore volumes (1700 to 3000 m2 g-1and
0.89 to 1.75 cm3 g-1). The highest H2 uptake was exhibited by the activated carbon
with the largest surface area and pore volume, despite having the broadest pore size
and lowest uptake density. This high uptake was attributed to the sheer magnitude of
surface area and pore volume, which compensated for the lower uptake efficiency of
mesopores in the sample. Despite no universal correlation between carbon surface area
and H2 uptake, it is still a useful tool for approximating the available adsorption sites.14

For samples with a similar pore size distribution, the surface area is a good predictor of
trends in H2 uptake, within the same group of materials.239,298

6.1.1.2 Enthalpy of Adsorption and the Importance of Pore Size

Maximising hydrogen uptake requires optimising the number of adsorption sites per
unit mass and volume of the adsorbent, and tuning the H2-solid interaction energy to
increase the number of sites able to adsorb H2 molecules.36 The importance of small
pores on H2 uptake was highlighted in the previous section. This dependence is related
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to the H2 molecule and carbon atom interactions at the surface of the adsorbate, known
as the enthalpy of adsorption. H2 molecules adsorb onto the carbon surface due to
weak van der Waals interactions, which are stronger inside narrow slit pores. The
increased strength is due to an overlap of potential fields from both pore walls, to a
degree determined by the pore width, and allows for more dense packing of physisorbed
H2 inside the pores.35,36 Yushin et al.36 reported a density close to liquid H2 in CDC
materials at 77 K and 1 bar. Evidence for solid-like hydrogen densities in micropores
using inelastic neutron scattering was observed by Ting et al.299 in carbon beads at
temperatures up to 100 K and pressures as low as 0.2 bar.

Gogotsi et al. examined the dependence of hydrogen uptake on pore size at pressures
of 1 bar37 and 60 bar.35 A clear and direct dependence was observed in both cases.
Small pores have the largest hydrogen uptake density, with an optimum pore size of 6
to 7 Å, as shown in Figure 6.2. Larger pores have a reduced contribution, resulting in
a decrease of H2 capacity. Although storage capacity is not directly related to surface
area, materials dominated by smaller pores will have a higher specific surface area for a
given pore volume.35,37
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Figure 6.2: Effect of pore size on hydrogen uptake, normalised to surface area. The general
trend (dashed black lines) indicates small pores are more efficient than large pores for a given
specific surface area (SSA).37 The range of useful pores is indicated by dashed red lines. Below
this range are the optimum pore sizes, and above are pores with little or no contribution to
hydrogen uptake. Redrawn from Gogotsi et al.35 and reprinted with permission from Elsevier.

Gogotsi et al.35 noted, even at high pressures, interactions between H2 molecules inside
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larger pores are not strong enough to contribute significantly to the overall capacity. This
indicates storage of H2 occurs predominately on the adsorbate surface, and the interior
volume of larger pores is wasted, resulting in a decrease of volumetric capacity. Sethia &
Sayari296 also examined the effect of pore size on hydrogen uptake in a set of nitrogen-
containing activated carbons (at 77 K and 1 bar), with similar results. Hydrogen uptake
was strongly correlated to the volume of ultramicropores, with pores in the range 5.6 to
7.0 Å determined to be predominantly involved in hydrogen storage.

The studies described above, demonstrating the efficiency of small pores in H2 storage,
were performed on materials of both varying pore size and surface area. Masika &
Mokaya298 examined the effect of pore size on carbons with identical surface areas but
different pore size distributions. A variety of synthesis methods were used to prepare
two sets of carbons with near-identical surface areas of 3340 or 2770 cm3 g-1, each with
three levels of porosity in the micropore range (12 Å), supermicropore/lower mesopore
range (23 Å) and lower mesopore range (31 Å). Both the total and excess hydrogen
uptake were examined at 20 bar and 77 K. The latter allowed for direct comparison of
adsorbed hydrogen irrespective of the different sample pore volumes.

Both sets of samples in Masika & Mokaya298 showed an explicit dependence of both
the total and excess hydrogen uptake with pore size. The carbons with surface areas
of 3340 cm3 g-1 showed a 30 % increase in excess hydrogen uptake on decreasing the
average pore size from 31 to 23 Å, and a more considerable 70 % increase in adsorption
on further reducing the pore size from 23 to 12 Å. The carbons with lower surface
areas of 2770 cm3 g-1 exhibited the same response, with a 300 % increase in excess
hydrogen uptake on decreasing the pore size from 28 to 15 Å. Further, the microporous
carbon with a lower surface area of 2770 cm3 g-1 (and pore volume of 1.2 cm3 g-1)
outperformed both mesoporous carbons at the higher surface area level of 3340 cm3

g-1and pore volumes of 1.8 to 2.7 cm3 g-1. Their findings confirmed that to maximise
the H2 storage capacity of carbons the surface area should be improved, but with pores
of the correct size.

6.1.2 Role of Activated Carbons in Supercapacitors

6.1.2.1 Electrical Double Layer Theory

Electrical double layer capacitors (EDLCs), as introduced in Section 1.2.2, store
energy through ion electroadsorption at the electrode/electrolyte interface, utilising a
phenomenon known as the electrical double layer. The electrical double layer concept
was first introduced by Helmholtz. When a charged object is placed into a liquid,
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two layers of opposite charge form at the electrode/electrolyte interface, separated by
an atomic distance.24,26 The model was modified by Gouy-Chapman, and a diffuse
layer was proposed in which the ion concentration near the electrode surface follows
the Boltzmann distribution. However, this model did not sufficiently describe highly
charge double layers.26,300 Stern proposed a combination of the Helmholtz and Gouy-
Chapman models, recognising two regions of ion distribution: an inner region known
as the compact (or Stern) layer, and an outer diffuse layer,24,300 demonstrated in Figure
6.3.

Figure 6.3: (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern models of the electrical double
layer at a positively charged surface in an aqueous electrolyte. The electrode potential φ

decreases when transitioning from the electrode (φe) to bulk electrolyte (φe) an infinite distance
from the electrode surface (φs). The diffuse layer starts 10 - 100 nm from the electrode
surface.300 Reproduced from Béguin et al.300 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

The model accounts for hydrodynamic motion of ionic species in the diffuse layer and
accumulation of charged ions at the electrode surface.300 The two layers are equivalent
to two capacitors in series, with the total capacitance equivalent to:

1
CDL

=
1

CH
+

1
CD

(6.1)
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where CH is the capacitance of the Helmholtz layer and CD the capacitance of the
diffuse layer.300 The factors which determine the electrical double layer behaviour at
the surface of a planar electrode include the electric field across the electrode, type
of electrolyte ions, solvent in which the ions are dissolved, and the chemical affinity
between the adsorbed ions and the electrode surface.24 The porous nature of EDLC
electrodes complicates this behaviour further; the ion diffusion will be affected by space
constraints of the pore, ease of access to the pores, and wetting behaviour of the pore
surface by the electrolyte.24

6.1.2.2 The Supercapacitor Cell

A supercapacitor cell, similar to a battery, consists of two electrodes with an ion-
permeable separator in between, soaked in electrolyte. A symmetrical cell uses two
identical electrodes, and an asymmetrical cell two different electrodes. Each electrode-
electrolyte interface represents a capacitor, therefore, a complete cell is considered as
two capacitors in series.26 The capacitance for an EDLC capacitor is assumed to be
similar to that of a parallel plate capacitor:23,24,26

C =
εrεoA

d
(6.2)

where εr and is the dielectric constant of the electrolyte, ε0 is the vacuum permittivity,
A is the electrolyte accessible surface area, and d is the effective thickness of the
double layer.24,26 The combination of high surface area and a extremely small charge
separation leads to the very high capacitance values exhibited by EDLCs in comparison
to conventional electrostatic capacitors.23 Equation 6.2 suggests there should be a linear
relationship between the specific capacitance and specific surface area.24 However, there
is disagreement over this in the literature, which is discussed later in Section 6.1.2. The
energy stored within a capacitor is:

E =
1
2

CV 2 (6.3)

where the energy stored is proportional the capacitance of the cell and the square of the
cell voltage (V).23,26 Increasing either of these parameters are both general strategies for
improving the energy density of a supercapacitor cell.26 The maximum instantaneous
power available from a device depends on both the voltage and internal resistance (R):
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Pmax =
V 2

4R
(6.4)

The electrolyte plays an important role in determining the performance of a
supercapacitor. It should have a large electrochemical window to maximise the power
and energy of a cell, and also a high ionic conductivity which has a significant influence
on power.300 Aqueous electrolytes, including acids and alkalis (i.e. H2SO4 and KOH)
have a higher ionic conductivity than organic electrolytes which leads to improved
power capability. However, they are limited to a low operation voltage (approximately 1
V) due to the narrow electrochemical stability of water,26,300 which limits the energy
stored in the device.300 Organic electrolytes are composed of a salt dissolved in an
organic solvent. They have a higher electrochemical stability, and thus a much wider
voltage window (2.7 V or higher) than aqueous electrolytes,26 leading to an improved
energy storage capacity. However, organic electrolytes have a lower ionic conductivity
than aqueous systems and consequently exhibit a lower capacitance.26,300

6.1.2.3 Influence of Surface Area

The electrical double layer phenomenon is dependent on the surface area of the interface,
with higher capacitance values expected for materials with a higher surface area.301

Indeed, similar to early studies of surface area on hydrogen uptake, a linear relationship
between surface area and specific capacitance was proposed.300 This correlation was
generally observed for materials with low to moderate BET surface areas, however,
remained constant for values above 1200 to 1500 m2 g-1.300

Carbons from bituminous coal prepared by Raymundo-Piñero et al.301 appear to exhibit
a near-linear relationship between specific capacitance and BET surface area, as shown
in Figure 6.4. However, examining the gravimetric capacitance normalised to BET
surface area showed the opposite. The highest specific surface capacitance values were
obtained for materials with the lowest surface area. Over-large pores in high surface area
materials were too wide for efficient double layer formation, causing the capacitance to
saturate.301

6.1.2.4 Influence of Pore Size in Supercapacitance

The influence of pore size on the performance of supercapacitor electrode materials
has been the subject of extensive research by multiple groups. The effective size of
an ion is larger than the bare ion size in aqueous and organic electrolytes, due to the
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Figure 6.4: Relationship between gravimetric and specific surface capacitance against BET
surface area for two series of KOH-activated carbons from bituminous coal. The data was
obtained from galvanostatic charge/discharge measurements at 0.1 A g-1 with a voltage window
of 0.6 V. Reproduced from Raymundo-Piñero et al.301 with permission from Elsevier.

presence of a solvation shell.300 The traditional view was that the pore size must be large
enough to accommodate the solvated ion. Research by Chmiola et al.302 challenged this
idea, using TiC-CDCs to explore the lower size limit of accessible pores. CDCs were
prepared with average pore sizes between 6 and 22.5 Å, and examined in 1.5 M solution
of tetraethylammonium tetrafluoroborate in acetonitrile (TEA-BF4/ACN).

Three distinct regions categorising the relationship between surface area normalised
capacitance and average pore size were determined by Chmiola et al.,302 shown in
Figure 6.5. Region I includes pores with widths greater than twice the solvated ion size.
Compact layers of ions on both adjacent pore walls contribute to the capacitance (Figure
6.5b). A reduction in the average pore size results in decreasing capacitance values.
Region II contains pores with widths less than twice the solvated ion size. Compact
ion layers from adjacent pore walls are impinged, resulting in a reduction of usable
surface area for double layer formation, which causes a further reduction in capacitance
with decreasing pore size (Figure 6.5c). Region III includes pores with widths less than
the solvated ion size. Once this critical value is reached (10 Å in Chmiola et al.) the
trend reverses, and a sharp increase in capacitance occurs with decreasing pore size
approaching the crystallographic ion diameter. This anomalous increase was attributed
to distortion of the solvation shell as the ion is squeezed through the pore. The distortion

217

https://doi.org/10.1016/j.carbon.2006.05.022


CHAPTER 6. APPLICATIONS OF LIGNIN-DERIVED ACTIVATED CARBONS

MSC 

CC 

Figure 6.5: Plot of specific capacitance normalised by BET surface area against average pore
size, for a variety of carbide derived carbons (CDCs), activated carbons from natural and
synthetic materials (NMAC & SMAC), commercial carbons (CC), and carbons from molecular
sieves (MSC). All materials were studied in the same electrolyte, 1.5 M TEA-BF4. From
Chmiola et al.302 Reprinted with permission from AAAS.

was believed to allow closer approach of the ion centre to the electrode surface, causing
an increase in capacitance (Figure 6.5d).

Work by both Chmiola et al.302 and Raymundo-Piñero et al.301 both demonstrated an
increase in surface area normalised capacitance (calculated using BET theory) with
decreasing pore size. However, the conclusion by Chmiola et al. of an anomalous
increase in subnanometer pores has been the subject of considerable debate. Since
publication, several issues have been highlighted with the experimental data. These
issues were described by Jäckel et al.303 and are outlined briefly in the following. The
capacitance data was normalised to the dry powder rather than the electrode, which
could cause significant overestimation of the surface area and pore volume, as the
addition of a polymer binder is known to cause a reduction in adsorptive properties.
The concept of average pore size may not apply to a diverse range of activated carbons.
It is known to insufficiently describe very broad pore size distributions and microporous
carbons with multimodal distributions. The BET surface area does not accurately
describe pore filling in microporous carbons, and finally, adsorptive characteristics
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measured by gas sorption may contain pores inaccessible to ions.

Separately, work by Centeno et al.304 and García-Gómez et al.305 demonstrated that the
anomalous increase in capacitance observed by Chmiola et al. and other groups could be
an artefact of using BET surface area to normalise specific capacitance values. Centeno
et al. examined a large number of polymer-bound microporous carbon electrodes in
1M TEA-BF4/ACN, using a variety of techniques to determine the average surface area,
and found a relatively constant normalised capacitance between 7 and 150 Å. García-
Gómez et al. showed that different methods of determining the surface area-normalised
capacitance lead to diverging results, shown in Figure 6.6. Data normalised to the
BET surface area exhibited the anomalous increase in capacitance noted by Chmiola
et al., whereas normalising to the ion-accessible surface area supported observations by
Centeno et al.; the surface area normalised capacitance does not depend on pore size.

Figure 6.6: Variation in specific capacitance normalised to (left) BET surface area and (right)
electrolyte accessible surface area above 0.63 nm in TEA-BF4/ACN for carbon monoliths (dots),
a variety of porous carbons (squares) and carbide derived carbons (triangles). Reproduced from
García-Gómez et al..305

Simulation results, conversely, support the anomalous increase observed by Chmiola et

al. Feng & Cummings306 utilised molecular dynamics simulation to investigate the
dependence of pore size on surface area normalised capacitance, over the pore size
range Chmiola et al. observed the anomalous increase. The model used nanoslits
filled with a room temperature ionic liquid. The anomalous capacitance increase was
reproduced for pores between 7 and 10 Å in diameter. A second peak, not observed
experimentally, was also predicted above 10 Å. The authors postulated that the absence
of this oscillatory behaviour between capacitance and pore size was masked in other
experiments by averaging over pore size.
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Work by Jiang et al.,307 using density functional theory and an ionic liquid electrolyte,
predicted similar oscillatory behaviour, which was attributed to interference of
overlapping electrical double layers. A similar sharp increase in capacitance was
observed, matching experimental data, when the pore size was less than twice the
ionic diameter. Finally, Jiang et al.308 utilising density functional theory found that the
oscillatory behaviour diminished in an organic electrolyte after a peak in capacitance
around the ion diameter. The constant capacitance following this peak was attributed to
an electric double layer structure of counter ions and highly organised solvent molecules.

Jäckel et al.309 revisited the issue of the relationship between surface area normalised
capacitance and pore size, using several different carbon materials and TEA-BF4

electrolyte in two solvent systems. Careful consideration of the ion-accessible
(electrochemically active) surface area utilised different cut-off values for the positively
and negatively polarised electrodes. A clear trend of increased normalised capacitance in
subnanometer pores was observed for both anions and cations, which was significantly
larger for electrosorption of the cations. Despite the extensive research into the
fundamental behaviour of the double layer formation in micropores, there is clearly
still ambiguity over the importance of subnanometer pores.

6.1.2.5 Importance of a Hierarchical Pore Structure

Although there are conflicting views over the optimal pore size for ion electroadsorption,
it is generally accepted that hierarchical pores structures with micropores and mesopores
are advantageous for supercapacitor applications. Purely microporous carbons have
diffusion limitations, and can result in poor rate capability (severe loss of capacity at
high charge-discharge rates).310,311 In addition, poor connection of pores within the
carbon structure can hinder ion motion. Ions become trapped and deposited in pores,
leading to high transport resistance, insufficient ion diffusion, distortion, and blockage
of pores.312

Well connected pores with a hierarchical structure have exhibited excellent rate
capabilities and high specific capacitance values. Leng and Sun312 produced a
hierarchical porous carbon by a three-step activation process: coconut shells were
activated with ZnCl2 to prepare a mesoporous structure, followed by activation with
KOH to prepare micropores within the mesopores. Finally, physical activation with H2O
was used to clear pores. The material exhibited a maximum specific capacitance of 337 F
g-1 in 6M KOH and 240 F g-1in 1M TEA-BF4/ACN (measured by galvanostatic charge-
discharge at 0.5 A g-1). Cyclic voltammograms retained their rectangular shape with
increasing scan-rate, indicating fast ionic motion was possible within the interconnected
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pore structure. 98% of the capacitance was retained after 10,000 charge-discharge cycles
at 1 A g-1.

Similar behaviour was noted with hierarchical carbons produced separately by Rose et

al.310 and Leistenschneider et al.313 in aqueous, organic, and ionic liquid electrolytes.
Rose et al. produced ordered mesoporous carbide-derived carbons using a templating
method. The straight, ordered mesoporous channels were believed to act as ion
highways, allowing for very fast ion transport within the carbon structure, and retention
of 75 to 90 % of initial capacitance (200 and 185 F g-1 for aqueous and ionic liquid
electrolytes, respectively) at current densities over 10 A g-1. Leistenschneider et al.

produced carbon materials using a mechanochemical ball milling approach, to avoid
the large quantities of solvent and multiple synthesis steps required for templated
materials. The resulting hierarchical carbons also showed excellent rate handling
capability, retaining 81 to 87 % of the initial capacitance (98 and 138 F g-1 in organic
and ionic liquid electrolytes, respectively) at 10 A g-1.

Despite some variation in requirements for optimum pore size, both hydrogen storage
and EDLC applications require a high surface area material, with a large quantity of
micropores; to maximise either hydrogen adsorption or ion electrosorption. The lignin
derived carbons prepared in Chapter 5 were highly microporous with a narrow pore size
distribution centred in the ultramicropore region (around 5Å). The performance of these
materials in both hydrogen storage and supercapacitance applications is assessed in the
following sections.
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6.2 Results and Discussion

6.2.1 Overall Yield of Lignin-Derived Activated Carbons

The overall yield of activated carbon production is listed in Table 6.1. Overall yield is an
important parameter to consider for the future scale-up of this process. Starting from the
initial biomass feedstocks, the overall yield of resulting activated carbons is very low;
between 2 and 6 wt.%. This is primarily due to the low extraction efficiency of 10 to 15
wt.% for the organosolv process (listed in Table 5.3). When considering the extracted
lignin as the starting feedstock, the overall yield is much higher (i.e. between 24 and 28
wt.%).

