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Abstract

Accidental release of radioactive material to the environment poses a
widespread threat to health of the biosphere, including to humans though
contamination of food or water sources, or though inhalation of airborne
radioactive particles. The development of targeted, functionalised adsorbents
and remediation materials which have the versatility to work effectively in
varying groundwater conditions, often containing high quantities of dissolved
matter, is necessary. Biopolymers are such a class of materials which are well
suited to remediation and immobilisation of contaminants such as radionuclides
from groundwater and soil. Not only do they possess promising
physicochemical characteristics such as extensive hierarchical porosity, surface
functionality and recalcitrance, they are inherently compatible with
environmental systems. They can be further functionalised or activated, or
incorporated into monolithic composites with specific, engineered functionality
and morphology for enhanced uptake and removal of radionuclides. Despite this
promise, they are poorly understood at a mechanistic level, in part, due to their
amorphous nature which makes analysis of molecular scale processes difficult.
Therefore consistent bulk behaviour is more difficult to predict. Understanding
the underpinning physical and chemical features of biopolymers and their
composites is a crucial step to both further optimisation and deployment of such
a material in a remediation setting. Several functionalised biopolymers and
monolithic composites were created for strontium uptake and immobilisation.
Both the physical and chemical factors governing uptake behaviour were
examined. The binding mechanism of strontium was examined using X-ray
absorption spectroscopy and paired with bulk strontium uptake isotherm data.
High and rapid uptake capacities were achieved to functionalised biochar with
even higher uptake achieved to novel biochar-alginate hydrogel composites.
EXAFS fitting results indicated biochars and hydrogels alike exhibit an inner
sphere binding mechanism to engineered biopolymer adsorbents, indicating
strong binding to the adsorbent. Pores, specifically macro pores play a crucial
role in mass transport of radionuclides to/from active adsorption sites. They can
also prevent pore blocking or fouling during adsorption. The pore architecture of
a range of functionalised biochars was investigated quantitatively using X-ray
tomography, revealing the pore tuning effect of several common activators on
the macro pore space. Each choice of biochar-activator combination yields
distinct pore architecture, which can be selected in response to varying
application or conditions.
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Figure 8.24 Feret diameter distributions for all biochar samples for the range
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Chapter 1 Introduction

1.1 Context and motivation

Since the dawn of the nuclear industry over 70 years ago, fission-derived
technology has made significant contributions to improvements in the standard
of living, healthcare and scientific knowledge, through energy generation,
medical and industrial applications. However, safely isolating and disposing of
radioactive waste materials generated during fission remains a formidable
technical challenge, one that is yet to be fully met. Indeed, it is arguably one of
the defining issues of the modern era®. Accidental release has resulted in
groundwater, soil, ocean and atmospheric contamination at sufficiently elevated
levels to pose a widespread and serious threat to life, both acute and chronic.
Some radionuclides such as radio strontium or cesium are isoelectronic with
bio-essential minerals and thus preferentially taken up into the food chain,
where they are capable of exerting considerable damage to life. The impacts to
life, as identified by the International Atomic Energy Agency (IAEA), are in fact
multi-fold? as illustrated in Figure 1-1. Releases of radioactive material to the
environment have occurred through historic weapons testing, improper disposal
of waste, accidental release due to leaks from aging storage facilities or
following large scale accidents such as that at the Fukushima Daiichi power
plant in 20113. The duration that such materials will remain hazardous is

Health & Safety - Economic - loss of

risk of death & illness commodities, power &
cost of clean up

Radioactive
Contamination
of Environment

) Societal -
Environmental - displacement of
contamination of soil, population, loss of trust
vegetation, water & for nuclear industry and
agricultural produce wider scientific pursuits

Figure 1-1 The various impacts of radioactive environmental
contamination, adapted from Management of large volumes of waste
arising in a nuclear or radiological emergency (IAEA-TECDOC-1826)
IAEA, 2017



considerable, posing challenges for future generations. Current technology for
removal of radionuclides from waste liquor released environmental systems
typically utilise inorganic ion-exchange materials e.g. the natural zeolite
clinoptilolite* or synthetic zeolites. While these materials have proved efficient in
certain conditions, they possess limitations that can dramatically reduce their
efficacy, particularly in cases of environmental contamination. Fouling or
blocking of pore channels can be an serious issue for ion-exchange zeolites in
contact with groundwater rich in dissolved organic and inorganic matter. Thus,
there is a need for remediation materials which can withstand such conditions.

1.1.1 Future planning and strategy

The IAEA detail the importance of pre-planning for future release events:

[E]fforts for preparedness made in advance of an emergency will
help facilitate recovery... Protection strategy and recovery actions
will likely include use of decontamination technologies for
agricultural, industrial, residential, and natural areas

- IAEA, Adaptive Strategies for Waste Management p28, Management of
large volumes of waste arising in a nuclear or radiological emergency
(IAEA-TECDOC-1826), 20172 (bold added by this author)

Research and development of materials capable of meeting the needs of such
protection strategies is vital in anticipation of future accidents®. This
underscores the persisting deficiencies in current remediation technology that
are yet to be addressed. Since accidental release can (and has) occurred in a
wide range of global environmental contexts, development of versatile
remediation materials which are tolerant to varying environmental conditions is
also an important factor to be considered. Reducing the volume of radioactive
waste is another key strategic point identified by the IAEA, the British
Department for Energy and Climate Change (BEIS)® and elsewhere?’°. The
UK’s current fleet of advanced gas cooled (AGR) reactors are due to shut down
from 2023. Future waste arisings from their decommissioning, as well as other
activities exceed 4 million m3, a 3000 % increase on existing UK waste stocks?.

1.1.2 Wider Energy and De-carbonisation context

Co-incident with the issue of safely containing radiological waste is the pressing
need to decarbonise energy, transport and production activity which drives life
threatening climate change. This is especially the case in energy generation.
The IPCC reports that the earth has already surpassed a temperature rise of 1
°C with attendant changes to terrestrial habitats and loss of biodiversity.



Acidification of the oceans will threaten ocean ecosystems and the melting of
polar ice will cause rising sea levels which puts millions of households at risk,
since 1/3 of the total human population live at or near to sea level'. This means
that current petroleum and oil consumption is unsustainable, creating demand
for alternative sources for energy generation and necessitating the search for
alternative feedstocks for a range of specialised materials that hitherto have
been produced from petroleum-based feedstocks, such as plastics or sorption-
optimised materials like activated carbons, used in gas and liquid phase
contaminant immobilisation.

1.1.3 Biopolymer based adsorbent materials

Biopolymers are derived from biosynthetic processes e.g. photosynthesis. They
are a broad and highly versatile class of materials (cellulose, chitosan, alginate
etc.) that possess a number of advantageous properties for immobilisation of
contaminants, including (but not limited to ionic radioactive species such as
strontium, cesium or uranyl. Thermal processing of biopolymers via pyrolysis
creates biochar, a stable and porous material with large surface areas.
Biopolymers are sustainable, compatible with environmental systems, economic
and a large step towards carbon-negative materials. Traditionally dismissed as
too amorphous or disordered for high-tech uses, developments in targeted
modification and tuning methods mean that the performance and reliability of
biopolymer materials are beginning to challenge more traditional and more
expensive methods and materials. Attendant to this, newer analysis methods
are capable of interrogating amorphous materials such as biopolymers on a
mechanistic level.



1.2 Research questions

The treatment of groundwater and soil for removal of radionuclides is an active
area of research. The nuclear power industry is growing, at a time when we
must also find permanent disposal solutions to the waste materials of previous
generations. It is therefore imperative that we continue to develop improved
waste management and remediation methods to protect against future
accidents. Remediation of contaminants is not only about protecting the
biosphere but also for maintaining vital public confidence in science. This is
especially true in the nuclear industry, which has suffered disproportionately
from public relations issues. There are wider implications and a great deal of
crossover with remediation of heavy metals too. Environmental contamination of
heavy metals is a ballooning area of research and the demand for adsorbent
technology is considerable.