Table 6.1: Overall yields of the activated carbon production process calculated using either the
initial biomass or the extracted lignin as the source material. The calculation was performed
using extraction efficiency values listed in Table 5.3 (uncertainty values from Table 3.1 were
assumed) and burn-off values listed in Tables 5.5 and 5.6.

Feedstock
Source

Overall Activated Carbon Yield (wt.%)

From Biomass From Extracted Lignin

Rice Husk 2 ± 1 27 ± 1
Flax 3 ± <1 28 ± 1

Hemp 6 ± 1 27 ± 1
Eucalyptus 3 ± <1 24 ± 1

Lignin-derived activated carbons reported in the literature,210,231,232 with a similar BET
surface area (1000 to 1500 m2 g-1) to the materials in this work, exhibited overall
yields of 6 to 22 wt.% when considering extracted lignin as the feedstock. Carbons
derived from biomass in the literature exhibit overall yields of between 5 and 50
wt.%.97,100,276,314 The stated yields in this work are at the higher end of the reported
range for lignin carbons, and in the middle of the reported yields for biomass carbons.
These yield values have a significant impact on feedstock consideration. The extraction
of lignin from biomass specifically for the production of lignin-derived activated carbons
is not a feasible process, demonstrated by the low yield values. However, upgrading
of a lignin feedstock that is already available, for example as a waste stream from a
biorefinery, produces activated carbons at a comparable overall yield to other biomass
feedstocks.
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6.2.2 Hydrogen Uptake

The hydrogen storage capacity of lignin-derived activated carbons was determined
by analysis of the gravimetric hydrogen uptake of samples at 77 K up to 1 bar.
For comparison, a well-characterised and industrially produced activated carbon,
TE7 (MAST Carbon International),299,315,316 was also examined. TE7 carbon beads
are produced from phenolic resin and exhibit a surface area of 1400 m2 g-1 (see
Appendix E), similar to the lignin carbons. The results are shown in Figure 6.7, and
uptake values are listed in Table 6.2. There is no hysteresis between the adsorption and
desorption branches of the isotherms, indicating hydrogen adsorption was completely
reversible. The lignin carbons show relatively similar uptake values of 1.6 to 1.8 wt.%,
although the uptake of the eucalyptus lignin-derived sample does appear to be slightly
higher than the other lignin materials. The industrially produced TE7 exhibited an
uptake of 2.0 wt.%, comparable to previously reported values for this material.316
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Figure 6.7: Hydrogen sorption isotherms showing gravimetric uptake at 77 K in TE7 ( ) and
activated carbons derived from different types of lignin: rice husk (�), flax (•), hemp (N), and
eucalyptus (H). Symbols are filled for the adsorption branch and empty for the desorption.

Isotherms normalised to the maximum uptake of hydrogen are included in the Appendix
(Figure E.3). These normalised isotherms show little variation between activated
carbons derived from the different lignin feedstocks; indicating all samples have a
comparable interaction between the H2 molecules and pores. This agreement can be

223



CHAPTER 6. APPLICATIONS OF LIGNIN-DERIVED ACTIVATED CARBONS

Table 6.2: Gravimetric hydrogen uptake of industrially produced TE7 beads and lignin activated
carbons (LAC) derived from; rice husk (R), flax (F), hemp (H), and eucalyptus (E) feedstocks.
Uncertainty values for LACs were calculated assuming a 10 % variation in the dry sample
weight, and TE7 values from the variation between duplicate H2 isotherms.

Activated carbon
Gravimetric

H2 uptake (wt.%)

RLAC 1.7 ± 0.2
FLAC 1.7 ± 0.2
HLAC 1.6 ± 0.2
ELAC 1.8 ± 0.2
TE7 2.0 ±< 0.1

attributed to the similar pore size distributions of all activated carbons (demonstrated
in Figure 5.23), and equivalent contribution of micropores associated with hydrogen
uptake (below 7 Å) to the total pore volume in all samples (81 to 86 wt.%, shown in
Figure 5.22). Characterisation of the carbon powders in Chapter 5 indicated the porosity
of materials was almost identical, unrelated to the feedstock, with small disparities a
result of variations in material burn-off. The almost identical hydrogen isotherms shown
in this section support these near-identical characterisation results.

The eucalyptus lignin-derived carbon appears to have a slightly increased gravimetric
hydrogen uptake. This increase in uptake likely results from the elevated burn-off of the
eucalyptus carbon, which resulted in small improvements to the micropore surface area
and pore volume when compared to the other lignin-derived carbons. Figure 6.8 shows
the maximum H2 uptake of each sample in comparison to the micropore volume and
surface area. Small variations in the H2 uptake of flax, hemp, and eucalyptus derived
carbons appear to correlate with deviations in these properties; eucalyptus has the largest
micropore volume and surface area and correspondingly has the most significant uptake
of H2. The hemp-derived sample, by contrast, has the lowest adsorptive properties and
gravimetric H2 uptake.

The preferred method of estimating the experimental uncertainty for hydrogen uptake
is to perform a duplicate isotherm. Duplicate H2 isotherms of TE7 indicate excellent
measurement reproducibility (see Appendix E). However, due to limited experimental
time repeat runs of the lignin carbons were not possible. One of the likeliest sources of
measurement error (as discussed previously in Section 5.2.3.5) is the dry sample weight
(i.e. small variations can affect the resulting isotherm). A weight variation of 10 %
was used as an estimate of maximum uncertainty in hydrogen uptake values, shown
in Table 6.2. A variation of this magnitude has only a small effect on the hydrogen
uptake (0.2 wt.%); however, it does indicate the increased eucalyptus uptake may not be
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Figure 6.8: The maximum gravimetric hydrogen uptake (�), appears to be related to the
micropore volume, Vmicro (•) and micropore surface area, Smicro (N) of activated carbons derived
from different types of organosolv lignin; rice husk, flax, hemp, and eucalyptus. The rice husk
and eucalyptus carbons were measured in duplicate. The error bars represent the deviation
between duplicate measurements; the largest values were applied to the eucalyptus and flax
results to give an indication of measurement error.

significant. A repeat hydrogen isotherm on all samples should be performed to confirm
these findings.

Figure 6.9 compares gravimetric hydrogen uptake at 77 K and 1 bar for lignin-derived
activated carbons prepared in this work, and carbons published in the literature. The
lignin carbon values fall within the typical range seen but are on the lower end. Chemical
activation with KOH is particularly suited to the production of ultra-high surface area
materials (up to 3000 m2 g-1) with a well-defined micropore distribution.14 The highest
uptake recorded by a biomass-derived carbon was 3.3 wt.%, by KOH-activated hemp,
which had an extensive surface area and pore volume (3241 m2 g-1 and 1.98 cm3 g-1).40

Carbide derived carbons range from 1.2 to 3.0 wt.% H2 capacity, depending on the
starting carbide and synthesis conditions.36

There is limited data on H2 uptake exhibited by lignin-derived carbons in the literature.
Sangchoom & Mokaya239 produced carbon materials from the KOH-activation of waste
lignin hydrochars. The resulting carbons had very high surface areas, up to a maximum
of 3235 m2 g-1, the highest recorded for lignin-derived activated carbon. Samples also
exhibited large H2 uptake at 20 bar, between 3.2 and 5.2 wt.%, comparable to the best
activated and templated carbons of a similar surface area. Cheng et al.319 produced CO2-
activated carbons from hydrolytic lignin (80 % lignin content) with the large surface
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Figure 6.9: Hydrogen uptake at 1 bar and 77 K as a function of BET surface area for TE7
( ) lignin activated carbons (LACs) in this work (derived from rice husk �, flax •, hemp
N, and eucalyptus H) and other carbons published in the literature: carbide-derived carbons
( ),36 activated carbide-derived carbons ( ),36 biomass derived carbons from chemical activation
( ),39,40,42,317,318 biomass derived carbons from physical activation (I),41–43 and other lignin-
derived carbons ( ).319 Error bars for LACs represent a potential 10 % uncertainty in the dry
sample weight for H2 uptake measurements, and the deviation observed between repeat BET
surface area measurements.

areas (2000 to 3100 m2 g-1) and pore volumes exhibited by these materials contributing
to a sizeable gravimetric uptake of H2 (at 77 K and 1 bar) of 2.0 to 2.6 wt.%.

The hydrolytic lignin activated carbons prepared by Cheng et al. have a reduced
hydrogen uptake efficiency (H2 wt.% m-2) in comparison to other samples in the
literature; particularly for materials with the largest uptake values. This is due to
broadening of the pore size distribution causing a reduction in contribution from pores
below 10 Å. The high surface area of the carbons, however, compensates for this
apparent reduction in microporosity. The advantage of narrow micropores below 10
Å in the lignin carbons is evident; carbons prepared in this work outperform materials
in the literature with higher surface area. Figure 6.9 shows the uptake of the eucalyptus
lignin carbon is almost comparable to the hydrolytic lignin carbon uptake from Cheng
et al. (2000 m2 g-1, 2.0 wt.% uptake) despite a much lower surface area (∼ 1200 m2

g-1). This performance indicates the H2 uptake efficiency of small micropores in the
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eucalyptus lignin-derived carbon.

The packing density of lignin-derived carbons and TE7 was determined (raw data listed
in Appendix E) and used to calculate the volumetric hydrogen uptake of materials.
Results are listed in Table 6.3. The large uncertainty value for the eucalyptus lignin
carbon results from the small quantity of material available for the packing density
measurement. The materials exhibit a packing density of 0.27 to 0.46 g mL-1, which is
within the typical range reported for activated carbons.143,144,320,321 Most of the lignin-
derived carbons exhibited values of 0.42 to 0.46 g mL-1. The rice husk lignin-derived
carbon and TE7, however, exhibit a lower packing density of 0.29 and 0.27 g mL-1,
respectively; indicating both materials have a larger particle size.144 Consequently, the
increased burn-off rate for the rice husk lignin carbon noted in Section 5.2.3 likely
results from increased reactivity of the char, rather than smaller particle size.

Table 6.3: Volumetric hydrogen uptake of industrially produced TE7 beads and lignin activated
carbons (LAC) derived from; rice husk (R), flax (F), hemp (H), and eucalyptus (E) feedstocks.
Packing density measurements (raw data in Appendix E) were used to derive volumetric uptake
values. Uncertainty values for LACs were calculated assuming a 10 % variation in the dry
sample weight, and TE7 values from the variation between duplicate H2 isotherms.

Activated carbon
Packing density

(g mL-1)
Volumetric H2
uptake (g L-1)

RLAC 0.29 ± 0.03 4.9 ± 2.0
FLAC 0.46 ± 0.07 7.8 ± 4.4
HLAC 0.42 ± 0.04 6.7 ± 2.2
ELAC 0.45 ± 0.17 8.1 ± 15.6
TE7 0.27 ± 0.05 5.4 ± 1.0

This variation in packing density leads to differences in the volumetric hydrogen uptake
of materials, which ranges from 4.9 to 8.1 g L-1. Despite comparable gravimetric
hydrogen uptake of the flax and rice husk carbons (1.7 wt.%), the increased packing
density of the flax yields an improved volumetric uptake. Furthermore, the higher
packing density of the flax and eucalyptus lignin-derived carbons results in a higher
volumetric uptake of hydrogen (∼ 8 g L-1) in comparison to the industrial TE7 (∼ 5 g
L-1). Consequently, the flax and eucalyptus derived carbons are preferred for adsorptive
hydrogen storage at 77 K and 1 bar.

Compared to other materials reported in the literature the volumetric performance of
lignin carbons is low. Wang et al.39 prepared fungi-based carbons using chemical
activation with a comparable packing density (0.49 g L-1) to the lignin carbons in
this work. However the more considerable gravimetric uptake (4.7 wt.%) resulted in
a volumetric capacity of 24 g L-1 at 77 K and 1 bar. Yushin et al.36 reported carbide-
derived carbons with a much higher packing density of 0.8 g L-1 and larger gravimetric
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uptake of 3 wt.%, resulting in a volumetric uptake of 24 g L-1 at 77 K and 1 bar.
Further optimisation of the lignin-derived carbons could be performed to improve the
gravimetric and volumetric uptake capacity of carbons.The optimum pore size for H2

storage is 6 to 7 Å (as shown in Section 6.1.2.4). Pore size distributions of lignin-derived
carbons centre around 5 Å, which is narrower than the optimum. Careful optimisation
of lignin carbons, improving the surface area and broadening the pore size distribution
(while retaining a high contribution from micropores below 7 Å), could produce an
improvement in H2 storage capacity.

The effect of carbonisation and activation conditions on the adsorptive properties of
lignin carbons was examined in Chapter 4. The resulting response contour plots of
the experimental system are useful for indicating the direction of future optimisation
experiments. The plots indicate a high surface area material requires a low carbonisation
temperature and high activation temperature, although there may be an optimum at
medium carbonisation temperatures (500 to 600 °C) which was overlooked in the current
design. The response plot for pore diameter suggests increasing the carbonisation
temperature will result in a broadening of the average pore diameter. However,
considering the lignin carbons PSDs are narrower than the optimum for H2 storage,
widening of the distribution by moving to higher carbonisation temperatures is likely to
be beneficial.

Alternatively, the response plots suggest increasing the activation temperature and hold
time leads to an increase in BET surface area. The increase in activation temperature is
also predicted to broaden the pore size distribution. The activation time did not appear
to have a large influence on the porosity in the experimental design, although refining
of the model is required. Evidence from the literature (Section 4.1.3) suggests an
increase in activation time undoubtedly would contribute to a broadening of the average
pore size. However, its absence from the experimental design in this work suggests
that activation temperature has the largest influence, potentially masking any effect of
the activation time. Despite this, focusing initially on improving the surface area of
materials by increasing the activation time is recommended. Although increasing the
activation temperature would likely result in both a broadening of the average pore
size and increase in surface area, the change could be too severe. The development
of large numbers of mesopores and macropores must be avoided, because it could be
detrimental to the adsorptive capacity of the material and H2 uptake capacity. Focusing
on the activation time is likely to have a less dramatic effect, allowing more control over
the development of porosity.

One weakness of the experimental design in Chapter 4 for carbon optimisation is

228



CHAPTER 6. APPLICATIONS OF LIGNIN-DERIVED ACTIVATED CARBONS

demonstrated here: the SAXS average pore size value has no information on the
pore size distribution. Understanding how the processing parameters affect the size
distribution of ultramicropores, micropores, and mesopores would enable more accurate
decision making when deciding on the next experimental steps. Although, as discussed
in Chapter 4, optimisation was not the goal of the screening design used. The need for
more detailed porosity information as a response is the type of valuable information that
can be obtained in these initial screening designs, and fed into later experiments.

6.2.3 Supercapacitor Testing

The lignin-derived activated carbons prepared in Chapter 5 underwent basic
electrochemical testing, to assess their viability as materials for supercapacitor
electrodes. Experimental details are outlined in Section 2.4.2.

6.2.3.1 Comparison of Carbon Powders and Electrodes

Addition of a polytetrafluoroethylene binder (PTFE, 5 wt.%), was required to convert
activated carbon powders into free-standing electrodes for supercapacitance testing.
However, the polymer addition is known to adversely affect the surface area and pore
volume of carbon materials, which is quantified in the following section. Gas sorption
measurements in the current section (6.2.3.1), and those referred to in Chapters 4 and
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Figure 6.10: Nitrogen sorption isotherms at 77 K comparing activated carbon powders (grey
symbols) and 5 wt.% PTFE-bound activated carbon electrodes (coloured symbols), derived from
rice husk and hemp lignins. Symbols are filled for the adsorption branch and empty for the
desorption.
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5, used a Micromeritics 3Flex volumetric gas instrument. N2 isotherms at 77 K of rice
husk and hemp lignin carbon electrodes were compared to the powder isotherms, shown
in Figure 6.10. Similar to the original powders, electrodes exhibited Type I behaviour
indicating a highly microporous structure. Most adsorption occurred below a p/po of
0.1, with limited adsorption in the meso- and macropore region.

There is an evident reduction in the quantity of gas adsorbed by the electrode materials,
indicating the addition of PFTE has affected the adsorptive properties. Reliability issues
with the full N2 isotherm of the rice husk lignin-derived powder were identified in
Chapter 5. The magnitude of lost adsorptive capacitance on binding with PTFE in Figure
6.10 (∼ 150 m2 g-1) is likely an overestimation. Repeat partial isotherm measurements
for the rice husk powder indicated a maximum N2 uptake of 300 m2 g-1. Consequently,
a loss in capacity of 100 m2 g-1 for the rice husk carbon electrode is more plausible
and comparable to the 77 cm3 g-1 reduction of the hemp powder uptake on binding with
PTFE.

Figure 6.11 illustrates changes in the BET surface area and the total pore volume on
addition of PTFE to activated carbon powders. Rice husk lignin values exclude the
problematic full isotherm data discussed in Chapter 5. A decrease of 20 to 25 % in
SBET and Vtot occurred on addition of the PTFE binder. This reduction results from a
smaller amount of accessible micropores due to pore blocking by the non-porous PTFE
polymer.322 Pore size distributions comparing the electrodes and powders (Figure 6.12)
reveal that the microstructure is relatively unchanged, despite the reduction in adsorptive
properties. Jäckel et al.303 and Aslan et al.322 observed similar behaviour on the addition
of 5 to 10 wt.% PTFE to various carbon powders; there was a 10 to 40 % reduction of
BET surface area and total pore volume, but the average pore size distribution remained
relatively unaffected.

6.2.3.2 Adsorptive Characteristics of Electrode Materials

Gas sorption measurements on all four electrodes derived from different lignin
feedstocks were performed using a Quantachrome Autosorb iQ instrument. The
collected N2 and CO2 isotherms are shown in Figure 6.13. Similar to rice husk and
hemp electrode isotherms collected using Micromeritics equipment, the N2 isotherms
again displayed Type I behaviour typical of microporous materials. However, they also
exhibited a small slope at p/po > 0.1 indicating the presence of mesoporosity. A small
incline was also apparent in the Micromeritics electrode isotherms (Figure 6.10) at p/po

> 0.4, but was completely absent in the powder isotherms.
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Figure 6.11: Comparison of BET surface area and pore size between activated carbon powders
and 5 wt.% PTFE-bound electrodes derived from rice husk and hemp lignins.

All four electrodes exhibit a similar maximum uptake of N2 (197 to 202 cm3 g-1)
except for the flax lignin-derived electrode (143 cm3 g-1), indicating the latter has
reduced adsorptive properties. The maximum N2 uptake between Micromeritics and
Quantachrome measurements were compared and found to be similar. Hemp and
rice husk electrodes showed uptakes of 201 and 218 cm3 g-1 on the Micromeritics
instrument, and of 197 and 199 cm3 g-1 on the Quantachrome instrument. However,
overlaying the isotherms (Appendix Figure E.5) revealed larger dissimilarities between
the data sets. Micromeritics measurements consistently recorded a higher uptake of
nitrogen between approximately p/po 0.1 to 0.9, discussed in detail later in this section.

CO2 isotherms recorded at 273 K are useful for probing porosity in materials that is
inaccessible to N2. All electrodes exhibit a similar CO2 adsorption uptake (78 to 86
cm3 g-1), except for the hemp electrode which adsorbed a lower quantity of gas (61
cm3 g-1). This smaller gas uptake indicates that the hemp electrode may contain fewer
smaller micropores. The logarithmic N2 isotherm for hemp (Appendix Figure E.4), by
contrast, exhibits one of the highest uptakes until approximately p/po = 0.01, closely
following the uptake of the rice husk electrode. The flax and eucalyptus electrodes
appear to exhibit the opposite behaviour, exhibiting high CO2 uptake and comparatively
lower N2 uptake. This suggests that the smaller pores accessible in the CO2 isotherm
of flax and eucalyptus are inaccessible to N2 molecules. Whereas the hemp electrode
appears to have more N2 accessible pores but fewer micropores accessible to CO2. The
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Figure 6.12: Pore size distributions (PSDs) of (a) rice husk and (b) hemp lignin-derived activated
powders and 5 wt.% PTFE-bound electrodes. PSDs were calculated by fitting of the 2D-NLDFT
model to nitrogen adsorption isotherms at 77 K from 3Flex data. The differential pore volume
for powders (empty symbols) and electrodes (filled symbols), and cumulative pore volume for
powders ( ) and electrodes ( ) are both shown.
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Figure 6.13: (a) Nitrogen sorption isotherms at 77 K from Quantachrome and (b) carbon dioxide
isotherms at 273 K from Quantachrome of 5 wt.% PTFE-bound carbon electrodes, derived
from rice husk (�), flax (•), hemp (N), and eucalyptus (H) lignins. Symbols are filled for the
adsorption branch and empty for the desorption. Isotherms on a logarithmic scale are included
in the Appendix (Figure E.4).
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absence of a desorption hysteresis in the CO2 isotherms of all electrode samples implies
an absence of surface functional groups with heteroatoms such as N and O (which were
seen previously for the lignin chars in Figure 5.13).

Traditionally, the specific surface area of materials is determined from part of the
adsorption isotherm using the BET method, which was utilised in Chapter 5 for the
carbon powders. However, despite the popularity of BET theory, it should be applied
to microporous materials with caution, due to the difficulty of separating multi-layer
adsorption and micropore filling processes. The BET area calculated from a Type I
isotherm should be treated as a relative rather than an absolute value.129 One main
advantage of using the BET method is that a minimum of 5 points are required for
the calculation and not the full isotherm, resulting in a faster measurement time (several
hours). This was particularly advantageous in Chapter 5 for the porous carbon powders,
because of the very long measurement time required for collection of a full isotherm (up
to 1 week per sample). The DFT method, however, does provide a much more accurate
description of micropore filling.129

Table 6.4: Comparison of surface area values for 5wt.% PTFE-bound carbon electrodes derived
from different lignin feedstocks. N2 isotherm was recorded on two different instruments, and
analysed using the BET and DFT methods.

Lignin
Feedstock

Micromeritics Quantachrome

SBET (m2 g-1) S2D-NLDFT (m2 g-1) SBET (m2 g-1) SQSDFT (m2 g-1)

Rice Husk 853 ± 39 807 679 680
Flax n/a n/a 488 394

Hemp 790 ± 49 810 646 667
Eucalyptus n/a n/a 676 582

The specific surface area of electrode materials was assessed by application of both the
BET and DFT methods to N2 isotherms collected on both Micromeritics (results from
Section 6.2.3.1) and Quantachrome (results in this section) instruments. A comparison
of results is shown in Table 6.4. There is a clear disparity between the two instruments;
surface area values from the Micromeritics measurements are consistently larger. As
introduced earlier in this section, the isotherms collected using the Micromeritics
equipment record an increased uptake at higher p/po than the Quantachrome.

The variation between the two instruments has several possible causes. Operator error
is most liable to affect the sample preparation method. Micromeritics measurements
used 30 to 50 mg of electrode sample, and 13 to 15 mg was used in the Quantachrome
measurements. These small sample amounts were, unfortunately, unavoidable due to
limited availability of the electrode material. As demonstrated in Chapter 5, error in the
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dry weight measurement can lead to problems with the adsorption isotherm. This and
other potential sources of error in the preparation stage can be identified and accounted
for by running a duplicate isotherm, or multiple BET repeats. Repeat measurements
of the electrodes were not possible in this case due to experimental time constraints.
However, a weight error is unlikely to be the cause of variations between Micromeritics
and Quantachrome values. Weight uncertainty is a random error, but the difference
between the BET and DFT surface areas in Table 6.4 appears to be more systematic.

An interlaboratory study by Silvestre-Albero et al.323 on a set of nanoporous carbons
revealed considerable variations between adsorption measurements performed between
different laboratories. Differences were also noted in the same laboratory when
comparing results from Micromeritics and Quantachrome equipment. Examples of
collected isotherms are shown in Figure 6.14. The quantity of N2 adsorbed varied
between samples by up to 70 m2 g-1, and isotherms of the same material exhibited
different patterns; some with a long mesoporous slope from p/po 0.1 to 1.0, others
showing a consistent horizontal plateau.

Figure 6.14: Nitrogen sorption isotherms at 77 K for an interlaboratory study of carbon
molecular sieve, Takeda 4A. Reproduced from Silvestre-Albero et al.323 by permission of The
Royal Society of Chemistry.

Silvestre-Albero et al.323 attributed the variance between measurements to a variety of
error sources, including characteristics of the experimental equipment, calibration of the
instrument, the experience of the operator, etc. The study found that a more substantial
divergence in adsorptive characteristics was observed on highly microporous materials
with a narrow pore diameter (below 3 to 4 Å), due to kinetic restrictions from the narrow
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pore entrance. The equilibrium time between consecutive pressure readings is a critical
parameter and can lead to significant deviations in adsorption measurements. Pore
size distributions of lignin-carbons in this study (Figure 5.23) indicate these materials
have a narrow distribution. The length of the isotherm collection (up to 7 days) also
suggests that pores are kinetically restricted, and consequently, similar issues could be
affecting the isotherms and surface area values obtained from the Micromeritics and
Quantachrome instruments in this work.

Research by Hruzewicz-Kolodziejczyk324 on nanoporous carbon beads showed that
reliable results from gas sorption measurements in this type of interlaboratory study
are possible. In this case, a rigorous, standard testing protocol was used to great effect.
Excellent agreement was found between N2 sorption measurements and BET surface
area results over a total of seven laboratories. BET measurements for all but one
laboratory were within 12 m2 g-1. The carbon beads used in the study, however, did
not exhibit the same kinetic limitations as the carbon sieves used in the Silvestre-Albero
et al. experiments.

Due to the variations highlighted between measurements performed on different
machines, any comparisons made between samples must be performed using data
collected on the same instrument. The Quantachrome measurements, therefore, were
used to compare the adsorptive properties of electrodes derived from the four different
lignin feedstocks. The surface area of carbon electrodes was determined using both
the traditional BET method and by application of the QSDFT model to isotherm
data (Table 6.4). Rice husk and flax electrodes, regardless of the surface area
analysis method, exhibited the highest and lowest surface areas respectively. The
hemp electrode results were reasonably consistent (varying by 21 m2 g-1), exhibiting
a smaller surface area than the rice husk electrode. By contrast, the eucalyptus
electrode showed a significant difference between the BET and QSDFT calculated
surface areas. The use of DFT methods for the analysis of microporous materials
are recommended by the International Union of Pure and Applied Chemistry, due
to their more accurate description of micropore filling.129 Consequently, all further
investigations into adsorptive characteristics of the electrodes (including pore volume
and average pore size) were determined using DFT rather than classical methods.

Adsorptive properties of carbon electrodes derived from fitting of the QSDFT model
to N2 isotherms are displayed in Figure 6.15. The flax electrode exhibits the lowest
values (by 30 to 40 %) for all adsorptive characteristics, but has the second largest
volume-weighted average pore size (10.4 Å). The remaining electrodes have similar
values for the maximum quantity of N2 adsorbed, total pore volume, and micropore
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Figure 6.15: Comparison of 5wt.% PTFE-bound carbon electrodes derived from different lignin
feedstocks; rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). The maximum quantity of
N2 adsorbed and total pore volume (Vtot) were calculated at p/po= 0.95. The DFT surface area
(SDFT) was calculated by fitting of the QSDFT model to the isotherm. The micropore volume
(Vmicro) and surface area (Smicro) were calculated from the DFT method for pores below 20 Å.
The volume-weighted average pore width is calculated for pores below 200 Å. Values are listed
in Table E.3.

volume. The eucalyptus sample has a decreased surface area and micropore surface
area in comparison to the hemp and rice husk electrodes (up to a 15 % decrease), but
the largest average pore width (11.2 Å compared to 9.5 and 8.7 Å respectively). All
electrodes exhibited a maximum decrease of 15 % from the total pore volume to the
micropore volumes, and a decrease of up to 2 % between the total and micropore surface
area, indicating contributions to these characteristics were primarily from micropores.

CO2 isotherms were analysed by the fitting of a carbon slit-pore model. The QSDFT
model used for the N2 isotherm analysis is not available for CO2 sorption on carbon;
consequently the NLDFT model was used instead. Cumulative volume pore size
distributions for CO2 and N2 are shown in Figure 6.16a. CO2 results show the hemp
electrode has a reduced cumulative pore volume below 9 Å in comparison to the other
electrodes, suggesting a smaller quantity of micropores. This was also implied by the
CO2 isotherm in Figure 6.13b. N2 PSDs for pores above 9 Å in width show the flax
electrode appears to have a reduced number of pores contributing to the total pore
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Figure 6.16: (a) Cumulative volume pore size distribution and (b) normalised cumulative
volume distribution of rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ) lignin carbon
electrodes (bound with 5 wt.% PTFE). Derived by fitting of the NLDFT model to CO2 isotherms
recorded at 273 K and the QSDFT model to N2 isotherms recorded at 77 K.
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volume. Despite differences between the cumulative pore volumes and other adsorptive
characteristics (illustrated in Figure 6.15), both CO2 and N2 PSDs of the electrodes have
similar patterns, indicating the same distribution of pore sizes. This is shown more
clearly in Figure 6.16b; combined CO2 and N2 PSDs were normalised to the total pore
volume. Pores below 7 Å in width contribute 48 to 52 % of the total pore volume,
and pores from 7 to 9 Å contribute 13 to 18 %. Larger micropores between 9 and
20 Å contribute between 25 and 32 % of the total pore volume, and there is a small
contribution from pores larger than 20 Å in diameter (2 to 5 %).
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Figure 6.17: Differential volume pore size distributions of rice husk (�), flax (•), hemp (N),
and eucalyptus (H) lignin carbon electrodes (bound with 5 wt.% PTFE). Derived by fitting of
the NLDFT model (empty symbols) to CO2 isotherms recorded at 273 K and the QSDFT model
(filled symbols) to N2 isotherms recorded at 77 K.

The differential pore volume PSDs of electrodes are shown in Figure 6.17, illustrating
similar porosity across all samples. The CO2 PSD is centred around pores 5 to 6 Å
in width, with a further contribution from pores around 8 Å. The N2 PSD reveals that
the eucalyptus and flax electrodes are shifted, containing pores of larger widths around
8 Å for both samples and up to 10 Å for the eucalyptus. The hemp and rice husk
electrodes, by contrast, exhibit a large maximum at 6 Å. This upturn indicates there
must be smaller pores present below 6 Å which can not be detected with the N2 data
collected here. These different pore size distributions are reflected in the larger volume-
weighted average pore widths for eucalyptus and flax electrodes, as shown in Figure
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6.15. The advantage of combining CO2 and N2 PSDs is evident, the minimum pore size
detected in the N2 PSD was 6 Å, but all electrodes contained smaller pores, which were
revealed using CO2.

The average pore width of the activated carbons electrodes was assessed using a
combination of gas sorption and SAXS measurements. SAXS patterns of electrode
materials are shown in Figure 6.18. The appearance of a sharp peak at high q (∼ 1.3) in
all electrodes is due to the presence of polycrystalline PTFE. Fitting of the power law
model to electrode SAXS patterns showed a shift in the power law exponent at low q
values (n = 3 to n = 4) indicating a change from a rough to a smooth surface. The power
law exponents were used as a starting value for the fitting of the Gibaud model. Fitting
parameters for both models are included in Appendix E. There was good agreement
between the power law exponents derived from the two models. The radius of gyration
derived from the Gibaud model was used to derive the average pore width of the same,
assuming spherically shaped pores.
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Figure 6.18: Small angle x-ray scattering (SAXS) profiles comparing activated carbon powders
(black symbols) and 5 wt.% PTFE-bound electrodes (coloured symbols) derived from different
lignin feedstocks. Error bars for SAXS intensity are included, but are within the size of the
marker.

Figure 6.19 compares the average pore widths (derived from SAXS and gas sorption)
of electrode and powder samples. Values determined from SAXS indicate only small
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Figure 6.19: Average pore size (wavg) comparison for lignin-derived activation carbons (filled
symbols) and 5 wt.% PTFE-bound electrodes (empty symbols). Values were calculated from
application of the 2D-NLDFT model to adsorption isotherms for pore widths up to 250 Å (�),
or fitting of the Gibaud model to SAXS data (•). Powder SAXS patterns were recorded in
duplicate with the mean value shown, error bars represent the largest difference between the
measured values and the mean.

differences in wavg between electrodes and powders, with a maximum change of up
to 2.5 % for all samples except hemp. The latter exhibits a larger deviation of 8.3 %;
however, this difference is primarily due to the experimental uncertainty of the powder
measurement, as shown by the large error bar in Figure 6.19. Rice husk and hemp
wavg: 2D-NLDFT determined from the Micromeritics N2 isotherms, calculated for pore
widths up to 250 Å, appear to indicate substantial differences between the pore size of
electrodes and powders. However, when calculating wavg up to 150 Å the electrodes
show almost identical values (increasing by <5 % to 6.6 Å for rice husk and 5.7 Å
for hemp). This is supported by the PSDs in Figure 6.12 which revealed no shift in
the distribution. Research by Aslan et al.322 showed similar findings: the average pore
width was unaffected by addition of 5 wt.% PTFE, increasing by only 2 %.

Variations between N2 isotherms of the electrode and powders in Figure 6.10 indicate
the presence of larger macropores or inter-particle distances. The horizontal plateau
in powder isotherms reveals no contribution from meso- or macroporosity, and
consequently, the PSDs do not predict any pores above 20 Å. Electrode isotherms, by
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contrast, show an upturn at p/po ∼ 0.9. These larger pores may have been inaccessible
to N2 during the powder measurements, and mechanical grinding of powders with the
PTFE polymer could have led to pore opening. Alternatively, infiltration of the PTFE
binder between carbon particles could have lead to the appearance of inter-particle
distances. However, SAXS wavg values for the carbon powders and electrodes are
similar, indicating these large pores or interparticle distances were present in both the
original powder and electrode samples. Errors within the free space measurement may
have masked any uptake of larger pores in the powder isotherms or created artificial
porosity in electrode isotherms.

The average pore width values for electrodes only, including values derived from fitting
of the QSDFT model to Quantachrome isotherms, are shown in Figure 6.20. There is
good agreement between the values derived from SAXS and those calculated by the
gas sorption models, particularly for the hemp sample: all three values are consistent
with a maximum deviation of 0.9 Å. The rice husk electrode has a larger maximum
deviation of 2.2 Å. Despite some deviation between the measurement techniques, all
values indicate the electrodes have a small average pore size of around 9 Å. Pore width
variation between the four electrodes was examined using the QSDFT and SAXS data
sets. Both methods indicate flax and eucalyptus have a slightly higher average pore
width than hemp and rice husk, which was seen in the N2 PSDs (Figure 6.17).

6.2.3.3 Electrochemical Behaviour of Lignin-Derived Carbons

The electrochemical behaviour of lignin-derived activated carbons was tested in
both aqueous (1M NaCl) and organic (1M TEA-BF4/ACN) electrolytes using cyclic
voltammetry and galvanostatic charge/discharge techniques. Properties of the
electrolytes used are listed in Table 6.5. A three-electrode set-up was used to allow
testing of the lignin carbon electrodes without complications from electrochemistry
or other electrodes.147 The counter electrode was prepared from YP-80, a well-
characterised activated carbon with a high capacitance and low resistance. An Ag/AgCl
reference electrode was used for the aqueous system and a carbon reference electrode
for the organic. Further experimental details are outlined in Section 2.4.2.

Cyclic voltammograms (CVs) of lignin-derived carbons at 1 mV s-1 are shown for
aqueous (Figure 6.21a) and organic (Figure 6.21b) electrolytes. CVs in both electrolytes
exhibit a nearly rectangular shape, characteristic of an ideal capacitor.147,310,329 This
characteristic shape indicates, at the scan rate investigated, a low equivalent series
resistance (ESR) and unhindered motion of ions within the porous network.147,330

However, the forward and reverse scans of the organic electrolyte exhibit a slope,
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Figure 6.20: Average pore size (wavg) comparison for 5 wt.% PTFE-bound carbon electrodes
derived from different lignin feedstocks. Values calculated by application of the 2D-NLDFT
(�) and QSDFT (N) models up to 250 Å to gas sorption data, and fitting of the Gibaud model to
SAXS data (•).

indicating some resistive behaviour. Oxidation of both electrolytes appears to onset at
the highest potentials investigated (>0.5 V for the aqueous and >0.9 V for the organic);
however, an absence of any significant Faradaic charge transfer peaks implies a low
concentration of functional groups within the carbon structure, which could contribute
to redox reactions.310 An absence of functional groups was also implied by the absence
of a desorption hysteresis in the CO2 isotherms of the electrodes (Figure 6.13b).

Galvanostatic charge/discharge (GCD) curves at 0.1 A g-1 (equivalent to ∼ 1 mV s-1) are
shown for aqueous (Figure 6.22a) and organic (Figure 6.22b) electrolytes. A small sharp
decrease (IR drop) is observed at the start of the discharge process, also indicative of a
low ESR at the current loading used.331 The symmetrical shape of the charge/discharge
curves also indicates pure capacitive behaviour, without any redox reactions involved.329

Despite indications in the organic electrolyte CVs of some resistive behaviour, the
discharge curves show only a small IR drop at the beginning, indicating a low ESR.

The maximum specific capacitance in 1M NaCl and 1M TEA-BF4/ACN electrolytes
were calculated from CV and GCD curves, which were run for each sample at a
minimum in duplicate, the mean values (Cavg) are listed in Table 6.6. Findings from
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Figure 6.21: Cyclic voltammograms of activated carbon electrodes derived from rice husk ( ),
flax ( ), hemp ( ), and eucalyptus ( ) lignins, in (a) 1M NaCl and (b) 1M TEA-BF4/ACN
at a scan rate of 1 mV s-1. The third cycle of each run is shown.
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Figure 6.22: Galvanostatic charge/discharge curves of activated carbon electrodes derived from
rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ) lignins, in (a) 1M NaCl and (b) 1M
TEA-BF4/ACN at a current density of 0.1 A g-1. The third cycle of each run is shown.
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Table 6.5: Summary of electrolyte properties including ionic conductivity,325 viscosity,326,327

ions present and the sizes of bare and solvated ions.300,303,325,328

Electrolyte
Ionic Conductivity

(S cm-1)
Viscosity
(mPa s)

Ions
Ion Size (Å)

Bare Solvated

1 M NaCl 0.80 1.1[a] Na+ 1.0 3.6
Cl- 1.8 3.3

1 M TEA-BF4/ACN 0.06 0.4[b] TEA+ 6.7 13.0
BF4- 4.8 11.6

[a] at 20 °C [b] at 25 °C

the two techniques corroborate each other. For the aqueous electrolyte values range
from 70 to 78 F g-1 for CV (at 1 mV s-1) and 76 to 82 F g-1 for GCD (at 0.1 A g-1). The
capacitance values appear fairly consistent irrespective of the carbon feedstock, which
is also shown by the similarity between GCD and CV curves. Cavg values in the organic
electrolyte range from 63 to 80 F g-1 (at 1 mV s-1) and 62 to 82 F g-1 (at 0.1 A g-1) for
CV and GCD experiments respectively.