The same drivers for the renewed interest in nuclear power, namely the rapid
decarbonisation of anthropogenic activities, are also driving demand for novel
sustainable and low carbon technologies in materials science. In fact,
biopolymers are of increasing interest in several domains including catalysis,
electrochemical and energy storage applications due to their economic,
versatile and carbon-negative origins, as well as favourable surface chemistry,
ease of activation and tunability and hierarchical porosity.

Partly due to their amorphous nature, biopolymers have historically been
challenging to characterise and analyse, in terms of both mechanistic chemical
interaction and physical morphology. Full understanding of the behaviour of
such materials is vital for both optimisation and deployment as a technology.

Therefore, this work sets out to further understand the™ physical and chemical
nature of biopolymers, with a view to increasing their efficacy and technology
readiness level with a primary focus on adsorptive removal of radionuclides,
and a secondary focus on wider implications of the underlying physicochemical
characteristics. The following key questions are addressed:

1. What is the nature of the binding mechanism of radionuclides such as
strontium, to biopolymers such as biochar and alginate?

2. How can limitations inherent to biopolymers be overcome or optimised
using chemical engineering techniques such as functionalisation,
activation or composite formation?

3. How can the hierarchical porosity of biopolymers be fully described and
how variable can it be?



4. Can the hierarchical pore space be tuned or modified in a targeted way,
and what pore space profile is optimal from an adsorptive removal point
of view?

In order to appropriately address these research questions, and since
biopolymers as a class encompass such a wide range of materials, | have
chosen to focus on a small number of biopolymer types identified as particularly
promising for certain key radionuclides. Namely, strontium, cesium and
uranium. By reviewing relevant literature and applying a few key techniques, |
have attempted to answer these questions. X-ray techniques are central to this
thesis, with X-ray absorption spectroscopy (XAS) used to examine binding and
chemical speciation, and X-ray computed tomography (XCT) used to examine
hierarchical pore spaces. Synchrotron X-ray facilities play a crucial role in such
data acquisition, while supporting methods such as uptake experiments also
contribute to the results. As such, this work encompasses a number of facets:
from reviewing relevant literature, thermal and chemical processing techniques,
engineering rationally designed composite adsorbent materials, X-ray
spectroscopy and microscopy, data analysis and image analysis with machine
learning.

This work will begin with a comprehensive overview of relevant literature,
including the state of the art for both chemical and physical modification and
tuning of biopolymers. A summary of relevant analysis techniques is provided,
including strengths and limitations with a particular focus on synchrotron X-ray
techniques. This should provide sufficient background and context in which to
understand the results, relevance and implications of subsequent data chapters,
as well as the rigour in which this work has been completed.



Chapter 2 Literature Review

2.1 Structure of literature review

In order to address the research questions in Section 1.2, a review of relevant
literature is organised into three sections. First, an introductory section covers
background information about radionuclides, adsorption and remediation, and
the suitability of biopolymers as adsorbents. This includes a review of the
functionalisation and activation strategies used upon biopolymers, particularly
those relevant to the subsequent sections. Building upon this, two thematic
sections follow which provide a more in-depth analysis of 1. The binding
mechanism of strontium to adsorbents (Section 2.3) and 2. The physical and
morphological features of biopolymers relevant to adsorption (Section 2.4). The
binding of strontium to biopolymers and manganese oxide-biopolymer
composites is discussed in-depth, corresponding with data presented in
Chapter 5 and Chapter 7. However consideration is also given to the binding of
other common radionuclides in the Section 2.2. Finally, Section 2.5 discusses
radionuclide binding to iron-biopolymer composites. No data is presented which
corresponds with this section; it sits as a separate literature review section,
relevant to the overall theme of this thesis but not directly related to the data
chapters. Since this section forms the basis of a critical literature review
publication, it is included in order to reflect the breadth of knowledge and work
in this project. However, it is not directly relevant to data presented in
subsequent chapters.

2.2 Background

Contamination of the biosphere with radioactive material poses a risk to life
owing to their release of a, B, y-rays. Mining activities'?, historic weapons
testing®?, accidents# and degradation of storage facilities and waste
management sites’® have released a great deal of radioactive materials to the
environment since the birth of fission technology in the 1940s. Following the
2011 Fukushima Daiichi incident, a several further on-site leaks have occurred,
including a 2013 incident during which a concentrated mix of °Sr, $3’Cs, 134Cs,
54Mn, 89Co, 125Sb and ®H accidentally leaked to the soil surrounding storage
tanks!4. Radioactive liquor is known to have leaked from many storage sites
including storage ponds at the UK’s Sellafield site'® and the USA’s Hanford
site!®, where a series of leaks from aging storage tanks soil and groundwater
has released an estimated 3800 m? of mixed radioactive waste to the
biosphere!’. In fact over half of all US nuclear waste processing sites exhibit



significant soil contamination'®. It is projected that energy generation through
nuclear fission will increase in the coming decades?'® due to increasing costs of
fossil fuels, decarbonisation and air pollution improvement efforts. With this
comes greater volumes of future waste arisings and attendant risk for further
accidental release to the environment. The International Atomic Energy Agency
(IAEA) has argued for the importance of advance planning in this regard, to
continue to develop remediation technologies in the event of future accidental
release?. Radionuclides can directly cause a large number of serious health
problems such as birth defects, cancer, neurological problems and infertility
when inhaled or ingested?°-21.

2.2.1 Selected properties of common radionuclides

2.2.1.1 Uranium

As the fuel for most nuclear fission reactors, uranium is one of the most
commonly studied radionuclides in remediation and immobilisation. Mining
activities?>23, release from accidents, at fuel processing and weapons testing
sites? as well as depleted uranium (DU) used in munitions are all sources of
exposure. In common with all transuranic elements such as americium and
plutonium, uranium is extremely chemotoxic and is linked to developmental
problems?42°, cancers?® as well as damage to tissues and organs including the
brain, skin, liver, kidneys, reproductive organs and bones. It typically takes the
form of a uranyl poly cation UO22* as U(VI) in environmental systems. All three
of its naturally occurring isotopes (?**U, 2%°U and 228U) are weakly radioactive
and usually emit a-particles. The presence of uranium in aquifers is of
increasing concern. In environmental systems, it forms highly soluble and
strong complexes with carbonates, hydroxides and nitrates, as well as less
soluble phosphates.

2.2.1.2 Strontium

The fission product yield of °°Sr from thermal neutron fission of 2%°U (as in most
nuclear power plants) is 5.7 %. It is therefore abundant in spent fuel, other
fission-derived wastes and following nuclear weapons detonations. Two
isotopes, °Sr and 8°Sr are of particular concern, as summarized in Table 2-1.
Owing to its chemical similarity to calcium, it is readily incorporated into milk or
bones where it has an estimated biological half-life of 18 years?’. It causes
functional changes in bone marrow stromal cells, even at low levels?®, capable
of ionising surrounding organic matter and causing somatic changes. It is

known to cause bone cancers and leukaemia?®. As a highly soluble, oxyphilic di-
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cation (Sr?*), its most common route of exposure is ingestion of contaminated
food or water. It's mobility and fate in environmental systems depends heavily
on the prevailing conditions: pH, soil physical and chemical characteristics and
the concentration of other species in ground water or seawater?®. Radio
strontium is routinely detected at virtually all major releases of radioactivity, and
in large quantities. Early estimates at the Fukushima Daiichi site (in 2013)
indicate 0.1-1 TBq of °°Sr was released to the airborne environment.

Table 2-1 Typical decay routes of common radio isotopes of strontium
and cesium

Energy of
Radioisotope decay route Half life decay (MeV)
and mode
205y — Y + B 29 yr. 0.55
89gr - 8%y + B~ 51d 1.5
85Sr - 8°Rb + et +y 65 d 0.51
Bics > B*Ba + B~ +vy 2.07 yr. 0.70
135¢s —» 13%Bg + B~ 2.3x108 yr. 0.27
0.51 5~
B7cs > B'Ba+p~ +vy 30.2 yr.
0.66 y

Release is ongoing and difficult to pinpoint. Studies show that radio strontium
was continuing to leak to seawater from the damaged reactors in large
guantities more than two years after the accident, with an estimated 9.6 £ 6.1
GBq °°Sr released per day in May 2013%L. A later leakage of highly
contaminated wastewater from storage tank area H4 lead to an estimated 45
TBq °°Sr released to groundwater432, Numerous waste water tanks populate
the site (). After the Chernobyl incident an estimated total 10 PBq is thought to
have been released® over a vast area of Europe3*. As of 2022, some 36 years
after the accident, levels of radio strontium near the Ivankiv district south of the
exclusion zone exceed Ukrainian safety limits in almost half of 116 grain
samples and three-quarters of wood samples, with no evidence of a reduction



levels over time®®. Exposure via eating contaminated crops or by burning wood
remains a very real possibility. As a result of historical fission weapons
detonations and related activities, radio strontium is present in groundwater at >
50 % of the United States Department of Energy sites (Hanford WA, Savannah
River GA, Idaho National Laboratory ID and Oak Ridge National Laboratory
TN)?136, Some of these sites exceed safe °°Sr concentrations in groundwater by
as much as five orders of magnitude®”.

Figure 2.1 Water tanks containing radioactively contaminated water
across the Fukushima Daiichi site. Adapted from
https:/lwww.science.org/content/article/japan-plans-release-fukushima-
s-contaminated-water-ocean (accessed June 2022)

2.2.1.3 Cesium

Along with strontium, cesium is also considered a dangerous fission product. A
number of cesium radioisotopes are generated during fission, the most
important of which are 134Cs, 13°Cs and 13’Cs (Table 2-1). Known to be among
the more volatile of radionuclides, it tends to disperse rapidly following a
contamination event in atmospheric, oceanic and terrestrial systems38, which
increases the risk of exposure markedly. It readily enters food chains and is of
particular concern in agriculture, where permaculture activities and the grazing
of large areas of grassland tends to bio accumulate radio cesium within plants
and animals intended for human consumption. Radio cesium (Cs™) is
isoelectronic with potassium (K*) and sodium (Na*), thus tends to disperse
throughout soft tissues of the body such as the thyroid gland, where it can
rapidly cause serious damage. It is implicated in immune deficiencies, thyroid
and pancreatic cancers, neurological disorder as well as congenital and foetal
deformations and it is thought to particularly affect children®°. Cesium, although
less oxyphilic than strontium, readily forms a wide variety of oxides and is



termed as a “soft” Lewis acid. This describes its tendency to form compounds
with larger, more polarisable Lewis bases such as sulphide. Release of radio
cesium to the atmosphere after the Fukushima Daiichi accident is estimated at
10-37 PBg*°, with 90-900 TBq released to the oceans*'.

2.2.2 Adsorption and ion-exchange

Adsorption is a mass transfer process in which a target solute, in this a case
radionuclide, is transferred from solution phase to a solid surface where it is
immobilised. This process is facilitated by favourable electrostatic interaction
between surface functional groups and the ion in question. This interaction
governs the strength and reversibility of the binding interaction.

lon-exchange is a substitution process of ions in solution with those complexed
in a solid phase. The molar ratios (assuming equal charge) of exchanging ions
are thought to be equal.

In most “real world” systems, pure adsorption or pure ion-exchange are rarely
observed and a combination of the two are most often observed*?43. The two
processes are hugely important in describing transfer of matter in environmental
contexts and immobilisation of contaminants. Sorption is thought to be the more
effective mechanism in high ionic strength solutions such as groundwater or
seawater44,

2.2.2.1 Inner and outer sphere complexation

Another common classification of surface-complexed ions is to distinguish inner
and outer sphere complexation. Outer sphere complexation is a binding mode
with a surface, mediated through the sphere of hydration of an ion. The cation is
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Figure 2-2 Outer sphere complexation (left) and inner sphere
complexation (right) of a strontium ion to a surface
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located at a greater distance from the surface and is less tightly bound than the
inner sphere complex®. Inner sphere complexation in contrast, is characterised
by partial loss of hydration and a direct interaction between surface moieties
and the ion?*®. Figure 2-2 displays this difference. Formation of an inner sphere
interaction implies a high affinity between the ion and surface binding sites. This
can be achieved, in the case of the strontium cation, by o-donation of surface
oxygen lone pairs to the ion, increasing its electron density and forming a strong
ionic interaction, much stronger than outer sphere complexation. This type of
interaction would be most favourable with an electron rich adsorbent, i.e. one
with delocalised n-bonding. Inner sphere complexation is typically a slower
process than outer sphere complexation and is less reversible, thus more
favourable in immobilisation or separation processes. The pH of a system can
greatly influence binding, since this affects surface charge, which in turn affects
electrostatically-driven (ionic) binding*’.

2.2.3 Absorbent classes

2.2.3.1 Inorganic ion-exchangers

lon-exchange minerals, both naturally occurring and synthetic, have a long
history in the nuclear industry and are the preferred method for the solid phase
extraction of waste radionuclides from solution®. lonic species located in
interstitial layers or channels of the ion-exchange structure (Figure 2-3) are
exchanged for a target ionic species in solution. As such, this is a reversible
process, classed as physisorption*®°°, lon-exchange materials exhibit high
cation exchange capacities (on the order of 100s of mg cation per gram ion-
exchange material)®!, are highly uniform and consequently exhibit predictable
adsorption properties. They possess some limitations however. Even small
amounts of dissolved organic matter (DOM) can result in fouling of ion-
exchange media®? — precluding its use in groundwater without significant pre-
treatment®. Strongly oxidising elements such as nitrates (present in abundance
in groundwater worldwide) can pose issues, as can the presence of other
inorganic species which can also strongly inhibit the efficacy of the material®2.
Scalability can also be an issue given the sometimes large throughput
required®3. The ALPS plant at Fukushima 54 failed to perform as was hoped for
removal of radionuclides such as cesium and strontium, with treated water still
containing levels above regulatory limits*.
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Figure 2-3 The structure of a zeolite and principle of its ion-exchange
capacity

2.2.3.2 Biopolymers

Biopolymers are materials and polymers derived from natural sources, such as
chitosan from chitin, the exoskeleton of crustaceans®®, alginate the anionic
biopolymer which forms a major component of brown kelp®¢, or biochar, the
pyrolytic product of lignocellulosic material. Biopolymers are inherently
environmentally benign, therefore compatible with environmental remediation
applications. Biopolymer-based remediation materials could therefore be more
suitable for in-situ remediation of soil and groundwater, such as in reactive
barriers or for purification of contaminated water, and show promise of
functioning well in acidic and high ionic strength solutions®’. As natural
materials, biopolymers are sustainable and cheaper to produce than many
synthetic remediation materials®>%8. Biopolymers also have the potential to
undergo volume reduction steps post-uptake®®, with reports of volume reduction
ratios for a Sr-loaded biochar of around 1000 times by Liu et al. 2016°°.
Biopolymer based materials are still criticised for their variable nature and
apparent lack of tunability®:. This paradigm is currently being challenged by a
new wave of research which is striving for ever greater physicochemical
tunability and enhanced, targeted functionality®1-¢2. The main types of
biopolymers used in adsorptive immobilisation of radionuclides are described
below.

12



Biochar / Pyrolytic carbon

Biochar is the thermal decomposition product of biomass (cellulose, hemi-
cellulose and lignin) and other bio-wastes under low oxygen conditions®. The
thermal treatment, known as pyrolysis, employs treatment temperatures
typically ranging from 350 — 1200 °C, producing a stable, carbon-rich and highly
porous material with abundant surface functionality, particularly oxygen-bearing
groups such as carboxylates, hydroxyl, lactone and ether groups®“. Biochar is
well suited for immobilisation of a range of cationic species due to the
abundance of these surface groups. It is often highly aromatic and recalcitrant,
since the pyrolysis process essentially reduces the biomass feedstock via loss
of heteroatoms and condensation transformations®®. This recalcitrance
conferred by increasingly high temperature is a beneficial property. These
properties have seen it used as a contaminant immobilisation material for
centuries®® and at time of writing, is a thriving area of research for contaminant

Y-~
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composition temperature
Inorganic content Aromaticity
Pore volume & shape gecfalmt;fﬁlcg ) Biochar
urtace functionality properties

Zeta potential
Redox activity

Figure 2-4 Relationship between feedstock type, pyrolysis regime and
resulting physicochemical characteristics of biochar

immobilisation.