Table 6.6: Mean specific capacitance (Cavg) calculated from cyclic voltammetry (CV) at 1
mV s-1 and galvanostatic charge-discharge (GCD) at 0.1 A g-1 for lignin-derived activated
carbon electrodes in either organic (1M TEA-BF4/ACN) or aqueous (1M NaCl/H2O) electrolyte.
Measurements were performed at least twice per sample, with the mean values listed.
Uncertainty values are the standard deviation between runs. For samples run in the organic
electrolyte, calculated values for hemp were applied to the flax and eucalyptus samples.

Lignin feedstock
Cavg (F g-1)

Aqueous Organic
CV GCD CV GCD

Rice husk 74 ± 2 76 ± 2 63 ± 2 62 ± 2
Flax 70 ± 1 76 ± 5 69 ± 2 71 ± 3

Hemp 73 ± 1 78 ± 7 59 ± 2 62 ± 5
Eucalyptus 78 ± 1 82 ± 5 80 ± 2 82 ± 2

The lower capacitance values for carbons in organic electrolytes is potentially due to
the smaller ion size. The sizes of ions present in the electrolytes are listed in Table
6.5. The bare ion size of Cl– (for the aqueous electrolyte) and BF –

4 (for the organic
electrolyte) is 1.8 and 4.8 respectively. The hydrated Cl– ion is twice the size of the bare
ion at approximately 3.3 Å. It should be noted that the hydrated radius depends on the
measurement method, and can as much as 1 Å larger or smaller.328 The solvated BF –

4 ion
in ACN is reported as 11.6 Å.332,333 Higher capacitance values in aqueous electrolytes
are likely achieved through greater charge accumulation on the electrode surface, due to
the smaller ionic radius of the Cl– anion compared to the BF –

4 .
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In addition to greater charge accumulation, the Cl– ion has access to smaller pores
than the larger BF –

4 ion. Pore size distributions in Figure 6.17 show electrodes are
centred around ultramicropores, with the largest maximum around 6 Å, and additional
maxima at approximately 8 Å and 12 Å. Accessibility is not an issue for the aqueous
electrolyte; the pores are large enough to accommodate both the bare and hydrated
Cl– ions. Consequently, accounting for measurement uncertainty, all electrodes exhibit
similar capacitance values (70 to 82 A g-1). The BF –

4 ion may not be able to access to
the smaller pores, due to the larger bare ion size, close to 5 Å, and even larger size of
the solvated ion.

The eucalyptus lignin electrode, however, exhibits similar capacitance values in both
aqueous and organic electrolytes (∼ 80 F g-1). The flax lignin electrode also shows
similar results in both electrolytes, although values are slightly lower in the organic (70
to 76 F g-1 in aqueous and 69 to 71 F g-1 in the organic). The similarity in capacitance
values in the different electrolytes suggests electrosorption primarily occurs in pores
accessible to both anions. The comparatively lower capacitance of the rice husk and
hemp electrodes in the organic electrolyte indicates some pores are inaccessible to the
BF –

4 anions. The flax and eucalyptus electrodes appear to have a larger average pore
size than the rice husk and hemp electrodes. This is evident from both SAXS and
gas sorption techniques (see Figure 6.20), and is illustrated in PSDs derived from the
former (Figure 6.17). The presence of larger pores in flax and eucalyptus electrodes
able to accommodate the BF –

4 ion could account for the larger capacitance exhibited in
comparison to the hemp and rice husk electrodes.

The capacitance values are within the typical range for activated carbons published in
the literature but are on the lower end. Values for activated carbons in both organic
and aqueous electrolytes typically exceed 80 and 100 F g-1respectively.24,26,46 This
comparatively low capacitance has several possible causes. As shown in Section 6.2.3.1,
addition of PTFE to activated carbon powders caused a 20 to 25 % reduction in BET
surface area to below 900 m2 g-1. The surface area predicted from N2 isotherms recorded
on the Quantachrome instrument (Table 6.4) is even lower: 400 to 700 m2 g-1, dependent
on the analysis method. There is a general trend, as discussed in Section 6.1.2.3,
of increased capacitance with a larger specific surface area, due to a greater ability
for charge accumulation at the electrode/electrolyte interface.301,334 Although other
parameters such as the carbon structure, pore shape, conductivity, and (as discussed
in Section 6.1.2.4) pore size, also play a key role.300

Lignin-derived carbons prepared by Jeon et al.283 exhibited improved capacitance values
(increasing from 3 to 114 F g-1) with an increased surface area (126 to 1096 m2 g-1). As
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introduced in Section 6.1.2.3 (Figure 6.4), Raymundo-Piñero301 showed that increased
BET surface area led to improved gravimetric capacitance, although it adversely affected
the volumetric capacitance, with wider pores more inefficient than smaller pores for
double layer formation. Chmiola et al.335 using CDCs demonstrated an increase in
the carbon surface area, provided this was associated with increased micropore surface
area, led to improved capacitance values. These examples show that materials with a
high surface area are important for producing a high capacitance, although the improved
surface area should be from a contribution of additional micropores. Improving the total
surface area of the lignin-derived carbons in this work, and ensuring a high proportion
of micropore surface area as suggested by the literature, would likely contribute to an
improved electrochemical performance.

Similar to surface area, large pore volumes are correlated with improvements in
electrochemical performance, although other parameters are also important.336 The pore
volume of lignin-derived carbon powders in this work varied between 0.42 to 0.52
cm3 g-1, with 80 % of pore volume contributed by micropores. Addition of the PTFE
binder reduced the pore volume to between 0.34 to 0.37 cm3 g-1. QSDFT analysis of
Quantachrome isotherms predicted a reduced electrode pore volume of 0.20 to 0.30
cm3 g-1. Carbons in the literature exhibit pore volumes from 0.2 to over 2.0 cm3

g-1,46,301,310,329,330,336,337 consequently, lignin-derived carbons in this work exhibit pore
volumes at the lower end of the scale, and addition of PTFE reduced this already small
pore volume further. Zhi et al.329 studied the effect of pore structure on the performance
of activated carbons derived from waste tires. Materials with an increased micropore
volume were shown to have an increased specific capacitance. Similar to surface area,
altering activation conditions to improve the overall pore volume, while maintaining
a large contribution from micropores, would lead to the improved electrochemical
performance of the lignin-derived carbon electrodes.

The rate capability of the electrodes was investigated using CV at increasing scan rates
from 1 to 500 mV s-1. Deformation of the rectangular CV curve shape occurs with
increasing scan rate, illustrated in Figure 6.23 for the rice husk lignin electrode in 1M
NaCl up to 100 mV s-1. CV curves of the other electrodes and in organic electrolyte are
included in Appendix E. The deformation is an effect of increased ESR at higher scan
rates and likely results from the microporous nature of activated carbon electrodes. At
low scan rates, both the outer and inner pore surfaces are accessible to the electrolyte
ions. At higher scan rates, however, there is a reduction in the pore surface accessed by
ions, leading to a decrease in capacitance. Microporous activated carbons, in particular,
have long diffusion distances and high ion-transport resistance, leading to a much-
reduced ion accessible surface area and severely reduced performance.310,311,338
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Figure 6.23: Cyclic voltammograms of rice husk lignin-derived activated carbon electrode in
1M NaCl at varying scan rates: 1 mV s-1 ( ), 10 mV s-1 ( ), and 100 mV s-1 ( ). Plots for
other lignin-derived carbons in aqueous and organic electrolytes are included in Appendix E.

The effect of increased scan rate and current loading on specific capacitance is shown
in Figure 6.24 for the aqueous electrolyte and Figure 6.25 for the organic electrolyte,
tabulated values are included in Appendix E. Specific capacitance decreases with
increasing scan rate and specific current. At a scan rate of 100 mV s-1 56 to 62
% of the initial specific capacitance (at 1 mV s-1) remains. At a current loading of
10.0 A g-1 50 to 65 % of the initial capacitance (at 0.10 A g-1) remains. Taking into
account the measurement uncertainty (noted in Appendix E) there is little difference in
the aqueous electrolyte of rate handling behaviour between activated carbons derived
from different lignin feedstocks, which is likely due to their similarity in porosity.
Overall all electrodes exhibited similar porosity (as shown by PSDs in Figure 6.17),
although the flax and eucalyptus electrodes showed a small shift to broader PSDs in
the N2 analysis. These differences, however, had no effect on the electrosorption in
the aqueous electrolyte; all electrodes exhibited similar specific capacitance at 1 mV s-1

(Table 6.6), indicating the same porosity was accessible by the Cl– ion. The rate handling
experiments show this occurs at all scan rates and current loadings investigated.

It has been shown previously in the literature that substantial reduction in the specific
capacitance occurs with increasing scan rates and current loading. This is undoubtedly
an effect of diffusion limitations, due to the highly microporous nature of these activated
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Figure 6.24: Mean specific capacitance (Cavg) loss, normalised to the initial Cavg, during (a)
cyclic voltammetry (1 - 500 mV s-1) and (b) galvanostatic charge/discharge (0.10 - 10.0 A g-1)
experiments in 1M NaCl. Lignin carbon electrodes were derived from rice husk (�), flax (•),
hemp (N), and eucalyptus (H). Measurements were performed in at least duplicate. Uncertainty
values represent the standard deviation between measurements.
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Figure 6.25: Mean specific capacitance (Cavg) loss, normalised to the initial Cavg, during (a)
cyclic voltammetry (1 - 500 mV s-1) and (b) galvanostatic charge/discharge (0.10 - 50.0 A g-1)
experiments in 1M TEA-BF4/ACN. Lignin carbon electrodes were derived from rice husk (�),
flax (•), hemp (N), and eucalyptus (H). Measurements were performed in at least duplicate.
Uncertainty values represent the standard deviation between measurements, values for hemp
were applied to the eucalyptus and flax samples.
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carbons, which limits the rate capability. As stated previously, PSDs and adsorption
isotherms show little evidence of mesoporosity (20 to 50 Å) or macroporosity (>50 Å). A
well-ordered hierarchical structure facilitates ion transport, providing smaller resistance
and shorter diffusion pathways. Macropores act as ion-buffering reservoirs, minimising
the diffusion distance to the inner porosity. Mesopores provide low resistance pathways
for ion diffusion through the porous particles, where they are confined in micropores,
strengthening the electrical double layer.313,329,334,338 The absence of larger pores leads
to a high charge transfer resistance, and consequently, a low rate handling capability.

Chmiola et al.278 tested the response rate of Ti2AlC-CDCs and B4C-CDCs in 1M H2SO4

using cyclic voltammetry. The current response was slowest in more microporous
electrodes, with the best response rate in CDC materials with the largest fraction of
mesopores. Rose et al.310 used the same method and noted rate handling differences
between a conventional low temperature (600 °C) CDC powder and ordered mesoporous
CDCs produced from templating. The powder showed a rapid decrease in capacitance
above scan rates of 20 mV s-1, attributed to the narrow micropores and presence of
impurities obstructing ion diffusion. The templated CDC, by contrast, retained up
to 75 % of the initial capacitance up to 500 mV s-1. In addition to a hierarchical
structure, diffusion of ions is assisted by well-connected linear pores.310 Raman spectra
on lignin-derived carbon powders (shown in Section 5.2.3.2) revealed large ID/IG values
showing the amorphous nature of these carbons, and so pores are likely to be randomly
connected, also limiting the charge and discharge rates.334,338

6.2.3.4 Estimation of Power and Energy Density

The energy and power densities for lignin-derived activated carbons were calculated
according to Equations 2.25 to 2.29. Considering the electrochemical data in this
work was collected using a half-cell, rather than a full-cell, these are estimated values
and should be used with caution. The use of Equation 2.27 to calculate power
density is unrealistic from half-cell data because the same resistance cannot be assumed
between half-cell and full-cell data. Consequently, power density was estimated using
Equation 2.28. The use of Equation 2.28 is also problematic because ESR decreases
with increasing current values when it should be constant (see Tables E.6 to E.13).
Consequently, the Ragone plot in Figure 6.26 excludes high current values, showing
only the estimated maximum energy density and minimum power density at 0.10 A g-1

(Ragone plots including high current values are shown in Appendix Figure E.12.)

The estimated maximum power density and energy density were calculated from
galvanostatic charge/discharge curves at 0.10 A g-1. Values are listed in Table 6.7. For
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Table 6.7: Estimated power and energy densities using galvanostatic cycling at 0.10 A g-1 for
activated carbon derived from different lignin feedstocks. Carbon electrodes were measured in
aqueous (1M NaCl) and organic (1M TEA-BF4/ACN) electrolytes.

Feedstock
Energy density (Wh kg-1) Power density (kW kg-1)

Aqueous Organic Aqueous Organic

Rice husk 3.8 ± 0.1 8.6 ± 0.2 3.8 ± 0.1 10.3 ± 1.1
Flax 3.8 ± 0.2 9.9 ± 0.3 2.7 ± 0.6 11.7 ± 0.4

Hemp 3.9 ± 0.3 8.2 ± 1.0 3.8 ± 0.3 8.8 ± 0.9
Eucalyptus 4.1 ± 0.2 11.4 ± 0.3 3.5 ± 0.2 14.6 ± 1.5

comparison across lignin carbons and between aqueous and organic electrolytes values
are shown on a Ragone plot in Figure 6.26. The Ragone plot demonstrates the advantage
of organic over aqueous electrolytes: the larger voltage window of organic electrolytes
results in higher energy and power densities.24 Similar values for energy and power
density are achieved across all carbons in 1M NaCl; 3.8 to 4.1 Wh kg-1 and 2.7 to 3.8
kW kg-1, respectively. By contrast, in 1M TEA-BF4/ACN there is a more significant
variation in values between carbons; 8.6 to 11.5 Wh kg-1 for energy density and 8.8 to
14.6 kW kg-1 for power density.

A similar trend was noted in the previous section for mean specific capacitance and
was attributed to differences in ion size. The same effect has likely occurred here. The
small Cl– ion in the aqueous electrolyte can access the porosity unhindered in all lignin
carbons, resulting in similar values for power and energy density. Conversely, some of
the smaller pores are inaccessible to the larger BF –

4 ion in the organic electrolyte. The
flax and eucalyptus lignin-derived electrodes have larger pores, able to accommodate
the BF –

4 ion. This results in a larger capacitance, and consequently, higher values of
power and energy density compared to the hemp and rice husk-derived samples.

Zhang et al.339 and Hu & Hseih340 reported maximum energy density values of 4.4 to
9.0 Wh kg-1 for lignin-derived carbons in 6M KOH. The values reported in this work
are similar (3.8 to 4.1 Wh kg-1) to these literature lignin carbons, but at the lower end
of this range. The minimum power density values reported by Zhang et al. and Hu &
Hseih, however, are much higher at 32.9 to 51.9 kW kg-1. The maximum energy density
exhibited by carbons in this work is low compared to other carbons in the literature,
which typically exceed ∼ 10 to 20 Wh kg-1.25,336,341,342 However, it should be noted
that the lignin carbons were not optimised for supercapacitor applications, and so their
performance may be improved.
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Figure 6.26: Ragone plot comparing the performance of lignin-derived carbon electrodes
measured in 1M NaCl (solid symbols) and 1M TEA-BF4/ACN (open symbols). The lignin
feedstocks were derived from rice husk (�), flax (•), hemp (N), and eucalyptus (H). Values were
calculated from galvanostatic charge/discharge experiments at 0.10 A g-1, measurements were
performed in at least duplicate. Uncertainty values represent the standard deviation between
measurements.
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6.3 Chapter Summary

Activated lignin carbon powders synthesised in Chapter 5 (350 °C carbonisation for
30 minutes, followed by activation in CO2 at 1000 °C for 50 - 60 minutes) exhibit a
gravimetric hydrogen uptake of 1.6 to 1.8 wt.%. There were small differences between
the uptake of carbons derived from different feedstocks, with the eucalyptus lignin
sample exhibiting the highest uptake. These small variations appear to be correlated to
the total pore volume and BET surface area of carbons, and related to the carbon burn-
off. Although duplicate runs to ascertain the reliability of hydrogen isotherms were not
possible, a 10 % error in the dry sample weight was calculated to result in a 0.2 wt.%
variation in the H2 uptake. Therefore, differences between carbon uptakes may not be
significant, and these values should be confirmed by duplicate runs.

The pore size distribution of lignin carbons powders were centred around a large
maximum of 5 Å, below the optimum of 6 to 7 Å for hydrogen storage. This allows for
flexibility in future optimisation processes to improve the surface area while broadening
the overall average pore size. However, care should be taken not to introduce large
quantities of larger mesopores and macropores, which could be detrimental. Response
contour results from Chapter 4 indicate increasing the carbonisation or activation
temperature would broaden the pore size, although there is concern the change could
be too dramatic. Increasing the activation dwell time was suggested as a milder method
for improving pore size and surface area, whilst retaining a narrow pore size distribution.

Electrochemical characterisation of lignin-derived carbon powders was performed in
aqueous and organic electrolytes. Addition of PTFE caused a 20 to 25 % reduction in the
adsorptive properties of the original powder, but did not affect the pore size distribution.
Further characterisation of electrodes using gas sorption revealed what appeared to
be systematic differences between measurements performed on Micromeritics and
Quantachrome instruments. As a result, direct comparisons between data were made
only if recorded on the same instrument. These systematic differences could have a
variety of causes, however, the equilibrium time between consecutive pressure readings
was identified as a possible issue due to the long measurement time required for full N2

isotherms of lignin-derived carbons.

Maximum capacitance values of 70 to 80 F g-1 were recorded in the aqueous electrolyte
and 62 to 82 F g-1 in the organic electrolyte. Values measured in the aqueous electrolyte
were generally higher, which was attributed to the smaller ion size in comparison to
the organic electrolyte. Smaller ions have greater accessibility to smaller pores and
greater charge accumulation on the electrode surface. Eucalyptus and, to an extent, flax
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electrodes exhibited similar capacitance values in both organic and aqueous electrolytes
(∼ 80 F g-1). This indicates electrosorption of ions occurred in the same pores in
both electrolytes. Consequently, the lower capacitance values for rice husk and hemp
electrodes (∼ 60 F g-1) in the organic electrolyte implies some pores in the structure
were inaccessible. This is likely due to the differences identified in N2 pore size
distributions. Although similar, PSDs for eucalyptus and flax electrodes were shifted
slightly to broader pore sizes, resulting in an increased volume-weighted average pore
size. The larger pore size of eucalyptus and flax electrodes was also supported by SAXS
data. Maximum energy density values of 3.8 to 4.1 Wh kg-1 and 8.6 to 11.4 Wh kg-1

were recorded in aqueous and organic electrolytes, respectively.