One of its major strengths is its versatility as a material, since its
physicochemical characteristics can be tailored and optimised specifically for
application (Figure 2-4), even to target specific contaminant species®’:%8 e.qg.
cation or anion immobilisation. Furthermore, it lends itself to functionalisation,
both generalised in the form of activation (using acid, base, steam or
pressure)®9-72, functionalisation via organic transformations’®’4 or metal
doping”®>~"7, making it even more tailorable. In addition it can be produced both
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inexpensively and rapidly from wastes or crop residues, making it sustainable,
and not limited by dependence on specific feedstocks or geopolitical
constraints’®79, a consideration which becomes more important as fission
technology is expected to expand globally. Biochar and activated biochars have
been considered for immobilisation of uranium®-86, cesium®-89, strontium>”:%,
iodine®!, thorium®?, europium®3, and technetium®. The compositional make up
of three common biomass feedstocks for biochar is presented in Appendix A.

Binding mechanism

Due to its amorphous nature, examining the binding mechanism of cations to
biochar is challenging via techniques such as X-ray Diffraction (XRD) which
work well for inorganic crystalline materials. Information about the nature of the
bonding to biochar is typically examined via X-ray Photoelectron Spectroscopy
(XPS), Fourier Transform Infra-red (FTIR) spectroscopy, by identification of
changes to bond vibration and energy shifts, correlated with altered binding or
bonding states before versus after uptake. Yet these are surface specific
techniques and for a highly porous materials such as biochar, this reveals little
of the bulk picture. Boehm titration provides another avenue of investigation,
determining the absolute number of various acidic oxygen containing surface
functional groups, and thus quantifies the major binding sites. In practice, this
technique is not routinely used in studies of biochar owing to limitations and
uncertainties in its accuracy specific to biochar® %, The complexation
mechanism of uranium onto biochar have also been examined in one Extended
X-ray Absorption Fine Structure Spectroscopy (EXAFS) study®’. The
advantages of using EXAFS to examine the complexation mechanism of
cations to biochar as discussed in Section 2.3.1 and Section 2.5.

Alginate

Alginate is an anionic biopolymer derived from brown algae (Phaeophyceae)
such as brown Kelp but also from Pseudomonas and Azotobacter bacterial
genera. It consists of (1 — 4)-linked (1 C4)-a-L-gulopyranuronate and ( 4 C1)-3-

Figure 2-5 The calcium alginate biopolymer
14



D-mannopyranuronate unit®, shown in Figure 2-5. It is well suited to uptake of
cationic species since as an anionic polymer, cations naturally form part of its
structure. Another of its most useful properties is its ability to form gels®¢-%° and
thus form monolithic adsorbent materials. This property conveniently
circumvents any issues with separation of fine particulate adsorbents or nano-
phases. As well as monolith formation, alginate’s carboxylate and hydroxyl
functional groups make it well suited to immobilization of cationic species,
particularly strontium'°, This is thought to largely occur via an ion-exchange
mechanism with Ca?* (or similar) within the gel structure and is described by the
egg-box model®®. Formation of gels is examined further in Section 2.2.3.4.

Chitosan
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Figure 2.6 The structure of chitosan

Chitosan is the partially de-acylated product of Chitin, derived mainly from
crustacean shellst®! and as such it is a waste product of seafood production. Up
to 8 million tonnes of crab, shrimp and lobster waste shells are generated
annually92, Its structure consists of two B-1,4 linked N-acetyl-D-glucosamine
units (Figure 2.6), and contains abundant amine, amide and hydroxyl
functionality, making it well suited for cation uptake, particularly more labile ion
species such as uranium. Chitosan as a standalone adsorbent exhibits poor to
reasonable uptake of cationic contaminants however its real strength lies in
providing a stable scaffold or support for secondary phases with even higher
adsorption or reductive adsorption capacities within composites such as
hexacyanoferrates!®, zero valent iron'®* or iron oxide phases'®.

Other notable biopolymers

Cellulose, starch%® and pectin®® also possess useful characteristics for cation
complexation. Bacteria-derived cellulose membranes contain hydroxyl, carboxyl
among other functionality useful for coordination with iron-bearing phases*°’.
Carboxyl methyl cellulose (CMC) and hydroxyethyl cellulose (HEC) are
derivatives of cellulose which are also of interest due to their own absorptive
capacity and crosslinking potentialt®®-111, CMC is also known as cellulose gum
and it is formed by alkali-catalysed reaction of cellulose with chloroacetic acid,
15



conferring carboxylate groups which renders the material more polar and
therefore solublet!?.

2.2.3.3 Activation

Activation is a collective term for treatments (chemical, physical, thermal etc.)
that alter surface chemistry, chemical composition and/or physical morphology
of a material in a form that is favourable to the desired application. For
adsorptive immobilisation, the major purposes of activation are increasing
surface functional groups which will complex, bind or chelate to the target
contaminant and enhancing porosity and surface area''3. Chemical activation
agents are generally viewed as the most effective at this dual modification14-117
rather than physical activation methods. There are a wide range of chemical
agents employed to activate biochars or similar biopolymers. Some of these
include boric acid, ammonia, phosphoric, sulfuric, nitric or hydrochloric acids!!g,
bases such as sodium or potassium hydroxide®”.6%119 There is some overlap
between activation and ‘doping’ or impregnation techniques which, in addition to
forming a composite material may also chemically activate the starting
material'?°. Inorganics such as metal oxides or heteroatoms'?! are common
examples of dopants. Inorganics which are capable of both ion-exchange and
redox transformations generally exhibit very favourable adsorption

capacities’ 1?2123 |ron and manganese oxides are among the most common of
biochar dopants, and due to their abundance in nature are a natural pairing with
biochar, with some evidence of a synergistic effect on stability and/or
adsorption??4-126, Pyro-processing of biomass into biochar also provides
favourable thermodynamic conditions and a source for electrons for reduction of
iron in a convenient one-pot synthesis.

Four common activation methods were selected for further review based upon
their favourable adsorptive characteristics for strontium immobilisation. The
Lewis acid zinc(ll)chloride, the mineral acid nitric acid, and manganese and iron
oxides.

ZnClz activation

Zinc (1) chloride dihydrate (ZnCl222H20) is common chemical activator and has
been applied to a range of carbonaceous biomass precursors including spent
coffee grounds*?/-12°, rice husk!®%, wood sawdust!3?, biogas residues®®?,
cellulose!®, lignin-rich residue'®*, sewage sludge’®, anaerobic digestion
sludge'®®, shiitake substrate!3®, olive stones!®’, grape stalk!3®, safflower seed
press cake'® and shaddock skin'4? among others. It has also been used to
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activate kerogenic carbons such as coal**! and has also been employed to
create biochar-ZnO nanocomposites for photocatalytic degradation of
contaminants!4?. It has been shown to be a useful activator for electrochemical,
catalytic and energy storage applications, with ability to increase carbon
aromaticity at high temperature and increase specific capacitance’?43 as well
as for activated carbon wound dressings!#4. Its application to biomass can
reduce the treatment temperature needed by reducing the activation energy
required for the condensations reactions that are characteristic of the pyrolysis
treatment. It can also increase biochar yield**6.

Adsorption

For application in adsorptive processes, ZnClz is known to enhance micro pore
surface area and volume!*® as well as increase surface oxygen group
functionality**°. However, few studies examine immobilisation of cationic
species3%137 to ZnCl activated biochars. This is in part due to concerns of
leaching of residual Zn?* ions during wastewater treatment.