The specific capacitance and energy density values exhibited in this work are on
the lower end of the range typically seen in the literature for organic and aqueous
electrolytes. Increasing the surface area and pore volume of carbons, whilst maintaining
a large micropore contribution, would likely improve the capacitance values obtained.
The primarily microporous structure of the lignin carbons appears to be a disadvantage
for their use as supercapacitor electrodes. Sharp drop off in the rate capability of
materials is likely due to high ion-transport resistance and long diffusion distances
associated with primarily microporous materials. The amorphous nature of the activated
carbons, potentially leading to randomly connected pores, is also likely to limit the rate
capability of the material. The future use of the lignin-derived monoliths could provide
a solution to this problem, with potentially hierarchical porosity, and the absence of a
binder should improve electrode adsorptive characteristics.

Hydrogen experiments support the conclusions observed in Chapter 5; the lignin
structure does not affect the microstructure of resulting activated carbons. Variations in
hydrogen uptake between feedstocks were small, and related to differences in adsorptive
properties associated with small variations in the carbon burn-off. There were also small
variations in the specific capacitance of carbon electrodes, which appeared to result
from small differences in the electrode porosity. The electrode porosity was seemingly
unaffected by the lignin feedstock; the low S/G rice husk and the high S/G hemp both
had PSDs centred below 6 Å. Conversely, the low S/G flax and high S/G eucalyptus had
PSDs shifted slightly to larger pores (centred between 6 to 8 Å) in comparison. Overall,
the variations in the carbon powder and electrode porosity were small and the adsorptive
characteristic of samples were similar. Consequently, all samples exhibited comparable
performances in both hydrogen storage uptake and as supercapacitor electrodes. The
dependence of lignin carbon porosity and performance on the preparation method rather
the lignin feedstock is a significant finding. The carbons in this work have not been
optimised specifically for the tested applications, and so significant improvements on

256



CHAPTER 6. APPLICATIONS OF LIGNIN-DERIVED ACTIVATED CARBONS

the properties exhibited here are entirely feasible. This suggests an organosolv-lignin
from any available biomass feedstock could be used to prepare a high surface activated
carbon, with reasonable performance in H2 storage and supercapacitance.
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7.1 Thesis Summary

The main aim of this thesis was to ascertain whether the aromatic backbone of the
lignin macromolecule affected the porous structure of resulting activated carbons and
whether this could be used to tune the pore size. This was achieved by the production
of consistent and well-characterised lignin feedstocks from a variety of sources using
the organosolv method, the determination of optimal carbonisation and activation
processing conditions, the application of these conditions to the extracted lignin, and
finally an in-depth characterisation of the activation carbon morphology and porosity.
The lignin-derived carbons were also benchmarked for their performance as adsorbents
in hydrogen storage and as supercapacitor electrodes.

In Chapter 3 the successful isolation and characterisation of four lignins from different
feedstocks were presented. The lignins had a high purity and similar molecular weight,
but differed in their aromatic composition; rice husk and flax produced lignins with a
low ratio of syringyl to guaiacyl units, whereas hemp and eucalyptus lignins had a high
content of syringyl units. Extracted lignins were compared to an industrial sample which
was determined to have a high S/G lignin with a similar molecular weight and purity
to the laboratory-isolated samples. The use of small-angle scattering determined the
addition of LiBr can prevent aggregation of lignins in solution, leading to a more reliable
molecular weight measurement. Thermal analysis of lignin chars indicated differences
in the stability of high S/G and low S/G lignins, with the former exhibiting a swelling
behaviour.

Chapter 4 presented an experimental design method that successfully identified
optimum conditions to produce activated carbons with the highest surface area:
carbonisation at 350 °C for 30 minutes then activation at 1000 °C for 60 minutes. The
carbonisation and activation temperatures were determined to have the most significant
effect on activated carbon surface area and porosity. The predictive power of the
experimental design with a reliable model was demonstrated by comparison of the
predicted char burn-off to thermogravimetric data.

In Chapter 5 the organosolv extraction was scaled-up to treat larger quantities of
biomass, and increase the production of lignin for activated carbon preparation.
Characterisation results confirmed that the process yielded similar results to the smaller
extraction in Chapter 3. The four extracted lignins were carbonised to produce an
increased amount of char. Foaming and swelling of all samples on heating was noted,
regardless of aromatic composition. However, the low S/G lignins produced a more
robust monolith, which was suspected to be due to increased lignin melt viscosity
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preventing the coalescence of bubbles and reducing the size of voids in the char. Gas
sorption isotherms revealed lignin chars had limited porosity, with no apparent influence
of the aromatic composition.

Characterisation of CO2-activated lignin carbons revealed the porosity and adsorptive
characteristics of samples were broadly similar across feedstocks. Raman spectra
indicated activated carbons were primarily composed of amorphous carbon with some
graphitic structure, SAXS analysis supported the presence of graphite. Adsorptive
characteristics determined by gas sorption revealed no dependence of the carbon
microstructure on the lignin S/G ratio; small variations were attributed to slight
differences in burn-off. Carbons had a high surface area (>1000 m2 g-1), narrow
pore size distribution, and small volume-weighted average pore width (6 Å). SAXS
measurements indicated the presence of larger pores inaccessible to N2 molecules,
predicting an increased average pore size (around 10 Å). SAXS supported the absence
of a correlation between pore size and S/G ratio; the porosity of all carbons was similar,
differing by as little as 1.2 Å.

The applications of lignin-derived activated carbons as adsorbents in sustainable
applications was examined in Chapter 6. Lignin carbons in this work showed reasonable
H2 uptake at 77 K (up to 1.8 wt.%), although towards the lower end of the range of
uptake values recorded in the literature (up to 3.3 wt.%). The small pore size and narrow
pore size distribution of the materials was shown to be beneficial, outperforming samples
in the literature with a larger surface area. Small differences in H2 uptake were due to the
burn-off of the sample and unrelated to aromatic ratio, supporting the characterisation
in Chapter 5.

The electrochemical characterisation in Chapter 6 showed carbons exhibited similar
capacitance values in aqueous and organic electrolytes (60 to 80 F g-1), towards the
lower end of values recorded in the literature. Small variations were linked to differences
in the pore size distribution, which were independent of the lignin macromolecular
structure. The addition of a polymer binder was shown to cause a significant reduction
in surface area and pore volume (up to 25 %), which would have negatively affected
the capacitance values of lignin carbons. A sharp drop-off in the rate capability of
materials was attributed to the highly microporous nature of the lignin carbons, causing
high ion-transport resistance and long diffusion distances. These effects were likely
compounded by the amorphous character of the lignin carbons, highlighted by Raman
spectra in Chapter 5, implying the presence of randomly connected pores.

Potential issues with gas sorption measurements were identified in a few instances
within the scope of this work. Problems with a possible weight measurement error
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for the rice husk lignin carbon in Chapter 5 highlighted the critical need to verify gas
sorption isotherms, at a minimum by running a duplicate BET on a separate sample.
Any error in the free space measurement, dry weight, improper degassing, or even static
could affect the reliability of the analysis. There are multiple instances in research
papers where it is not clear whether data has been verified; no uncertainty values are
given for any adsorptive properties and repeat measurements are not included in the
supplementary information or referred to in the document text.

Gas sorption analysis on carbon electrodes in Chapter 6 further highlighted potential
issues when comparing samples between two different instruments. Multiple sources of
variation from the calibration of experimental equipment to operator experience were
identified in the literature as potential causes. Of particular importance for microporous
activated carbons is the possible difference in equilibrium times between measurements.
The disadvantages of gas sorption in this work were offset by utilising another technique
to probe the pore size of carbons: small-angle x-ray scattering. SAXS and gas sorption
results showed excellent agreement for the carbon electrodes. However, there was
a variation between values when examining the carbon powders, ostensibly due to
inaccessible porosity in the powder, which was opened during the electrode preparation
process.

For further examination of gas sorption reliability, a pore size distribution could be
derived from the SAXS pattern. Alternative methods such as positron annihilation
lifetime spectroscopy (PALS) could also be used as a further comparison. However,
both methods still rely on the assumption of an ideal porous structure (be it slit-pore
or cylindrical) and the application of a suitable model to derive information on pore
size. The work in this thesis highlights that merely repeating a BET measurement can
identify possible isotherm issues. Although the absolute values may vary, for comparing
between materials within the same laboratory, gas sorption does provide a convenient
method for estimating the porosity and adsorptive properties of samples, providing it is
used with caution. The BET surface area, despite reliability issues over the assumptions
made in the BET equation, proved a useful tool in the experimental design for the quick
and efficient screening of adsorptive properties for multiple materials.
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7.2 Thesis Conclusion

The results of this work show there is no clear correlation between the aromatic structure
of the lignin feedstock and the porous structure of activated carbons. The aromatic
composition, however, measured by the ratio of syringyl to guaiacyl units (S/G), did
appear to affect the viscosity of the lignin melt. High S/G chars were more prone
to the development of bubbles which coalesced into large voids, causing an enhanced
expansion of the char and resulting in a more brittle monolith in comparison to the low
S/G lignins. The foaming was shown to not affect the rudimentary porosity of the chars,
with limited uptake during gas sorption experiments and the absence of a microporous
structure in small-angle x-ray scattering patterns.

Activation of the lignin chars enhanced the fundamental porous structure of the char.
However, once more the aromatic ratio of the lignin was shown not to affect the porosity
of activated carbons measured by either gas sorption or SAXS. The similar adsorptive
and electrochemical performance of these carbons in Chapter 6 supports the conclusion
that the aromatic ratio does not affect the carbon pore structure. The absence of any
influence from the aromatic ratio indicates that the preparation method rather than the
feedstock is most important during the synthesis of lignin-derived activated carbons.

This discovery could have significant implications for the manufacture of lignin-derived
activated carbons. The manufacturing process would not be reliant on lignin from one
feedstock but could use whichever material was available. The process would also be
resilient to changes in the supply chain, such as seasonal variations. It is worth noting
that these results currently apply only to organosolv-extracted lignins. It is not clear
whether the same effect would occur when utilising lignin from a different extraction
method, and is an avenue for further investigation.

The lack of influence of the aromatic ratio was surprising, especially considering
the differences in thermal stability noted between the high S/G and low S/G lignins.
Furthermore, findings in the literature strongly suggest the variation in thermal stability
is linked to reactions of the syringyl and guaiacyl units and the quantity and type of
volatiles produced, particularly in the low-temperature region (below 350 °C) in which
foaming was observed to occur. Some lignin chars in the literature have been noted to
self-activate, apparently by the release of low molecular weight volatiles. The lignin
chars in this work were non-porous to N2 indicating this "self-activation" did not occur.
Moreover, the absence of this "self-activation" is likely to be why no differences in the
activated carbon porous structure were observed. Activation enhances porosity within
the original char. However, without any differences in pore structure at this stage the
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activation proceeded identically for all lignin chars.

Why some lignins "self-activate" and others do not is an interesting point of discussion,
and certainly worth further investigation. The swelling behaviour of the char monoliths
points to differences in viscosity as a potential cause. In this work the low molecular
weight volatiles, which are the source of the melt expansion, saturate the melt, nucleate
and form bubbles. The theory from this research is that high S/G lignins have
lower thermal stability and consequently reduced viscosity, enabling the coalescence
of bubbles and enhanced expansion of the melt compared to low S/G lignins. The
expansion of the lignin chars in this work (measured for the industrial lignin as over
200 vol.%) shows that significant quantities of volatiles are emitted. If the viscosity
of the melt was too low or too high for volatiles to saturate and coalesce, they would
instead escape and could form the small pores associated with "self-activation". This
thesis indicates the aromatic ratio has an effect on viscosity, but other factors must be
important, otherwise all lignins would foam. To the best of this author’s knowledge
only one other group, Rodríguez-Mirasol et al., has reported the foaming or swelling of
lignin, and in that case, it dissipated with increasing ash content.

Although the S/G ratio did not influence the porosity of powdered activated carbons
in this work, it has significant implications for the use of the monolithic chars.
The use of monolithic carbons over powdered samples has substantial advantages in
electrochemical applications. As demonstrated in Chapter 6, the addition of a polymer
binder to prepare free-standing electrodes causes significant degradation in adsorptive
properties. The use of a free-standing monolith without the need for a binder would
lead to improved performance. However, this work has indicated that high S/G
ratio lignins would be unsuitable, due to the inherently brittle nature of the resulting
monoliths; a binder would be required to stabilise the carbon, resulting in a reduction
in adsorptive properties. The low S/G ratio lignins, by contrast, yield materials with
greater mechanical stability, however, they can be crushed under force. Optimisation
of the chars using cross-linking agents, for example, could overcome some of these
issues. Although not perfect, these low S/G lignins are promising for the production of
carbon monoliths from a cheap biomass-derived feedstocks, for use in applications such
as supercapacitance.
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7.3 Suggestions for Future Work

Although the aromatic ratio was shown not to influence the porosity of subsequently
activated carbons, this discovery has lead to some new, important research questions
regarding the properties of the lignin melt. The formation of carbon foams from
the lignins investigated has inspired a new line of research for these materials, and
the experimental design outlined in this research has provided a framework for the
optimisation of lignin-derived carbons. Recommendations for future work in these areas
of interest are outlined in the following:

(1) Further optimisation of lignin-derived activated carbons

Benchmarking of the lignin carbons for hydrogen storage and supercapacitance
applications showed material performance was towards the lower end of values typically
seen in the literature. Considering the lignin materials were not optimised for a specific
application this was not surprising. The lignin monoliths show particular promise
for future electrochemical applications, which are discussed later. The lignin carbon
powders produced appear to be most suited to hydrogen storage applications, due to
their narrow porosity centred in the ultramicropore region. Increasing the pore width
and surface area were identified as key parameters to improve the hydrogen storage
capacity of this material.

The experimental design in this work highlighted potential areas for optimisation of the
pore size and surface area. The activation time was not identified as a critical parameter
following the experimental design. However, considering only a slight shift in average
pore size is required (from 5 - 6 Å to 6 - 7 Å), an extension of this parameter would
likely yield a less dramatic change in the carbon properties and is worth investigating
initially. The experimental design response contour plots also identify an increase in
surface area while maintaining a small pore width could be achieved by decreasing the
activation temperature.

Although the current design can be used to indicate the direction most likely to
improve hydrogen uptake, an inherently more useful set of experiments would be
the incorporation of application-specific responses into the current model, such as H2

uptake at 77 K. The testing of H2 uptake is fast, and all 11 samples could be analysed
within a couple of weeks. Regression analysis would yield valuable information on the
importance of each factor on the uptake, ascertain potential interactions between factors,
and indicate more clearly which parameters should be used to optimise the uptake.
Equally, this same process can be performed using any application-related response,
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including capacitance, and demonstrates the wide applicability of using a design of
experiments method.

Extension of the current design into a full factorial design would yield significantly
more information on the factor-response relationships. In particular, it could resolve
some of the more complex relationships identified for activated carbon porosity and
surface area, improving the prediction power of the model. A further 8 carbonisation and
activation experiments would be required for this extended model. Alternatively, a new
optimisation-specific experimental design would be more suited to finding the optimal
processing conditions for H2 uptake. The experimental factors would be investigated
with greater resolution, over a given range, ensuring the optimal point is not overlooked.
However, an entirely new design with a greater number of experiments would be
required. Consequently, the addition of a H2 uptake response to the current design is
recommended as the first step in optimisation.

(2) Investigations into lignin melt viscosity and foaming

The viscosity or resistance to flow, of the lignin melt, was proposed in this work to
contribute to the differences observed in the expansion of low S/G and high S/G ratio
lignin carbons. Rheology can be used to examine the temperature dependence of the
melt viscosity, to ascertain whether there is a difference in behaviour between the
two classes of lignin, and identify the temperature at which cross-linking of the char
becomes evident. The alternative theory for the foam expansion was that high S/G
lignins emitted a larger quantity of volatiles than low S/G lignins. A simple method for
investigating this would be heating the lignin sample in a sealed container and measuring
the displacement of a liquid (such as oil or water) by the gas from an attached tube
or cylinder. Alternatively, a quantitative TG-GC/MS set-up would enable the detailed
analysis of the different low molecular weight volatiles (i.e. CO, CO2, H2O, CH4,
MeOH) to identify variations in evolution between the high and low S/G ratio lignins
with temperature.

(3) Production of lignin-derived carbon monoliths

The production of binder-free monoliths from a renewable, cheap feedstock is one of the
most exciting avenues of further investigation. Initial investigations into the viability of
these binder free materials have produced an activated rice husk lignin-derived monolith,
which exhibit a comparable surface area to the carbon powder. However, the monolith
activation increased the brittleness of the material. Cutting of the monolith with a
diamond saw was possible, but over-handling of these smaller slices had to be avoided.
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Increasing the mechanical stability of char and activated carbon monoliths (without
the addition of a binder) should form a key part of this future research. Mechanical
properties such as the compressive strength and bulk density of the materials should be
benchmarked, and methods for improving the material strength investigated. Addition
of a cross-linking agent, such as the biopolymer chitosan, for example, is a potential
avenue of investigation. An experimental design method for this work would provide
an excellent framework for assessing the factors affecting monolith strength, and its
performance as an electrode material.
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Pressure Calculation

Ideal conditions for the Alcell organosolv extraction are reported as: temperature
between 180 to 210 °C, pressure of 25 to 35 atm, and solvent of 60 wt.% ethanol and 40
wt.% water.68,70 The mole fraction of ethanol in 100 mL of liquid was calculated:

Density of ethanol: 0.789 g cm-3 (at 20 °C)
Density of water: 0.998 g cm-3 (at 20 °C)

(1) Volume of a 60:40 100 g ethanol-water solution

Volume EtOH =
60 g

0.789 g cm-3 = 76.0 cm3

Volume H2O =
40 g

0.998 g cm-3 = 40.1 cm3

Total volume = 116.1 cm3

(2) Moles of ethanol and water in solution

Mass EtOH = 0.789 g cm-3×76.0 cm3 = 60.0 g

Moles EtOH =
60.0 g

46 g mol-1
= 1.30 mol

Mass H2O = 0.998 g cm-3×40.1 cm3 = 40.0 g

Moles H2O =
40.0 g

18 g mol-1
= 2.22 mol

Total moles = 3.52 mol

(3) Mole fraction of ethanol/water

Mole fraction EtOH =
1.30 mol
3.52 mol

= 0.370

Mole fraction H2O =
2.22 mol
3.52 mol

= 0.630
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(4) Comparison to literature vapour-liquid equilibrium data

Data tables from Barr-David and Dodge,72 Griswold et al.,73 and Niesen et al.74 (shown
in Table A.1) were used to determine the temperature at which a 60:40 by weight
ethanol/water mixture would produce a pressure between 25 and 35 atm. From the data
tables it was clear that at 200 °C for a liquid ethanol mole fraction of 0.370 a pressure of
approximately 26 atm would be produced, within the required range. The temperature
for digestion was thus selected at 200 °C.