Porosity

As a Lewis acid, ZnCl2 interacts with oxygen electron lone pairs in lignin,
cellulose and hemicellulose. This Zn-O interaction promotes the degradation of
biomass components during pyrolysis via loss of water has a major effect on
pore structure. It is thought to widen existing pore structures and also create
new cavities in the resulting biochar’2. It provides a ‘skeleton’ or scaffold around
which carbonisation of the biomass occurs. Once the activator is removed, the
porous structure of the biochar is retained!'®. Activation with this method
routinely increases the specific surface area (SSA) of a biochar from 10s m? g*
to well in excess of 1000 m? g1 145, This is summarised in Table A-2.
Impregnation ratio (ZnClz:biomass feedstock) is an important variable which
affects resulting properties such as yield, SSA and pore size distributions as
well as weight % elemental composition, and notably for adsorptive processes,
oxygen content'*°. Higher ratios favour high pore space values but lower yield
and oxygen content.
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HNO:s activation
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Figure 2-7 Nitric acid mesomeric forms

Nitric acid is a small mineral acid with a pKa of -1.4 which also possesses
strongly oxidising properties (Figure 2-6). It is well known to add a range of
oxygen and nitrogen containing groups. Oxidation reactions add carboxy!l
groups in particular and to a lesser extent nitrogen groups to aromatic
(graphitic) carbon!!3146-148 Eqr this reason, it has been a popular choice for
activation of carbonaceous biopolymers such as biochar derived from cactus!4®,
red cedarwood?®?, sunflower seed husks®®!, or weeds!*? for purposes which
require addition of electronegative oxygen groups.

Adsorption

A study by Yakout et al. 2018%°? showed that carboxylate groups in biochar are
instrumental in strontium adsorption, more so than any other oxygen containing
group, with a similar conclusion by Shawabekeh et al. 2002 using a pecan shell
biochar®3. As a bidentate moiety, carboxylates are subject to the chelate
effect!®, meaning complexation of an hydrated cation is both more enthalpically
and entropically favourable. Combining this with the graphitic nature of biochar,
which possesses delocalised electrons!®>1%6, this aromaticity may be capable of
further increasing electron density around a charge dense, electropositive
cation such as strontium, through a surface carboxylate, further strengthening
the interaction. HNO3 activation has been shown to increase uptake and
immobilisation of other cationic species including uranium?8:157.158,

Porosity

HNOgs appears to have a variable effect on SSA (Table A-2). Some studies
suggest a small decrease in SSA with activation. It appears that increasing the
acid concentration decreases resulting SSA while increasing oxygen surface
functionalistion'3. It is theorised that the addition of such oxygen groups in such
confined spaces as micro pores may have a blocking effect, thus reducing the
measured SSA of the material. Another likely mode of action on the pore space
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is corrosive widening of meso pores into larger macro pores which are not
possible to measure via the BET gas adsorption derived SSA. As a mineral acid
it also will dissolve crystalline inorganic phases, many of which are present in
biopolymers such as biochar. Thus, one mode of action of HNO3 on surface
morphology is thought to be to remove said crystalline phases and create void
spaces in this manner. This has the added benefit of removing unwanted
phases present in the raw biochar and increasing batch-to-batch consistency.

Manganese oxide activation

Oxides of manganese (MnOx) are abundant in environmental systems?**® and
exist in a large number of polymorphic structures®®'61, As a redox active metal,
manganese is able to exist in a number of oxidation states!®? and for this reason
MnOx is of interest across a wide range of domains, from capacitance and
redox applications, catalysis as well as adsorption science. This wide-ranging
application is reflected in the numerous synthesis routes possible. Doping of
biochar is typically performed post-pyrolysis; evidence points to poorer
adsorptive performance in composites in which the Mn phase is co-
pyrolysed'63164 1t is thought that the strongly oxidising properties of Mn(VII)
may not only provide a source of Mn for the synthesis, but also oxidise the
biochar phase too, further enhancing surface functionality®>-167, Indeed, it is not
clear in biochar-MnOx composites created in this way, whether uptake
enhancement is due to biochar oxidation or MnOx ion-exchange processes.

Adsorption

Layered MnOx structures have also shown excellent ion-exchange properties'?3,
as well as a high selectivity for strontium, outperforming several adsorbents
including the zeolite clinoptilolite in a MnO2-carbon fibre composite*4. Studies
also show success at removing strontium from seawater'6816° and a high
uptake of Qm = 200 mg g* strontium was reported by Ivanets et al. 2015 to a
mesoporous manganese oxide'’?, further highlighting its high selectivity. This is,
in part since MnOx are noted to typically exist as non-stoichiometric minerals
(with a few exceptions, ) which display complex crystal structures and many
substitutions of other cations in place of manganese!’. Surprisingly few studies
have examined strontium uptake to biopolymer-MnOx composites. However,
biochar-MnOx composites do report considerable improvement in heavy metal
uptake over control biochars, including lead*63172173 arsenic, cadmium, zinc
and copper’,

Porosity
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Application of the oxidation of biochar to enhance pore space via Mn(VIl) has
been utilised previously®%:167.175.176 gy ch a treatment not only oxidises biochar
but also impregnates it with MnOx phases. This can therefore act to both widen
pores and potentially block pores by deposition of MnOx. Song et al. 2014 found
that a 10 wt% KMnO4 on a corn straw biochar decreased the SSA significantly
from 61 to 3.2 m?g?, while the average pore width (as determined by BET gas
adsorption) increased from 24 to 70 nm. This suggests that KMnO4 treatment
blocks or fills smaller pores via deposition of MnOx phases. Another possible
mode of action is corrosive pore widening by the highly oxidising KMnOa. The
authors suggest that at lower wt% of KMnO4 treatments, pore blocking is the
dominant mechanism, while at higher KMnOg ratios, the oxidative pore widening
effect became more dominant!®°. This theory is supported by the work of Yang
et al. 2017 who created a 2 wt% KMnO4 treated rape straw biochar, finding a
SSA decrease from 111 to 19 m?g* over the unactivated biochar but a pore
width decrease from 7.2 to 3.1 nm*’’. Uptake of their target contaminant (Cd?*)
increased from 33 to 81 mg g* upon KMnO4 activation, proving that addition of
MnOx enhances uptake, in spite of some pore blocking. Meanwhile Wu et al.
2020 created a 17.4 wt% KMnO4 activated rice husk biochar which led to a
decrease in the SSA of 128 to 93.8 m?g, and a slight increase in pore width
from 2.7 to 3.6 nm’’. Uptake of the target contaminants were still enhanced with

the addition of the Mn-phase. Other recent works report the same
trend163'178'179.
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Figure 2.8 Common Manganese oxide structures. Adapted from Qiao &
Swihart 2017
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2.2.3.4 Biopolymer gels

Formation of gels via crosslinking reactions is an increasingly attractive method
for creating a material which immobilises fine powdery adsorbents within a
readily separable monolithic matrix. This builds on years of research into carbon
aerogels'®-182 and metal alkoxide sol-gels. Several biopolymers are capable of
crosslinking via gelation or variations on the sol-gel method®?, such as
alginate'®3184 pectin®® and gellan gum*®s, with alginate being the most
common. A number of studies also incorporate biopolymers into gels cross
linked using reagents such as glutaraldehyde'®® or thiourea'®’ Along with
crosslinking agent, the drying method also affects end porosity and mechanical
stability, largely due to shrinkage during drying as the solvent is lost from pore
space. Gelation of the alginate phase can be pH-induced'®®, carbon dioxide
induced*®, cryotropic!®, using ambient pressure techniques®!, using green
solvents'®?, freeze-drying'®® or ion-exchange (Figure 2-8). Each method
produces a gel with different microstructure and physical characteristics which
impact upon end use efficacy and as such, gelation is a tuneable production
method for green adsorbent materials®®.
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Figure 2-9 lonotropic gelation of an alginate hydrogel composite
(top) and the egg-box model of the gelation cross-linking process
(below)
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Cryo and supercritical methods appear to produce the most extensive pore
structures. Gels are variously classed by the prefixes “aero-“, “hydro-“, “cryo-*
and “xero-“ depending on the method of drying. However, definitions of these
sub-classes are not standardised in literature!®, thus the term “gel” or
“hydrogel” will be used henceforth to describe generalised gels and gels
prepared in aqueous solution respectively. Biopolymer hydrogel monoliths have
been successfully used for removal of strontium?%:19, cesium°7:1° and both at
once'®19° The advantage of a composite gel is the ability to combine distinct
phases, such as nano-particle phases, each tailored to a specific radionuclide,
into one universal, monolithic adsorbent. A further advantage is stability. While
alginate-only hydrogels show excellent removal rates for strontium in laboratory
settings?%°, their poor mechanical strength and stability tend preclude their use
in real world settings. Wu et al. 2020 indicate that incorporation of biochar into
an alginate hydrogel improves mechanical stability of the monolith adsorbent’”.
Inorganic phases, such as hexacyanoferrates can also be immobilised in
hydrogels. This appears to improve uptake capacity via dispersion of the ion-
exchange media?®!. Alginate hydrogels also exhibit good macro porosity (Figure
2-9), allowing rapid movement of contaminated water through the pore network.