Table A.1: Experimental vapour-liquid equilibrium data for ethanol-water systems at 150 °C,
200 °C, and 250 °C. The temperature required to produce a pressure between 25 and 35 atm for
a liquid ethanol mole fraction of ∼ 0.37 occurred at 200 °C. Data from Barr-David and Dodge,72

Griswold et al. ,73 and Niesen et al.74

Temperatutre
(°C)

Mole fraction
ethanol (liquid)

Mole fraction
ethanol (vapour)

Pressure
(atm) Reference

150
0.340 0.535 8 Barr-David & Dodge
0.360 0.544 9 Niesen et al.
0.514 0.616 10 Griswold et al.

200
0.287 0.433 25 Griswold et al.
0.345 0.495 26 Barr-David & Dodge
0.380 0.516 26 Niesen et al.

250
0.339 0.446 62 Barr-David & Dodge
0.370 0.475 64 Niesen et al.
0.507 0.549 66 Griswold et al.
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Figure B.1: FTIR spectra of ground biomass ( ), the resulting pulp ( ), and lignin (coloured
line) following organosolv extraction. Spectra were recorded from 4000 to 600 cm−1, over 32
scans with a resolution of 4 cm−1. Spectra have been offset along the transmission axis, and the
region between 1800 and 600 cm−1 has been focused on for clarity. Reproduced with permission.
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Figure B.2: FTIR spectra of ground biomass ( ), the resulting pulp ( ), and lignin (coloured
line) following organosolv extraction. Spectra were recorded from 4000 to 600 cm−1, over 32
scans with a resolution of 4 cm−1. Reproduced with permission.

Table B.1: Raw data for CHN, S and ash content analysis, values are in wt.% on a dry basis.
Each sample was run in duplicate. Reproduced with permission.

Lignin type C H N S Ash

Hemp 64.293 64.297 6.523 6.341 1.276 1.122 0.040 0.042 0.000 0.010
Flax 65.878 65.831 5.910 6.115 0.736 0.714 0.005 0.004 0.000 0.008
Rice husk 64.785 64.693 6.172 6.043 1.241 1.030 0.019 0.021 0.170 0.120
Eucalyptus 64.271 63.081 5.727 5.779 0.000 0.000 0.019 0.200 0.100 0.090
Industrial 66.053 66.145 6.051 5.971 0.000 0.088 0.014 0.014 0.050 0.035

Table B.2: Raw data for acid-insoluble (Klason) lignin content determination, values are in
wt.% on a dry basis. Each sample was run in duplicate. The measurement error associated with
each individual value is given. The uncertainty was calculated as the greatest difference between
the mean and the maximum/minimum lignin content. Reproduced with permission.

Lignin type
Klason lignin content

Run 1 Run 1 error Run 2 Run 2 error Mean Uncertainty

Hemp 94.6 0.2 94.6 0.3 94.6 0.3
Rice husk 97.8 0.2 75.9 0.2 86.8 11.1
Eucalyptus 90.7 0.2 88.9 0.2 89.8 1.1
Flax 97.0 0.1 96.6 0.2 96.8 0.4
Industrial 91.7 0.5 90.9 0.5 91.3 0.9
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Table B.3: Raw data for the yield of lignin obtained using the organosolv process, presented
as the extraction efficiency, values are in wt.%. Each sample was run in at least duplicate.
Uncertainty was calculated as the greatest difference between the mean and the highest or lowest
value recorded. Reproduced with permission.

Lignin type
Extraction efficiency

Run 1 Run 2 Run 3 Mean Uncertainty

Hemp 10.63 7.04 9.02 8.90 1.86
Rice husk 9.36 9.01 - 9.19 2.77
Eucalyptus 14.96 12.82 - 13.89 1.07

Flax 11.32 11.95 - 11.64 0.32

Table B.4: Raw data for gel permeation chromatography analysis of lignin. Mn is the number
average molecular weight, Mw the weight average molecular weight, and PDI the polydispersity
index.

Lignin
Feedstock

Mn
(g mol-1)

Mw
(g mol-1)

Mz
(g mol-1)

PDI

Hemp
1002 (g mol-1) 3730 2.09
1007 2175 4030 2.16
1030 2262 4298 2.20

Flax
945 1968 3661 2.08
951 2063 4912 2.17
942 1934 3659 2.05

Rice Husk
803 1670 6007 2.08
810 1560 4043 1.93
799 1444 2536 1.80

Eucalyptus
1056 2465 8008 2.33
1061 2313 4586 2.18
1077 2522 8891 2.34

Industrial

793 1622 4059 2.05
803 1613 3231 2.01
844 2123 13398 2.51
821 1826 6096 2.22
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Figure B.3: Size exclusion chromatograms of the four lignin samples extracted from different
lignin feedstocks: flax, hemp, eucalyptus, rice husk, and an industrially extracted pine sample.
Measurements were performed in at least triplicate, the full data set for each lignin type is shown.
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Table B.5: Mean results for number average molecular weight (Mn), weight average molecular
weight (Mw), and polydispersity index (PDI) values calculated from Table B.4. Uncertainty was
calculated as the greatest difference between the mean and the highest or lowest value recorded.

Lignin Feedstock
Mean Mn
(g mol-1)

Mean Mw
(g mol-1)

Mean PDI

Rice husk 804 + 6 1558 + 114 1.9 + 0.1
Flax 946 + 5 1988 + 274 2.1 + 0.1

Hemp 1013 + 17 2177 + 85 2.2 + 0.1
Eucalyptus 1065 + 12 2433 + 120 2.3 + 0.1
Industrial 815 + 29 1796 + 327 2.2 + 0.3
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Table B.6: Assignment of main 1H-13C cross-peaks in the HSQC spectra of flax, rice husk,
hemp, and eucalyptus lignins.

Label Typical peak (δC/ δH)
Lignin type

Assignment
Rice husk Flax Hemp Eucalyptus

Bβ 53.6/3.45 53.9/3.46 53.8/3.47 53.9/3.48 53.6/3.49 Cβ -Hβ in phenylcoumaran substructures
Cβ 54.2/3.05 54.3/3.06 54.2/3.07 54.2/3.06 54.3/3.07 Cβ -Hβ in resinol substructures
OCH3 56.3/3.75 56.1/3.76 56.1/3.76 56.3/3.75 56.3/3.75 C-H in methoxyls
Aγ 60.3/3.63 60.3/3.60 60.4/3.60 60.4/6.63 60.4/3.65 β -O-4 substructures

Iγ 61.1/4.05 60.4/4.05 60.3/4.04 60.4/4.05 60.3/4.05
Cγ -Hγ in p-hydroxycinnamyl alcohol end
groups

A’ & A” 63.8/3.83-4.30 n/a n/a n/a n/a Cγ -Hγ in γ-acylated β -O-4’ substructures
Cγ 63.6/3.63 63.3/3.71 63.3/3.71 63.3/3.71 63.3/3.72 Cγ -Hγ in phenylcoumarane substructures

Bγ

71.3/3.77
& 4.09

71.3/3.75
& 4.05

71.3/3.75
& 4.05

71.7/3.80
& 4.05

71.7/3.80
& 4.06 Cγ -Hγ in resinol substructures

Aβ

80.4/4.5,
84.4/4.4 & 85.6 84.2/4.31

84.2/4.31 &
86.4/4.12

84.3/4.32 &
86.5/4.13

84.1/4.32 &
86.5/4.13 Cβ -Hβ in β -O-4’ substructures (A)

Aα 71.9/4.80 71.7/4.76 71.7/4.77 71.8/4.77 72.6/4.89
Cα -Hα in β -O-4’ substructures (A) and
γ-acetylated β -O-4’ substructures (A’ & A”)

Dα 82.1/5.12 n/a n/a n/a 77.8/5.12 Cα -Hα in spirodienone substrctures
Aβ (G) 84.1/4.29 84.2/4.31 84.2/4.31 84.3/4.32 84.1/4.32 acylated β -O-4 substructures
Bα 85.6/4.62 85.5/4.62 85.6/4.64 85.7/4.64 85.8/4.64 Cα -Hα in resinol substructures
Aβ (S) 86.5/4.11 n/a 86.4/4.12 86.5/4.13 86.5/4.13 Cβ -Hβ in β -O-4’ substructures (A)
Cα 87.0/5.43 87.6/5.45 87.6/5.45 87.6/5.45 87.6/5.44 Cα -Hα in phenylcoumarane substructures
S2,6 104.2/6.63 104.1/6.66 104.1/6.66 104.1/6.66 104.1/6.63 C2,6 - H2,6 in syringyl unit

S’2,6
106.7/7.36
& 7.21 104.7/7.35 n/a 106.8/7.33 106.8/7.33 C2,6 - H2,6 in oxidised (Cα=O) syringyl unit

G2 110.5/6.90 110.8/6.93 110.8/6.93 110.9/6.93 111.0/6.93 C2-H2 in guaiacyl unit
FA2 111.8/7.34 111.7/7.33 112.4/7.33 n/a 110.7/7.48 Ferulic acid

G5
115.2/6.71
& 6.94

115.7/6.77
& 6.93

115.7/6.76
& 6.94

115.7/6.78
& 6.95

115.8/6.76
& 6.95 C5-H5 in guaiacyl unit

G6 119.5/6.83 119.1/6.77 119.1/6.78 119.3/6.77 119.4/6.78 C6-H6 in guaiacyl unit
FA6 123.1/7.1 121.6/7.06 n/a n/a n/a Ferulic acid
Jβ 126.4/6.94 126.2/6.96 126.1/6.97 126.2/6.96 126.7/7.01 Cinnamaldehyde end group
H2,6 128.1/7.27 128.3/7.24 n/a 128.3/7.24 n/a C2,6 - H2,6 in p-hydroxyphenyl units
Iα 130.6/6.3 130.7/6.32 130.8/6.32 130.8/6.33 130.9/6.32 Cα–Hα in cinnamyl alcohol end-groups
PCA2,6 130.7/7.48 130.6/7.47 n/a 130.7/7.51 n/a C2,6-H2,6 in p-coumaric acid
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Figure B.4: Differential scanning calorimetry curves of rice husk ( ), flax ( ), hemp ( ),
eucalyptus ( ), and industrial ( ) organosolv lignins. After an initial cycle samples were
heated from 50 to 200 °C in nitrogen at 10 °C min-1. Inflection points relate to the glass transition
temperature.

Table B.7: Mean results for the first glass transition temperature recorded (Tg) during differential
scanning calorimetry (Figure B.4). Uncertainty was calculated as the greatest difference between
the mean and the highest or lowest value recorded.

Lignin
Feedstock

Glass Transition Temperature Tg (°C)

Run 1 Run 2 Run 3 Mean Uncertainty

Rice husk 118 119 - 118 1
Flax 112 110 111 111 1

Hemp 103 103 - 103 < 1
Eucalyptus 121 121 - 121 < 1
Industrial 100 101 101 101 < 1
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Figure B.5: Thermogravimetric traces of rice husk ( ), flax ( ), hemp ( ), eucalyptus
( ), and industrial ( ) organosolv lignins. Samples were run from 20 to 1000 °C in nitrogen
at 5 °C min-1.
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Figure B.6: The first derivative of thermogravimetric curves (DTG) for rice husk ( ), flax
( ), hemp ( ), and eucalyptus ( ), lignin samples.
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Table B.8: Mean results for the amount of unpyrolysed char remaining at 1000 °C following
thermogravimetric analysis (Figure B.5). Uncertainty was calculated as the greatest difference
between the mean and the highest or lowest value recorded.

Lignin
Feedstock

Char Remaining (wt.%)

Run 1 Run 2 Mean Uncertainty

Rice husk 40.0 39.6 39.8 0.2
Flax 40.0 37.2 38.6 1.4

Hemp 33.4 33.9 33.7 0.3
Eucalyptus 36.4 36.0 36.2 0.2
Industrial 34.5 36.4 35.5 1.0

Table B.9: Mean results for the temperature of maximum weight loss during thermogravimetric
analysis (Figure B.5). Uncertainty was calculated as the greatest difference between the mean
and the highest or lowest value recorded.

Lignin
Feedstock

Temperature of Maximum Weight Loss DTG (°C)

Run 1 Run 2 Mean Uncertainty

Rice husk 360 358 359 1
Flax 367 363 365 2

Hemp 355 352 354 2
Eucalyptus 349 359 354 5

Table B.10: Mean results for the decomposition temperature, which corresponds to the
temperature at which 95 wt.% of an initial dry sample remains. Samples were dried at 105
°C for 30 minutes prior to heating in nitrogen at 5 °C min-1. Uncertainty was calculated as the
greatest difference between the mean and the highest or lowest value recorded.

Lignin
Feedstock

Temperature of Decomposition Td (°C)

Run 1 Run 2 Mean Uncertainty

Rice husk 281 272 277 4
Flax 283 266 275 8

Hemp 255 270 263 8
Eucalyptus 286 270 278 8
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Evaluation of Raw Data
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Figure C.2: Histograms of response were used to study the distributional shape of the four
response variables; char and activated carbon burn off, activated carbon surface area, and
activated carbon average pore diameter. The original response data (left) is displayed. If
required, a logarithmic (or negative logarithmic for the char burn-off) transformation was applied
to the responses to obtain a near normal distribution (right). Plots created using MODDE Pro
11.0.
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Regression Analysis
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Figure C.3: Partial nitrogen isotherms for all experimental design activated carbons, labelled by
experiment number, corresponding to Table 4.3

Table C.1: Comparison of BET fitting results to N2 isotherms, calculated with the Rouquerol
correction applied in the pressure range p/po= 0.01 - 0.03. The BET surface area (SBET )
uncertainty calculated from the analysis is listed. Repeat isotherms on the same samples for
experiments 1 and 7 indicate a measurement error of up to 40 m2 g-1. A repeat carbon produced
using Experiment 5 conditions was also analysed.

Experiment number SBET r2 C

1 486 ± <1 0.9999987 4795
1 (repeat isotherm) 501 ± <1 0.9999992 4555
2 432 ± 1 0.9999961 4967
3 537 ± 1 0.9999979 4504
4 284 ± <1 0.9999977 3587
5 1412 ± 2 0.9999980 653
5 (repeat sample) 1306 ± 1 0.9999996 579
6 597 ± 1 0.9999977 2308
7 684 ± 1 0.9999986 1929
7 (repeat isotherm) 646 ± 1 0.9999984 2936
8 1055 ± 1 0.9999974 460
9 512 ± 1 0.9999986 3352
10 519 ± 1 0.9999978 3779
11 502 ± <1 0.9999985 3495
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Table C.2: Comparison of the magnitude of the power law regime calaculted from the Power
Law and Gibaud fittings using SasView and Origin respectively. Values derived from the power
law model were used as initial parameters for the Gibaud fitting. The radius of gyration (Rg)
derived from the Gibaud model was converted to the average pore width (wavg) using the relation;
wavg = (5

3)
1
2 Rg

Experiment
number

n
Rg wavg χ2 Adj. r2

Power law Gibaud

1 3.2 3.3 6.0 7.7 77 0.992
2 3.1 3.2 7.1 9.1 11 0.989
3 3.2 3.3 6.3 8.1 114 0.988
4 3.2 3.3 7.3 9.4 22 0.980
5 2.7 2.8 7.2 9.3 42 0.997

5 (repeat sample) 2.7 2.8 7.4 9.5 56 0.996
6 2.6 2.8 7.2 9.2 107 0.993
7 2.8 2.9 7.1 9.1 71 0.996
8 2.9 3.0 7.7 10.0 33 0.997
9 3.3 3.3 6.6 8.6 77 0.993

10 3.2 3.3 6.8 8.7 133 0.987
11 3.2 3.3 6.5 8.4 49 0.995
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Figure C.5: Small angle x-ray scattering (SAXS) profiles of industrial organosolv lignin derived
activated carbons. Solid lines represent fitting to the Gibaud model (fitting results listed in Table
C.2), plots are offset along the y-axis for clarity. Patterns are labelled by experiment number
corresponding to Table 4.3.
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Figure C.6: Partial nitrogen isotherms of industrial organosolv lignin activated carbons
produced using conditions in Experiment 5 (Table 4.3): 350 °C carbonisation for 30 minutes
and activation at 1000 °C for 60 minutes. Isotherms are shown for the original carbon (�) and a
repeat (•) carbon produced under identical conditions.
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Figure C.7: Small angle x-ray scattering (SAXS) profiles of industrial organosolv lignin
activated carbons produced using conditions in Experiment 5 (Table 4.3): 350 °C carbonisation
for 30 minutes and activation at 1000 °C for 60 minutes. SAXS patterns are shown for the
original carbon (�) and a repeat (#) carbon produced under identical conditions. Solid lines
represent fitting to the Gibaud model (fitting results listed in Table C.2), plots are offset along
the y-axis for clarity.
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Model Application
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Figure C.8: Interaction plots for activated carbon average pore diameter of (a) carbonisation-
activation temperature (CTemp∗ATemp) and (b) carbonisation dwell time-activation temperature
(CTime∗ATemp).
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APPENDIX D. EFFECT OF LIGNIN STRUCTURE ON ACTIVATED CARBON
POROSITY

Lignin Characterisation

Thermogravimetric Analysis
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Figure D.1: Repeat thermogravimetric (TG) trace of rice husk ( ), hemp ( ), eucalyptus
( ), and industrial ( ) lignins. Samples were run from 40 to 1000 °C in argon at 5 °C min-1.

Figure D.2: Lignin chars from thermogravimetric analysis. High S/G ratio lignin samples
exhibit foaming and have swelled, whereas the low S/G ratio rice husk lignin char has not.
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Lignin Structural Composition

Table D.1: Characterisation summary of Organosolv-extracted lignin on scale-up. Mean S/G
ratio values were calculated from integral on at least two different spectra. GPC was used
to calculate the polymer weight, samples were measured in duplicate. Uncertainties are the
standard deviation between measurements.

Lignin feedstock S/G Ratio[a] GPC results

Mw
[b] Mn

[c] PDI[d]

Rice husk 0.23 ± 0.01 1400 ± 130 930 ± 40 1.5 ± 0.1
Flax 0.23 ± 0.02 1360 ± 120 920 ± 40 1.4 ± 0.1

Hemp 1.01 ± 0.06 1340 ± 110 920 ± 50 1.4 ± 0.1
Eucalyptus 2.63 ± 0.39 1610 ± 190 1050 ± 40 1.5 ± 0.1
Industrial 1.37 ± 0.17 1580 ± 60 950 ± 30 1.7 ± 0.1

[a] S/G ratio estimated from integrals of S2,6, G2, and G6 correlations.
[b] weight average molecular weight [c] number average molecular weight [d] polydispersity index

Activated Carbon Characterisation

Char Volume Expansion Calculation

An industrially extracted organosolv lignin (1 g) was loaded into a glass vial (width = 17
mm) that was marked vertically at 1 mm intervals. The vials were placed in an oven at
room temperature and heated in 50 °C intervals from 150 to 250 °C. They were held for
5 minutes at each interval and the expansion was recorded. The volume of the expansion
was calculated by assuming the vial was a perfect cylinder: volume= πr2h, where r was
the vial radius and h the height of expanded foam, results are listed in Table D.2.