2.3 The binding mechanism of strontium to adsorbents

Strontium, as a relatively charge-dense group (Il) divalent cation, with electronic
structure [Kr] 5s2, tends to remain strongly hydrated in aqueous systems at low

@ Group | - Alkali Metals

@ Group Il - Earth Alkaline
Metals

Row of Periodic table

Figure Z-I0 SEM 1made on a cross-sectioned alainate hvdroael monolith

bead
Figure 2-11 Selected ionic radii values of group | and Il metals for

visual comparison. Adapted from Shannon 1975
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and circumneutral pH making it particularly difficult to remediate from aqueous
systems as it is highly soluble and thus mobile. It does not possess directional
valence electron orbitals unlike transition metals, and so rationally designed
adsorbents cannot take advantage of specific coordination geometry to aid
binding selectivity. Strontium is typically not thought to complex strongly with
any oxides or clays?%?, as a consequence of its filled valence shell. The only
discriminating features of such ions are their ionic radii, and to some extent
charge density. Strontium has a similar ionic radius to several abundant and bio
essential group | and Il metals?°3, with calcium and sodium being the most
similar (Figure 2-10). Thus, selectivity is a major issue**.

2.3.1 Binding in Biochar

The binding modes of strontium to biopolymers such as biochar have been
somewhat neglected on a mechanistic basis, due to the difficulties of analysis of
such an amorphous and highly porous material, for which surface sensitive
techniques such as XPS or FT-IR cannot necessarily reveal the bulk picture.
Many studies rely on modelling methods or non-empirical approaches to
deriving information about the mechanism. While these can provide useful
indications, such techniques provide limited molecular scale insight into binding
mechanism and modes. Pourret and Houben 2018 examined the relative
contributions of distinct binding sites of biochar for strontium uptake under
varying environmentally relevant conditions?®*. Their findings show that, in
accord with previous studies on humic acids, the nature and strength of binding
sites that are occupied vary with ionic strength and pH, in addition to overall
uptake capacity. Strength of metal binding to biochar increases with increasing
ionic strength and pH, and that carboxy-phenolic and phenolic groups provide
the major binding contribution. This is confirmed by related works!®22%5, Rae et
al. examined the uptake of Sr to crab carapace and spent distillery grain2°®
biochar (Qm = 4 mg g1), determining the mechanism to be a mixture of ion-
exchange, inner sphere and outer sphere complexation. This conclusion was
reliant on the Dubinin—Radushkevich isotherm E parameter, said to confer
information about the nature of binding. Their E value of 1.06 kJ molis on the
low end of the physisorption range. Guo et al. 2022 describe a proton exchange
mechanism with carboxylates and hydroxyl groups for the uptake of strontium to
a biochar?%’, Similarly, Shawabkeh et al. attribute strontium uptake (Qm = 180
mg g?) to an activated pecan shell biochar to ion-exchange®3. Yakout et al %8
examine strontium uptake to a rice husk biochar (Qm = 198 mg g?), providing a
theoretical basis for their claim that the binding mechanism of strontium to straw
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biochar is “probably” ion-exchange. Shin et al. 20212%° examine strontium
uptake to spent coffee ground biochar, suggesting a chemisorption type
complexation from thermodynamic parameters and kinetic data. Sumalatha et
al. 2022 also concluded a chemisorption type binding (Qm = 133 mg g*) from
thermodynamic and kinetic data for strontium to a KOH-activated peanut shell
biochar?'®. Despite somewhat conflicting data on the binding of strontium to
biochar, it is clear that biochar has potential for efficient immobilisation of
strontium.

2.3.2 Alginate and alginate-biochar composites

Gok et al. 2013 studied the uptake of strontium to alginate beads!® finding that
the Langmuir model was most consistent with their data, with indication of
monolayer sorption to homogenous surface sites. The Dubinin—Radushkevich
isotherm model E value indicated physisorption and weak ionic interaction of
strontium to the alginate. Overall uptake was reasonable, at around 50 mg g*.
The authors speculate as to the exact nature of the binding mechanism without
reaching firm conclusions, noting the complex nature of alginate gelation likely
leads to a mixture of several binding mechanisms or modes. A rice husk
biochar-alginate hydrogel was created by Jang et al. 2018 (Qm = 176 mg g}),
showing good selectivity for strontium and good performance at low pH?11.
Models indicated low desorption rates, suggesting a strong and irreversible
interaction with strontium. Similar work also indicated good selectivity of
alginate hydrogels for strontium?'2. Zhang et al. 2020 examined the binding of
strontium in alginate hydrogel fibres using circular dichroism. They concluded
not only that binding was analogous to the egg-box model (Figure 2-8) but that
strontium crosslinking was stronger than calcium crosslinking, based upon
mechanical strength?*3. A possible explanation for the enhanced crosslinking
strength is the increased charge density of strontium over calcium. Such
composites could prove useful in removal of strontium from high ionic strength
and slightly acidic seawater, a medium for which separation is challenging?*4.
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2.3.3 Strontium EXAFS literature

The same features that make strontium challenging to remediate (Section 2.3)
complicate its study via EXAFS experiments?!®, Strontium XAS spectra possess
fewer features than many other elements. Since it does not possess multiple
oxidation states, edge and near-edge studies yield little useful data, although
these can be appraised in qualitative sense to identify differences or similarities
in the binding environment of strontium?6. Strongly oxyphilic, strontium shows a
strong preference for oxygen binding. EXAFS data and computational modelling
methods always yield a 1t shell of oxygen with a high coordination number
between 8 - 1237217, Crystallographic diffraction studies confirm this, yielding
values for formaldehyde of N = 8218, carbonate of N = 9219 and oxalate of

N = 9220, EXAFS R-space spectra show a large and broad peak around 2 A
(Figure 2-11). Accounting for phase shift, this typically yields first shell Sr-O
distances between 2.5 — 2.8 A. The broadness of the first shell backscattering
peak is attributed to a relatively large degree of static and substitutional
disorder, which is observed even in solid state complexes??!. Since strontium
tends to remain hydrated, the first shell peak can contain contributions from
both solid state oxygen functional groups and water molecules forming a full or
partial sphere of hydration, with water molecules yielding slightly longer Sr-O
distances®"222, The lack of directional valence orbitals and well-defined bonding
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Figure 2-12 A typical set Sr EXAFS spectra of Sr adsorbed on Goethite,
dominated by first shell oxygen backscattering signal. Adapted from
Nie et al. 2017
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geometries contribute to anharmonicity in bond vibration. Variable coordination
also increases disorder in the system. These factors, coupled with the fact that
strontium is thought to form outer sphere hydrated complexes at circumneutral
pH make it challenging to derive structural data via EXAFS.

2.3.3.1 System pH

Much of the Sr EXAFS data in the literature concerns strontium in or adsorbed
to inorganic materials with a portion focusing on hyper-alkaline conditions?23:224,
Such high pH systems are highly relevant to nuclear waste processing due to
the effect of young cement water and since wastewaters containing activation
products are often stored as high pH. EXAFS of high pH systems typically yield
more structural information, since inner sphere complexation of strontium is all
but guaranteed in hyperalkaline conditions. Strontium binding at circumneutral
pH is also examined in the literature to a range of materials, as this is a
scenario relevant to accidental release. It has been suggested that strontium
always forms hydrated outer sphere complexes at neutral pH22°, for reasons
outlined above. This is examined in more detail in subsequent sections.

2.3.3.2 Datainterpretation: Inner vs outer sphere

EXAFS can provide unparalleled information about the binding environment(s)
of a target element. This is particularly so in amorphous systems where
crystallographic techniques such as XRD are not appropriate, and surface
specific techniques such as XPS or FTIR cannot reveal the bulk picture. EXAFS
can provide information about the number of atoms surrounding strontium, their
average distances and their approximate atomic mass. Presence of a second
shell backscattering signal is typically attributed as evidence of inner-sphere
binding??%, even if such second shell components are perhaps minor (e.g. N =1
or 2 bidentate edge sharing)??62?7, Lack of a second shell signal is thus
assigned as outer sphere complexation??8. Yet Sahai et al. 2000 caution against
the assumption that lack of signal is evidence of an outer sphere or “hydrated
electrostatic complex”, calling this an “overinterpretation”s” of the EXAFS. This
is again due to the difficulty in obtaining data in strontium EXAFS on the
backscattering shell beyond the 15V shell. The EXAFS signal beyond the first
shell of most large and strongly hydrated cations is often weak, often too weak
to perform a meaningful fit. Sahai et al. point out that in agueous samples at RT,
no evidence of the second shell of hydration is observed, which undeniably
must be present. This is thought to be due to static and substitutional disorder
around the cation, anharmonicity in bond vibration and bond length distributions

for a given shell, varying coordination numbers and often long interatomic
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distances?'®. Multi-electron excitation (MEE) are also sometimes observed
which affect the magnitude of observed backscattering particularly at higher
wavenumber?2®, Other studies indicate that the second hydration shell of
strontium in aqueous solution lies at around 4.7 - 4.95 A2, These factors can
make it difficult to obtain precise information about the nature of strontium
complexation via EXAFS.

2.3.3.3 Binding to inorganic adsorbents

Weak binding is typically observed in clay based adsorbents such as zeolites,
with studies showing strontium adsorbed to the clay-mineral interface in outer
sphere, partially hydrated complexes37215.216:231.232_ Thjs consistent with
established wisdom, that metals such as strontium are generally taken up via
cation exchange??%233, Carroll et al. 2008 used EXAFS and modelling to
conclude an outer sphere binding of strontium to silica and goethite over pH
range 6 - 10234, Collins et al.1998 examined strontium uptake to iron-bearing
minerals such as goethite??4, finding no second shell at pH 9.2 buta N = 1.8 Fe
second shell signal at pH 10.2. They assign this signal to a binding through two
adjacent Fe-OH surface moieties. Nie et al. 2017 found no second shell signal
of Sr adsorbed to goethite at pH 6, although at pH 10.5 data showed N = 8 first
shell oxygen and curiously a second O shell N = 1.2 at around 3.3 A235, Axe et
al. 199823 examined uptake to a hydrous ferric oxide, and found Strontium
complexed with large number of oxygen/waters at varying distance in the first
shell. Bond lengths followed a non-gaussian distribution, so a cumulant
expansion was used to fit the data3’. The authors included a second shell iron
signal in their fit however, uncertainties in the coordination numbers were higher
than stated values themselves. Bonding was characterised as weak, surface
physisorption. Fuller et al. 2016 examined uptake to goethite, illite and
chlorite??® surfaces, finding no second shell contribution at pH 6.6, and stating
that at circumneutral pH strontium exists only as an hydrated, and therefore
outer sphere complexing cation. Evidence of second shell iron was only found
at hyper-alkaline conditions, due to surface adsorption of STOH* formed at high
pH. A 2012 study by Wallace et al. examined strontium binding to sediments
from around the Sellafield reprocessing site, UK, finding a weakly bound state
to soil sediments that was largely controlled by ionic strength of groundwater?.
A 2003 study of strontium uptake to clinoptilolite suggests it is preferentially
taken up in outer sphere, hydrated form to Ca2 channel positions within the
crystal structure, as opposed to K or Na sites, which are slightly too large for
strontium?33, Uptake was found to be governed by ionic strength and pH.

Parkman et al. studied uptake to kaolinite, determining that strontium was
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bound to partially hydrated octahedral sites on the kaolinite surface?'6. The fate
of strontium has also been studied in sediments. Thorpe et al. 2012 showed
that bio reduction of nitrates caused a pH rise, which was in turn responsible for
reducing the solubility of strontium. Only outer sphere complexation was
observed below pH 9, with only 15 shell oxygen signals observed in the
EXAFS?%, Cleary et al. 2019 showed that aqueous strontium in waste waters
could be somewhat immobilised by a bio mineralization of glycerol
phosphate?4°. Their EXAFS showed a second shell coordination of 0.8
phosphorus consistent with ~25 % of aqueous strontium being incorporated into
insoluble hydroxyapatite, which has a second shell coordination number of 3 for
P. Bots et al. 2021 developed a bidentate edge sharing model for strontium with
anatase and illite-smectite in clayey soils?4!. Typically, strontium uptake is found
to be governed by pH, with little evidence found of inner sphere complexation at
circumneutral pH. With the ion-exchanger clinoptilolite, Strontium seems to
interchange with Ca?* sites (N = 8). EXAFS showed only small difference in
signal between free hydrated Sr and adsorbed Sr, leading Bots et al. to
conclude that sorption occurred via loss of some water but as “outer sphere”?#2,

2.3.3.4 Binding to organic adsorbents

EXAFS has been used to examine strontium bound to calcium oxalate (Figure
2-12)??°, Calcium oxalate (CaOx) is produced by a wide range of plants and
presents as an attractive system for strontium uptake due to the electronic and
dimensional similarities of calcium and strontium. These data showed strong
second shell carbon signals in the Sr-CaOx complex at pH 4, 6 and 10,
indicating that strontium uptake is not affected across this pH range. The 2"
shell Sr-C distance was also stable at 3.4 A, which is intermediate in length
between the shortest 2" shell Sr-C reported distances (~3.0-3.1 A), typical of
bidentate binding mode®7:23, and mono dentate Sr-C (~3.5-3.8 A) as seen in Sr-
formate?18-220, Crystallographic data show that bidentate binding e.g. with
carboxyl groups give a Sr-C distance 0.2-0.4 A shorter than mono dentate
binding e.g. hydroxyls, lactones, ethers etc. The authors attribute a failure to
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Figure 2-13 The calcium oxalate monomer
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find a Sr-Ca signal as evidence the Sr is not bound in an inner sphere
environment; instead, it is believed the data more closely resembles a
SrOx.nHz20 environment with outer sphere type binding. However, they do put
forward an explanation of their second shell carbon N = 6 result. It seems
plausible, given the strontium-specific issues with disorder and signal decay
outlined above, that the Sr-Ca distance is too large to register as a
backscattering signal — perhaps just the over interpretation of results that Sahai
et al. cautioned against. Another study by Dietz and Jensen 2003 neatly
characterised strontium binding from a nitric acid solution to a crown ether
complex dispersed on a solid polymer support?43. Complexation with the crown
ether and two axial nitrate ions above and below the plane of the crown ether in
a bidentate arrangement best described the EXAFS spectra?*.

2.3.3.5 Binding to cements and other industrial materials

Bower et al. 2016 used microfocus X-ray fluorescence mapping as well as
EXAFS to characterise the distribution and binding environment of strontium in
nuclear fuel pond contexts, finding that strontium was bound to TiO2 paint
layers. Further EXAFS experiments by Wieland et al. 2008 on concrete samples
showed that strontium remained partially hydrated at pH 12.5 at the cement
surface, consistent with previous reports?*4, and in contrast to cesium which
was associated with clay aggregates within the cement. Wallace et al. 2019
examined strontium interaction with sediment in hyperalkaline cement leachate
relevant to waste storage ponds?23. After simulating pond conditions for 365
days, it was found that time, temperature and pH had an effect of strontium
binding and incorporation into aluminosilicates.