Table D.2: The volume (V) expansion of an industrial organosolv lignin with temperature
was calculated by assuming the vial was a perfect cylinder. The expansion was recorded four
times, with the mean values shown. Uncertainty values represent the variation between separate
measurements and potential measurement error assuming accuracy of the vial scale was 0.5 mm.

Temperature
(°C)

Mean volume
(mm3)

δV from 150 °C
(%)

Unheated 2043 ± 113 n/a
150 1589 ± 113 n/a
200 3348 ± 511 211 ± 51
250 4086 ± 681 257 ± 89

319



APPENDIX D. EFFECT OF LIGNIN STRUCTURE ON ACTIVATED CARBON
POROSITY

Thermogravimetric Analysis
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Figure D.3: Repeat thermogravimetric (TG) traces of activated carbons derived from different
types of lignin; rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). Samples were
heated in air and held at different temperature stages up to 550 °C.

Gas Sorption

Table D.3: Adsorptive characteristics of activated carbons, comparing; the maximum quantity
of nitrogen adsorbed (Qads), the total (Vtotal) and micro- (Vmicro) pore volumes, the BET (SBET),
external (Sexternal), and micropore (Smicro) surface areas, and volume-weighted average pore
sizes. Quantities were derived from nitrogen sorption isotherms recorded at 77 K. Uncertainty
values result from 4 measurements for BET analysis, and 2 measurements for Qads and Vtot.

feedstock
Lignin

Qads
[a]

Max Pore Volume (cm3 g-1) Surface area (m2 g-1)
width (Å)[d]

Average pore

Vtot
[a] Vmicro

[b] SBET
[c] Sexternal

[b] Smicro
[b]

Rice husk 312 ± 43 0.48 ± 0.07 0.44 1235 ± 147 192 1157 6.3
Flax 288 ± 12 0.45 ± 0.02 0.38 1138 ± 44 154 993 6.0

Hemp 269 ± 15 0.42 ± 0.02 0.36 1058 ± 29 119 950 5.6
Eucalyptus 336 ± <1 0.52 ± <0.01 0.40 1258 ± 22 210 1040 6.5
[a] at p/po= 1 [b] calculated using t-plot method [c] calculated using BET method
[d] calculated for pore widths up to 250 Å.
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Figure D.4: Comparison of agreement between the normalised cumulative pore volumes
calculated for the original and repeat PSDs.
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Figure D.5: Nitrogen sorption isotherm collected at 77 K of rice husk lignin-derived carbon,
with an incorrect measurement of dry weight. Symbols are filled for the adsorption branch and
empty for the desorption branch.

Table D.4: Relative volumes of micropores at varying pore widths (w) to the total pore volume
in rice husk lignin derived activated carbon. The values calculated from an isotherm with a 162.1
mg measured dry weight and weight-corrected 192.1 mg dry weight were compared.

Lignin
feedstock

Pore volume contribution (vol %)

w < 7 Å 7 ≤ w < 9 Å 9 ≤ w < 20 Å w > 20 Å

Original 65 12 19 4
Weight-corrected 66 12 19 3

Table D.5: Comparison of adsorptive properties for the rice husk lignin activated carbon to
assess reliability of a potentially irregular isotherm. The maximum quantity of nitrogen adsorbed
(Qads), the total (Vtot) and micropore (Vmicro) pore volumes, the BET (SBET) and micropore
(Smicro) surface areas were calculated from nitrogen sorption isotherms recorded at 77 K. The
dry weight of the original isotherm was increased by 30 mg to produce the weight-corrected
isotherm. Mean values of the multiple repeat isotherms listed in Table D.6 are included for
comparison.

Isotherm
Max Qads
(cm3 g-1)

Vtot
(cm3 g-1)

Vmicro
(cm3 g-1)

SBET
(m2 g-1)

Smicro
(m2 g-1)

Original 357 0.52 0.44 1349 1156
Weight-corrected 299 0.46 0.37 1138 976

Mean Repeat Values 295 ± 17 0.46 ± 0.02 0.38 ± < 0.01 1128 ± 38 976 ± 0.1

322



APPENDIX D. EFFECT OF LIGNIN STRUCTURE ON ACTIVATED CARBON
POROSITY

Ta
bl

e
D

.6
:

Su
m

m
ar

y
of

al
l

ad
so

rp
tiv

e
da

ta
co

lle
ct

ed
fo

r
th

e
lig

ni
n-

de
riv

ed
ac

tiv
at

ed
ca

rb
on

s.
T

he
B

E
T

su
rf

ac
e

ar
ea

(S
B

E
T
),

m
ax

im
um

qu
an

tit
y

of
N

2
ad

so
rb

ed
(Q

ad
s)

an
d

to
ta

lp
or

e
vo

lu
m

e
(V

to
t)

ar
e

sh
ow

n.
Fo

r
ea

ch
ca

rb
on

a
fu

ll
is

ot
he

rm
(∼

p/
po

1
×

10
-8

-
1)

an
d

a
pa

rt
ia

li
so

th
er

m
(o

r
a

du
pl

ic
at

e
fu

ll
is

ot
he

rm
fo

rr
ic

e
hu

sk
)w

er
e

co
lle

ct
ed

on
th

e
sa

m
e

sa
m

pl
e

(R
un

1
an

d
1

re
pe

at
),

fo
llo

w
ed

by
at

le
as

tt
w

o
pa

rt
ia

li
so

th
er

m
s

co
lle

ct
ed

on
se

pa
ra

te
ly

w
ei

gh
ed

an
d

lo
ad

ed
sa

m
pl

es
.

L
ig

ni
n

Fe
ed

st
oc

k
R

un
Fr

ee
sp

ac
e

(c
m

3 )
M

ea
su

re
d

p/
po

ra
ng

e
Su

rf
ac

e
A

re
a

M
ax

im
um

A
ds

or
pt

iv
e

Pr
op

er
tie

s

W
ar

m
C

ol
d

p/
po

ra
ng

e
S B

E
T

(m
2

g-1
)

r2
p/

po

ra
ng

e
Q

ad
s

(c
m

3
g-1

)
V

to
t

(c
m

3
g-1

)

R
ic

e
hu

sk
1

19
.5

67
5

63
.8

12
0

Fu
ll

is
ot

he
rm

0.
01

-0
.0

5
11

31
±

3
0.

99
99

93
0.

99
8

29
9

0.
46

1
re

pe
at

19
.4

61
3

63
.7

01
3

Fu
ll

is
ot

he
rm

0.
01

-0
.0

5
11

34
±

3
0.

99
99

92
0.

99
8

30
0

0.
46

2
18

.6
86

1
65

.3
25

6
0.

01
-1

.0
0

0.
03

-0
.0

6
10

90
±

2
0.

99
99

94
0.

98
6

27
8

0.
43

3
19

.0
84

1
64

.6
98

7
0.

01
-0

.9
9

0.
03

-0
.0

6
11

55
±

2
0.

99
99

94
0.

99
2

30
3

0.
47

Fl
ax

1
18

.9
39

8
62

.9
93

8
Fu

ll
is

ot
he

rm
0.

02
-0

.0
6

11
48

±
3

0.
99

99
91

0.
97

0
30

1
0.

47
1

re
pe

at
18

.2
65

6
63

.7
74

1
0.

01
-0

.1
0

0.
03

-0
.0

6
11

50
±

2
0.

99
99

97
2

18
.6

37
5

63
.1

97
7

0.
01

-0
.1

0
0.

03
-0

.0
6

11
64

±
3

0.
99

99
90

3
18

.6
66

7
64

.4
89

4
0.

01
-0

.9
9

0.
03

-0
.0

6
10

96
±

2
0.

99
99

93
0.

99
2

27
6

0.
43

H
em

p
1

E
rr

or
:1

re
pe

at
va

lu
es

us
ed

Fu
ll

is
ot

he
rm

0.
01

-0
.0

5
10

70
±

2
0.

99
99

96
0.

99
0

27
6

0.
43

1
re

pe
at

18
.5

83
2

63
.2

68
5

0.
01

-1
.0

0
0.

02
-0

.0
6

10
70

±
2

0.
99

99
95

0.
99

0
27

7
0.

43
2

18
.4

37
3

64
.0

37
1

0.
01

-.0
10

0.
02

-0
.0

6
10

61
±

2
0.

99
99

93
3

18
.7

53
7

64
.9

80
2

0.
01

-1
.0

0
0.

02
-0

.0
5

10
30

±
1

0.
99

99
99

0.
99

0
25

4
0.

39
4

19
.2

24
7

64
.0

03
Fu

ll
is

ot
he

rm
0.

01
-0

.0
6

10
89

±
2

0.
99

99
97

1.
00

0
29

2
0.

44
E

uc
al

yp
tu

s
1

19
.2

02
6

64
.4

03
1

Fu
ll

is
ot

he
rm

0.
02

-0
.0

6
12

49
±

2
0.

99
99

97
0.

99
1

33
6

0.
52

1
re

pe
at

18
.4

88
6

64
.4

86
2

0.
01

-0
.1

0
0.

03
-0

.0
6

12
47

±
2

0.
99

99
96

2
19

.2
55

1
65

.5
31

9
0.

01
-0

.1
0

0.
03

-0
.0

6
12

78
±

2
0.

99
99

96
3

19
.1

54
1

63
.7

81
0

0.
01

-1
.0

0
0.

03
-0

.0
6

12
57

±
2

0.
99

99
96

0.
98

8
33

7
0.

52

323



APPENDIX D. EFFECT OF LIGNIN STRUCTURE ON ACTIVATED CARBON
POROSITY

Small Angle X-ray Scattering

0 2 5 0 5 0 0 7 5 0 1 0 0 0 1 2 5 0 1 5 0 0 1 7 5 0

- 3 0 0

- 2 0 0

- 1 0 0

0

Re
sid

ua
ls

a

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0- 2 0
- 1 0

0
1 0
2 0

0 2 5 0 5 0 0 7 5 0 1 0 0 0 1 2 5 0
- 4 0 0

- 3 0 0

- 2 0 0

- 1 0 0

0

1 0 0 b

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0- 2 0
- 1 0

0
1 0
2 0

0 1 0 2 0 3 0 4 0
- 1 0

- 8

- 6

- 4

- 2

0

2

Re
sid

ua
ls

F i t t e d  Y

c

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0- 2
- 1
0
1
2

0 5 0 0 1 0 0 0 1 5 0 0
- 2 0 0

- 1 5 0

- 1 0 0

- 5 0

0

5 0

1 0 0

F i t t e d  Y

d

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0- 2 0
- 1 0

0
1 0
2 0

Figure D.6: Residual plots from fitting of the Gibaud model to SAXS patterns (Figure 5.29b)
of lignin-derived activated carbons from different feedstocks; (a) rice husk (�), (b) flax (•), (c)
hemp (N) and (d) eucalyptus (H).
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Figure D.7: Residual plots from fitting of the Gibaud model to duplicate SAXS patterns (Figure
D.8) of lignin-derived activated carbons from different feedstocks; (a) rice husk (�), (b) flax (•),
(c) hemp (N) and (d) eucalyptus (H).

Table D.7: Comparison of the magnitude of the power law regime (n) calculated from the Power
Law and Gibaud fitted using SasView and Origin respectively. The radius of gyration (Rg)
calculated by fitting of the Gibaud model was converted to the average pore width (wavg) using
the relation; wavg = (5

3)
1
2 Rg

activated carbon
Lignin-derived n

Rg (Å) wavg (Å) χ2 r2

Power law Gibaud

Rice husk 2.7 2.8 7.3 9.5 112 0.993
RH repeat 2.6 2.8 7.4 9.5 104 0.993

Flax 2.5 2.7 7.9 10.2 52 0.997
F repeat 2.6 2.8 8.1 10.4 44 0.997
Hemp 2.7 2.6 9.4 12.1 17 0.986

Hemp repeat 1 2.5 2.9 9.8 12.7 151 0.994
H repeat 2 2.8 2.6 9.4 12.1 10 0.986
Eucalyptus 2.8 2.7 8.3 10.7 23 0.999

E repeat 2.7 2.6 8.3 10.7 39 0.998
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Figure D.8: Duplicate small angle x-ray scattering (SAXS) profiles of activated carbon derived
from rice husk (�), flax (#), hemp (M), and eucalyptus (O) lignins. Plots were offset along the
y-axis for clarity. Error bars are included but are within the width of the markers.
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X-Ray Diffraction
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Figure D.9: Repeat x-ray diffraction patterns of activated carbons derived from different lignin
feedstocks; rice husk ( ), flax ( ), hemp ( ), and eucalyptus ( ). Spectra have been
offset for clarity. Removal of the background silicon sample holder was performed using Origin.
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Figure D.10: X-ray diffraction pattern of silicon sample holder.
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Figure D.11: X-ray diffraction patterns without sample holder background removal of activated
carbons derived from different lignin feedstocks; rice husk ( ), flax ( ), hemp ( ), and
eucalyptus ( ). Spectra have been offset for clarity.
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Figure D.12: Repeat x-ray diffraction patterns without sample holder background removal of
activated carbons derived from different lignin feedstocks; rice husk ( ), flax ( ), hemp
( ), and eucalyptus ( ). Spectra have been offset for clarity.
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Raman Spectroscopy
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Figure D.13: Raman spectra of rice husk lignin-derived activated carbon, which was carbonised
at 350 °C and activated at 1000 °C in CO2.
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Figure D.14: Raman spectra of flax lignin-derived activated carbon, which was carbonised at
350 °C and activated at 1000 °C in CO2.
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Figure D.15: Raman spectra of hemp lignin-derived activated carbon, which was carbonised at
350 °C and activated at 1000 °C in CO2.
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Figure D.16: Raman spectra of eucalyptus lignin-derived activated carbon, which was
carbonised at 350 °C and activated at 1000 °C in CO2.
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Table D.8: Goodness of fit parameters from deconvolution of Raman spectra using a 4-peak
Voigt or 5-peak Gaussian function; reduced chi-squared (χ2) and adjusted r-squared (R2). Raman
spectra were recorded in at least triplicate for each sample, the mean values for parameters are
shown with the uncertainty value indicating the range. Deconvolution was performed using
Origin Pro 2016, during fitting χ2 was minimised using an iterative procedure.

Feedstock
4-Peak Voigt 5-Peak Gaussian

χ2 Adj. R2 χ2 Adj. R2

Rice Husk 3112 ± 769 0.99921 ± 2.1×10−4 3402 ± 737 0.99923 ± 2.3×10−4

Flax 4573 ± 1159 0.99916 ± 2.1×10−4 2666 ± 748 0.99951 ± 0.7×10−4

Hemp 3187 ± 1388 0.99932 ± 1.0×10−4 2221 ± 790 0.99950 ± 1.4×10−4

Eucalyptus 5541 ± 2790 0.99890 ± 5.2×10−4 4132 ± 3271 0.99923 ± 5.0×10−4
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Figure D.17: Raman spectra of rice husk lignin-derived activated carbon deconvoluted using the
same 4-peak Voigt function; original data ( ), fitted data ( ), D2 ( ), D1 ( ), D3 ( ),
and G1 ( ). Example of how the reduced chi-squared (χ2) depends on the y-axis scale, when
comparing the (a) original Raman spectrum recorded and (b) a Raman spectrum with the scale
reduced by a factor of 100.
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Figure D.18: Deconvoluted Raman spectra of flax lignin-derived activated carbon, fitted using
either (a) a 4-peak Voigt function or (b) a 5-peak Gaussian function. The original spectrum ( )
is overlayed with the fitting result ( ) and deconvoluted peaks; D2 ( ), D1 ( ), D3 ( ), G1
( ) and D4 ( ).
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Figure D.19: Deconvoluted Raman spectra of hemp lignin-derived activated carbon, fitted using
either (a) a 4-peak Voigt function or (b) a 5-peak Gaussian function. The original spectrum ( )
is overlayed with the fitting result ( ) and deconvoluted peaks; D2 ( ), D1 ( ), D3 ( ), G1
( ) and D4 ( ).
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Figure D.20: Deconvoluted Raman spectra of eucalyptus lignin-derived activated carbon, fitted
using either (a) a 4-peak Voigt function or (b) a 5-peak Gaussian function. The original spectrum
( ) is overlayed with the fitting result ( ) and deconvoluted peaks; D2 ( ), D1 ( ), D3
( ), G1 ( ) and D4 ( ).
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Table D.9: Peak centre positions calculated from deconvolution of lignin-derived activated
carbon Raman spectra using a 4-peak Voigt function. The peak centre value (D2, D1, D3, and
G1) and fitting uncertainty (denoted as peak_err) for each spectrum are shown.

Feedstock Run
4-Peak Voigt Deconvolution: Peak Centre (cm-1)

D2 D2_err D1 D1_err D3 D3_err G1 G1_err

Rice husk
RH1 1220 5 1341 <1 1520 4 1600 1
RH2 1204 4 1343 <1 1522 3 1602 <1
RH3 1205 2 1343 <1 1528 3 1605 <1

Flax
F1 1191 2 1344 <1 1524 2 1605 <1
F2 1211 3 1342 <1 1525 3 1604 <1
F3 1193 2 1344 <1 1532 2 1606 <1

Hemp
H1 1232 8 1349 <1 1528 4 1606 <1
H2 1207 3 1347 <1 1539 3 1607 <1
H3 1213 3 1343 <1 1531 3 1603 <1

Eucalyptus

E1 1205 2 1342 <1 1535 3 1605 <1
E2 1199 2 1342 <1 1520 2 1604 <1
E3 1219 4 1345 <1 1524 3 1605 <1
E4 1218 5 1343 <1 1531 5 1605 <1

Table D.10: Peak area values calculated from deconvolution of lignin-derived activated carbon
Raman spectra using a 4-peak Voigt function. The peak area (D2, D1, D3, and G1) and fitting
uncertainty (denoted as peak_err) for each spectrum are shown.

Feedstock Run
4-Peak Voigt Deconvolution: Peak Area

D2 D2_err D1 D1_err D3 D3_err G1 G1_err

Rice husk
RH1 376650 35228 980394 62717 550141 26498 437987 27567
RH2 171817 15732 876849 33556 261158 16517 361240 13724
RH3 300753 15460 1352620 33559 545284 25328 494205 27601

Flax
F1 173840 10288 1351760 26729 319268 15090 472583 11630
F2 413434 25940 1633680 53060 577906 32036 645002 31033
F3 148385 9707 1642470 26544 306183 15805 484185 13089

Hemp
H1 304359 37023 676596 60299 412776 22540 276222 25000
H2 283662 20659 1456320 42083 600663 24968 486716 30436
H3 345986 20805 1418110 40550 600267 22289 503653 26554

Eucalyptus

E1 290902 22135 1710010 39909 483301 25034 508338 29640
E2 207656 15407 1577840 37884 302942 17210 621021 12077
E3 300858 24542 1147190 45411 403322 24660 455996 23298
E4 384419 39006 1363800 74473 556725 42218 468678 46157
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Table D.11: Full width half maximum (FWHM) values calculated from deconvolution of lignin-
derived activated carbon Raman spectra using a 4-peak Voigt function. The FWHM (D2, D1,
D3, and G1) and fitting uncertainty (denoted as peak_err) for each spectrum are shown.

Feedstock Run
4-Peak Voigt Deconvolution: FWHM (cm-1)

D2 D2_err D1 D1_err D3 D3_err G1 G1_err

Rice husk
RH1 188 6 125 2 180 5 62 1
RH2 175 7 134 2 151 6 64 1
RH3 158 4 128 1 170 4 61 1

Flax
F1 143 4 140 1 134 5 66 1
F2 179 5 125 1 167 5 60 1
F3 147 5 142 1 132 5 64 1

Hemp
H1 212 9 127 3 174 5 65 1
H2 177 6 138 1 171 3 61 1
H3 177 5 131 1 176 3 60 1

Eucalyptus
E1 170 4 125 1 160 4 60 1
E2 147 5 126 1 135 6 63 1
E3 191 7 122 1 161 6 63 1
E4 187 8 121 2 175 6 59 1

Table D.12: Peak centre positions calculated from deconvolution of lignin-derived activated
carbon Raman spectra using a 5-peak Gaussian function. The peak centre value (D2, D1, D3,
D4 and G1) and fitting uncertainty (denoted as peak_err) for each spectrum are shown.

Feedstock Run
5-Peak Voigt Deconvolution: Peak Centre

D2 D2_err D1 D1_err D3 D3_err D4 D4_err G1 G1_err

Rice husk
RH1 1254 6 1341 <1 1503 3 1599 1 1599 <1
RH2 1277 5 1342 <1 1480 8 1586 2 1607 <1
RH3 1236 2 1342 <1 1482 5 1589 2 1607 <1

Flax
F1 1251 4 1345 <1 1498 3 1596 1 1607 <1
F2 1264 4 1342 <1 1501 3 1592 1 1606 <1
F3 1274 5 1346 <1 1514 3 1596 1 1608 <1

Hemp
H1 1265 5 1348 <1 1507 4 1596 2 1609 <1
H2 1282 6 1347 <1 1525 3 1598 1 1609 <1
H3 1253 3 1342 <1 1503 3 1592 1 1604 <1

Eucalyptus

E1 1290 5 1342 <1 1514 6 1587 2 1606 <1
E2 1278 5 1342 <1 1480 8 1586 2 1607 <1
E3 1297 6 1344 <1 1514 7 1593 1 1608 <1
E4 1274 7 1342 <1 1501 7 1590 2 1606 <1
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Table D.13: Peak area positions calculated from deconvolution of lignin-derived activated
carbon Raman spectra using a 5-peak Gaussian function. The peak area value (D2, D1, D3,
D4 and G1) and fitting uncertainty (denoted as peak_err) for each spectrum are shown.

Feedstock Run
5-Peak Voigt Deconvolution: Peak Area

D2 D2_err D1 D1_err D3 D3_err D4 D4_err G1 G1_err

Rice husk
RH1 575667 33291 688938 24326 618625 14685 233397 17957 206870 24727
RH2 792234 39736 599967 13954 523488 31794 296226 15836 303483 9067
RH3 533467 13493 810705 21671 707986 11280 260995 10753 306909 10254

Flax
F1 541050 19462 655624 16770 549636 10348 267517 10253 185275 12496
F2 920516 30756 820932 16696 767101 17179 288497 10437 349462 12177
F3 726247 30527 627601 16482 539473 15723 228139 11218 228607 14138

Hemp
H1 446152 21872 478401 15887 383240 13418 184420 12117 157649 13906
H2 827640 45613 715295 22229 696141 22785 252948 14676 247485 18213
H3 692703 23126 779930 18933 771479 8913 262921 9747 266840 13086

Eucalyptus

E1 1061200 42930 654442 12397 526993 29661 255978 12805 326898 9992
E2 800685 39758 599961 13648 518837 32033 293786 15395 302291 9031
E3 833899 44943 522761 13377 393773 29717 250318 11851 222905 10597
E4 857491 52078 684711 22440 583021 32976 264416 17171 300653 16401

Table D.14: Full width half maximum (FWHM) values calculated from deconvolution of lignin-
derived activated carbon Raman spectra using a 5-peak Gaussian function. The FWHM (D2, D1,
D3, D4 and G1) and fitting uncertainty (denoted as peak_err) for each spectrum are shown.

Feedstock Run
5-Peak Voigt Deconvolution: FWHM (cm-1)

D2 D2_err D1 D1_err D3 D3_err D4 D4_err G1 G1_err

Rice husk
RH1 189 5 95 1 181 3 77 5 43 1
RH2 203 4 80 1 186 6 94 3 45 <1
RH3 167 3 93 1 194 4 87 3 45 <1

Flax
F1 189 4 94 1 172 3 79 2 43 1
F2 203 3 88 1 187 3 82 3 43 <1
F3 213 4 92 1 168 2 78 3 44 1

Hemp
H1 205 5 97 1 158 3 81 4 47 1
H2 220 5 96 1 175 3 73 2 43 1
H3 189 3 95 1 190 2 78 2 43 1

Eucalyptus

E1 228 4 82 1 181 5 87 3 45 <1
E2 204 4 80 1 185 6 93 3 45 <1
E3 229 5 83 1 168 5 84 3 43 1
E4 211 6 85 1 181 5 85 4 44 1
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Packing Density

Packing density measurements were performed using either a 1.5 mL plastic eppendorf
tube or 1.5 mL glass vial (inner diameter 9.5 mm). The read error of the plastic tube is
0.05 mL. The read error of the glass vial is 0.5 mm. The raw data for packing density
measurements are shown in Table E.1 and Table E.2.

Table E.1: The measured sample weight (msample) and the occupied volume (vsample) of a
1.5 mL eppendorf tube are listed. Packing density (ρpacking) was calculated by ρpacking =
msample÷ vsample. Uncertainty values were calculated using a read error for the eppendorf tube
of 0.05 mL.

Activated carbon Sample weight (g) Volume occupied (mL) Packing density (g mL-1)

RLAC
0.2232 0.80 0.28 ± 0.02
0.2226 0.75 0.30 ± 0.02

FLAC
0.2065 0.45 0.46 ± 0.06
0.1989 0.45 0.44 ± 0.06

HLAC
0.5249 1.30 0.40 ± 0.02
0.5210 1.30 0.40 ± 0.02

ELAC
0.0827 0.20 0.41 ± 0.14
0.0805 0.18 0.45 ± 0.17

TE7
0.1529 0.55 0.28 ± 0.03
0.1406 0.50 0.28 ± 0.03

Table E.2: The measured sample weight (msample) and the height occupied by the sample in a
1.5 mL glass vial (hsample) are listed. The volume occupied by the sample was calculated by
vsample = πr2hsample, the diameter of the sample vial was 9.5 mm. The packing density (ρpacking)
was calculated by ρpacking = msample÷ vsample. Uncertainty values were calculated using a read
error for the sample height of 0.5 mm.

Activated carbon Sample weight (g) Height filled (mm) Packing density (g mL-1)

RLAC 0.2222 10.5 0.30 ± 0.01
FLAC 0.2008 6.0 0.47 ± 0.04
HLAC 0.5129 16.5 0.44 ± 0.01
ELAC 0.0816 2.5 0.46 ± 0.12
TE7 0.1227 6.5 0.27 ± 0.02
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TE7 Characterisation
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Figure E.1: Characterisation of TE7 carbon beads: (a) partial nitrogen adsorption isotherm at
77 K and (b) linear fit to lower pressure data, using the Rouquerol correction, for derivation of
the BET surface area (SBET).
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Hydrogen Uptake
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Figure E.2: Duplicate hydrogen sorption isotherms showing gravimetric uptake at 77 K in TE7;
Run 1 ( ) and Run 2 (�). Symbols are filled for the adsorption branch and empty for the
desorption.
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Figure E.3: Hydrogen adsorption isotherms relative to the maximum gravimetric uptake at 77
K in TE7 ( ) and activated carbons derived from different types of lignin: rice husk (�), flax
(•), hemp (N), and eucalyptus (H). Symbols are filled for the adsorption branch and empty for
the desorption.
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Supercapacitance Testing

Electrode Characterisation

Table E.3: Adsorptive characteristics of 5wt.% PTFE-bound activated carbon electrodes,
comparing; the maximum quantity of nitrogen adsorbed (Qads), the total (Vtotal) and micro-
(Vmicro) pore volumes, the DFT (SBET) and micropore (Smicro) surface areas, and volume-
weighted average pore sizes. Quantities were derived from nitrogen sorption isotherms recorded
at 77 K.

Lignin
feedstock

Max Qads
[a]

(cm3 g-1)
Pore volume (cm3 g-1) Surface area (m2 g-1) Averarge pore width[c]

(Å)Vtot
[a] Vmicro

[b] SDFT
[b] Smicro

[b]

Rice husk 201 0.30 0.26 680 673 8.7
Flax 143 0.20 0.19 394 392 10.4

Hemp 197 0.28 0.24 667 657 9.5
Eucalyptus 203 0.29 0.29 581 578 11.2
[a] at p/po= 1 [b] calculated by fitting of QSDFT model [c] calculated for pore widths up to 250 Å.
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Figure E.4: (a) Nitrogen sorption isotherms at 77 K and (b) carbon dioxide isotherms at 273
K of 5 wt.% PTFE-bound carbon electrodes on a logarithmic scale, derived from rice husk (�),
flax (•), hemp (N), and eucalyptus (H) lignins. Symbols are filled for the adsorption branch and
empty for the desorption.
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Figure E.5: Nitrogen sorption isotherms at 77 K of 5 wt.% PTFE-bound carbon electrodes
derived from (a) rice husk and (b) hemp lignins. Comparison of isotherms collected using
a Micromeritics 3Flex (coloured symbols) and a Quantachrome Autosorb iQ (grey symbols)
instruments.
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Electrochemical Characterisation
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Figure E.6: Cyclic voltammograms of rice husk lignin-derived activated carbon electrode in 1M
TEA-BF4/ACN at varying scan rates: 1 mV s-1 ( ), 10 mV s-1 ( ), and 100 mV s-1 ( ).

Table E.4: Capacitance loss of lignin-derived activated carbon electrodes during cyclic
voltammetry (CV) over different scan rates (1 - 500 mV s-1), and galvanostatic charge-discharge
(GCD) across different current loadings (0.1 - 50.0 A g-1), in 1M TEA-BF4/ACN. Uncertainty
values indicate the standard deviation between runs, CV uncertainty values for hemp were
applied to flax and eucalyptus samples.

feedstock
Lignin

Capacitance loss (%)
CV GCD

mV s-1
1 - 100

mV s-1
1 - 500

A g-1
0.1 - 10.0

A g-1
0.1 - 50.0

Rice husk 21 ± 5 52 ± 3 14 ± 5 66 ± 11
Flax 25 ± 8 58 ± 10 25 ± 8 76 ± 28

Hemp 28 ± 8 59 ± 10 28 ± 12 -
Eucalyptus 15 ± 8 54 ± 10 10 ± 5 70 ± 12
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Figure E.7: Cyclic voltammograms of eucalyptus lignin-derived activated carbon electrode in
(a) 1M NaCl and (b) 1M TEA-BF4/ACN at varying scan rates: 1 mV s-1 ( ), 10 mV s-1 ( ),
and 100 mV s-1 ( ).
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Figure E.8: Cyclic voltammograms of flax lignin-derived activated carbon electrode in (a) 1M
NaCl and (b) 1M TEA-BF4/ACN at varying scan rates: 1 mV s-1 ( ), 10 mV s-1 ( ), and 100
mV s-1 ( ).
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Figure E.9: Cyclic voltammograms of flax lignin-derived activated carbon electrode in (a) 1M
NaCl and (b) 1M TEA-BF4/ACN at varying scan rates: 1 mV s-1 ( ), 10 mV s-1 ( ), and 100
mV s-1 ( ).
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Figure E.10: Mean specific capacitance (Cavg) loss during (a) cyclic voltammetry (1 - 500 mV
s-1) and (b) galvanostatic charge/discharge (0.10 - 10.0 A g-1) experiments in 1M NaCl. Lignin
carbon electrodes were derived from rice husk (�), flax (•), hemp (N), and eucalyptus (H).
Measurements were performed in at least duplicate. Uncertainty values represent the standard
deviation between measurements.
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Figure E.11: Mean specific capacitance (Cavg) loss during (a) cyclic voltammetry (1 - 500
mV s-1) and (b) galvanostatic charge/discharge (0.10 - 50.0 A g-1) experiments in 1M TEA-
BF4/ACN. Lignin carbon electrodes were derived from rice husk (�), flax (•), hemp (N),
and eucalyptus (H). Measurements were performed in at least duplicate. Uncertainty values
represent the standard deviation between measurements, values for hemp were applied to the
eucalyptus and flax samples.
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Figure E.12: Ragone plots comparing the performance of lignin-derived carbon electrodes
measured in (a) 1M NaCl and (b) 1M TEA-BF4/ACN. The lignin feedstocks were derived from
rice husk (�), flax (•), hemp (N), and eucalyptus (H). Values were calculated from galvanostatic
charge/discharge experiments from 0.10 A g-1 to 10.0 A g-1, measurements were performed in
at least duplicate. Uncertainty values represent the standard deviation between measurements.
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Table E.5: Capacitance loss of lignin-derived activated carbon electrodes during cyclic
voltammetry (CV) over different scan rates (1 - 500 mV s-1), and galvanostatic charge-discharge
(GCD) across different current loadings (0.1 - 50.0 A g-1), in 1M NaCl/H2O. Uncertainty values
indicate the standard deviation between runs, CV uncertainty values for hemp were applied to
flax and eucalyptus samples.

feedstock
Lignin Capacitance loss (%)

CV GCD

mV s-1
1 - 100

mV s-1
1 - 500

A g-1
0.1 - 10.0

Rice husk 38 ± 3 73 ± 4 35 ± 8
Flax 44 ± 12 76 ± 6 50 ± 10

Hemp 42 ± 6 74 ± 5 40 ± 12
Eucalyptus 42 ± 12 72 ± 6 47 ± 7

Table E.6: Estimation of energy and power density for flax lignin-derived activated carbon
electrode in 1M NaCl.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR
value err value err value err

0.10 3.55 <0.01 2.70 0.57 6.81 1.43
0.25 3.44 0.11 3.88 0.02 4.53 0.03
0.50 3.20 0.05 3.80 0.03 4.63 0.04
1.00 3.00 0.02 4.23 0.50 4.21 0.50
2.50 2.72 0.00 5.10 0.41 3.47 0.28
5.00 2.48 0.01 5.27 0.56 3.37 0.36

10.00 2.02 0.00 6.15 0.99 2.93 0.47

Table E.7: Estimation of energy and power density for hemp lignin-derived activated carbon
electrode in 1M NaCl.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR
value err value err value err

0.10 3.74 0.31 3.93 0.36 4.78 0.36
0.25 3.54 0.16 4.09 0.22 4.58 0.13
0.50 3.30 0.10 6.19 0.23 3.02 0.03
1.00 3.10 0.07 6.29 0.60 2.98 0.24
2.50 2.82 0.07 6.90 0.21 2.71 0.01
5.00 2.62 0.03 7.06 0.89 2.67 0.29

10.00 2.34 0.01 7.10 0.42 2.64 0.09
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Table E.8: Estimation of energy and power density for rice husk lignin-derived activated carbon
electrode in 1M NaCl.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR

value err value err value err

0.10 3.78 0.07 3.81 0.09 4.75 0.12
0.25 3.56 0.04 3.96 0.05 4.57 0.06
0.50 3.38 0.04 5.63 0.04 3.21 0.02
1.00 3.29 0.07 5.64 0.02 3.21 0.01
2.50 3.07 0.07 6.85 0.61 2.65 0.22
5.00 2.87 0.05 6.94 0.09 2.61 0.03

10.00 2.46 0.09 7.06 0.12 2.56 0.04

Table E.9: Estimation of energy and power density for eucalyptus lignin-derived activated
carbon electrode in 1M NaCl.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR

value err value err value err

0.10 4.11 0.22 3.50 0.10 4.80 0.41
0.25 3.77 0.09 3.27 0.64 5.29 1.59
0.50 3.46 0.05 5.21 1.40 3.41 1.35
1.00 3.16 0.06 5.93 0.29 2.83 0.08
2.50 2.77 0.07 6.62 1.20 2.59 0.53
5.00 2.48 0.11 6.18 0.48 2.72 0.07

10.00 2.04 0.07 6.70 0.43 2.41 0.15

Table E.10: Estimation of energy and power density for flax lignin-derived activated carbon
electrode in 1M TEA-BF4/ACN.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR
value err value err value err

0.10 9.895404 0.357358 10.02267 2.065101 5.117747 1.054475
0.25 9.357353 0.054618 11.3065 0.762465 4.363887 0.294283
0.50 9.026911 0.044725 13.84078 3.283789 3.760306 0.89215
1.00 8.703437 0.105367 13.76431 1.276276 3.599299 0.33374
2.50 8.264666 0.161132 16.22205 0.284848 3.028658 0.053181
5.00 7.94654 0.254801 16.49087 0.187057 2.978753 0.033788

10.00 7.404806 0.322237 18.66163 0.430742 2.633322 0.060782
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Table E.11: Estimation of energy and power density for hemp lignin-derived activated carbon
electrode in 1M TEA-BF4/ACN.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR
value err value err value err

0.10 8.237046 0.979612 8.373435 0.816232 5.998517 0.557624
0.25 7.780653 0.507093 10.04115 1.886219 5.079672 1.051586
0.50 7.433388 0.376546 13.9587 1.922671 3.628154 0.526038
1.00 7.136894 0.317423 14.66995 2.835264 3.484701 0.740169
2.50 6.68745 0.214498 15.12758 4.129214 3.446699 0.850213
5.00 6.563105 0.274473 15.90308 3.587189 3.255134 0.80466

10.00 6.000287 0.387542 15.86079 3.727309 3.266366 0.854465

Table E.12: Estimation of energy and power density for rice husk lignin-derived activated
carbon electrode in 1M TEA-BF4/ACN.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR
value err value err value err

0.10 8.683289 0.082413 9.16577 1.279292 5.277994 0.603236
0.25 8.522485 0.052584 11.44026 1.130135 4.191539 0.307164
0.50 8.371856 0.039636 17.18231 0.402686 2.770445 0.006248
1.00 8.198422 0.040203 16.78888 0.458054 2.835641 0.004521
2.50 7.959217 0.077025 18.90039 0.11831 2.518434 0.048941
5.00 7.761969 0.078682 16.29643 1.182227 2.931184 0.137598

10.00 7.439696 0.097686 18.75532 0.918895 2.541127 0.059293

Table E.13: Estimation of energy and power density for eucalyptus lignin-derived activated
carbon electrode in 1M TEA-BF4/ACN.

Current
density (A g-1)

Energy density (Wh/kg) Power density (kW/kg) ESR
value err value err value err

0.10 11.03472 0.30035 14.55288 1.492452 3.236034 0.331867
0.25 10.8722 0.050397 15.76117 0.193026 2.956971 0.036214
0.50 10.8722 0.016653 16.8629 0.210671 2.763795 0.034529
1.00 10.71193 0.060285 16.57728 0.135854 2.811164 0.023038
2.50 10.52899 0.108576 20.55828 0.439806 2.267683 0.048513
5.00 10.47091 0.23024 20.63679 1.731923 2.274039 0.190847

10.00 10.24844 0.233744 19.93427 0.115461 2.293394 0.030743
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