2.3.3.6 Measurement Temperature

Thermal disorder can be somewhat offset by cryo-cooling of the sample stage
during scan acquisition. Sahai et al. 2000 discusses changes to bond length
associated with temp?45. A number of studies choose a range of lowered
temperatures in which to conduct EXAFS measurements, the most common of
which being 77 K, using liquid nitrogen cryocoolant. While this does not reduce
static disorder, known to be a prominent feature of hydrated ions, it will reduce
the thermal disorder component of the Debye-Waller factor®’. Although the
gains in signal to noise are modest in comparison to room temperature
measurement, these gains can still greatly aid spectral deconvolution and
interpretation particularly for second and third shell backscattering, where the
signal is known to be weak and also is precisely where the most interesting
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spectral features are to be found. Therefore, even with modest gains, cryo-
cooling of samples during the measurement of EXAFS is worthwhile.

2.3.4 Knowledge gaps

1. Knowledge of the binding mechanism of strontium to biopolymers such
as biochar and alginate, as well as their composites is incomplete, in part
due to their amorphous nature. Very few EXAFS studies have attempted
to examine the binding of radionuclides to biochar, alginate or other
biopolymers. These studies are limited to uranium?®7:246.247 and
europium?®3 and to our knowledge none have examined strontium uptake,
save for studies by this author.

2. Activation is widely employed to biochar and is known to enhance overall
uptake capacity of strontium to biochar. Yet little is known about how the
binding environment may be altered in activated biochar, compared with
control biochars. Coordination number and crucially, degree of inner
sphere binding may be altered through activation, and this should be
investigated.

3. Alginate is increasingly deployed as a gelation agent, in addition to its
metal complexing ability, to immobilise particulate ion-exchange and/or
adsorbent materials. A good deal of work examines the structure of the
alginate gel around metals, specifically the egg-box model. Yet to our
knowledge none have used EXAFS to examine strontium binding
environment in alginate, save for studies by this author.

4. Manganese oxides show tantalising potential as strontium immobilisation
materials. Little work has been conducted on the binding mechanism in
biochar-MnOx composites .
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2.4 The physical and morphological features of biopolymers

“Independent of the application, it is of interest to clearly identify how
pores of different sizes are interconnected and how the overall
architecture of the porous medium can be broken down into the local
pore structure.”

- Vorhauer-Huget et al. 2020, “Computational Optimization of Porous

Structures for Electrochemical Processes”?48

Porous materials play important roles across a range of domains, both in
natural systems and engineered systems for a wide variety of applications. This
is certainly true in immobilisation of radionuclides, where porosity is a key
feature of virtually every material studied®!. Figure 2-14 highlights the emergent
and expanding nature of understanding that the pore space architecture spans
several orders of magnitude, from nm to mm scales. This understanding is
captured in the term hierarchical porosity (or multiscale porosity), and through
which, new research attempts to link pore space architecture to performance
efficacy. In other words, the structure-function relationship. Figure 2-13
represents this concept as it applies to porous biopolymers.

Porous material characteristics
& behaviour

Porous
material

Macropores ><Mesopores & Micropore>

1000 100 10 1 0.1 0.01 0.001 1E-4

Pore measurement scale (um)

Figure 2-14 Schematic representation of hierarchical
porosity - how pores of all sizes contribute to overall
performance of a porous material

The vast majority of research in porous materials the past several decades has
focussed on understanding how the smallest pores, the meso and micro pores
(> 50 nm) affect performance, and this is especially the case in adsorption
sciences. This is due to the fact that the presence of smallest pores are often
correlated with adsorption capacity. Micro pores are thought to provide binding
pockets and/or increase surface area which in turn increases surface group
abundance. Pores which are of the same scale as a contaminant of interest
(e.g. CO2 or mustard gas) can play a key role in the uptake and retention of said
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Figure 2-15 Number of entries returned for the term "hierarchical porosity
using the Scopus search tool (www.scopus.com) 2000 - 2022 (accessed
28/11/2022)

contaminants to porous media. Yet far less attention has been paid to larger
pores, the interplay between smaller and larger pores, and their role in the bulk
behaviour of porous materials. This represents a significant knowledge gap in
porous materials.

2.4.1 Pore structure

Pores are voids or spaces within a (usually) solid-state material, which can
facilitate the transport of gaseous or liquid state matter either in, through or out
of the pore structure. Figure 2-15 depicts a representation of some common
pore features. It can also be expressed mathematically as:

=~ o

Where ® denotes porosity or fraction of pore volume, V7 is the total or bulk
volume of the material and Vs is the volume of the solid-state portion of the
material.
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2.4.1.1 Pore size definition and classification

The IUPAC?* convention on pore size classification denotes pore size ranges
as the following?®°:

Table 2-2 IUPAC pore size classifications

Name Pore diameter

Micro pore <2nm
Meso pore 2-50nm

Macro pore >50 nm

It is noted that several alternative (and often more complicated) classification
systems have been proposed recently?5::252, This reflects the emergent nature
of pore space studies, with need for more detailed classification to distinguish
different pore sizes. Although there are some benefits to an updated
classification system, herein the IUPAC definitions are used throughout,
because such terminology is still most widely used.

2.4.1.2 Macro pores

Macro pores are defined by IUPAC as pores larger than 50 nm in diameter, and

encompass pores throughout the micrometre range (10-3-10*m). As well as
playing a crucial role in the kinetics of flow through an engineered pressure
gradient, such as in the case of aqueous contaminant pumped through a
column filtration system, such pores are also subject to capillary flow and
capillary effects?>® which is relevant for soil and permeable reactive barrier typ
scenarios. Pores of this diameter range in carbonaceous materials are known
retain water in soils?>*, which in turn improves the retention of nutrients in soil.

through pore interconnected pores

Closed pore /’@

_ ‘ f
blind pores \ pore mouth

Figure 2-16 Schematic representation of pores and pore features
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The role of macro pores in adsorption is also increasingly recognised as
“transport pores”?>°, acting as conduits and moving target molecules or ions
through a porous framework to the active adsorption sites, located within
smaller micro pores. As such they can affect the kinetics of diffusion through the
pore network?*8, This is recognised across a range of different materials for
adsorptive removal or immobilisation applications, including MOFs2%6:257,
zeolites?58.259 and carbon based adsorbents!?150.260-266 \When used as a soil
amendment, biochar macro pores are also thought to provide habitat for
microbiota such as bacteria, fungi and protozoa?%” which can alter soil micro
biodiversity and nutrient availability2®.

2.4.1.3 Meso pores

Intermediate between macro and micro pores, the meso pores (2 — 50 nm) quite
literally connect the two pore sizes. Their roles and functions in the overall pore
structure accordingly straddle both groups, said to contribute to surface area
(typically associated with micro pores) and also acting as diffusion conduits?¢°
or niches for microbial support?’® (associated with macro pores). Meso porous
materials such as silica, alumina and carbons among others are highly prized
for energy storage?’-23 and catalysis?’427%, High meso porosity is also said to
correlate with high contaminant adsorption efficiencies?’6-278, particularly for
higher molecular weight contaminants!16. Meso pores have also been found to
be suitable in carbons to stabilise redox active nano zero valent metals such as
nZVI27,

2.4.1.4 Micro pores

Micro pore volume (most often determined via BET gas adsorption analysis,
Section 2.4.4.1) typically correlates well with adsorptive contaminant uptake
capacity for a porous material, and is usually second only in importance to
surface functionality in this regard. Maximising the micro pore volume and
surface area is one of the most commonly employed strategies for optimisation
of a porous material’s contaminant uptake capacity. This is usually achieved via
activation protocols such as acid treatment (Section 2.2.3.3). Micro pores, since
they are on a molecular-relevant sizing, are thought to act as binding pockets
for contaminants, ions or organic small molecules?.

2.4.1.5 Other useful pore metrics

Tortuosity is widely referred to in discussions of porous media, as well as the
closely related permeability. Confusingly, there are numerous ways to define

tortuosity depending on the porous media and research focus in question. For
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Figure 2-17 Schematic representation of a pore running between two
parallel planes. This also visually represents the definition of a
definition of tortuosity defined in equation 2

example, geometric, hydraulic, electrical and diffusional tortuosity all have
distinct meanings?*. In general terms, tortuosity describes the interconnectivity
and twisted character of a pore path. A more tortuous pore structure will have a
longer and more twisted path in general. A simple mathematical definition
(equation 2) of the tortuosity of a pore is the ratio of the length of its path (Lg) to
the Euclidian distance (Lg), or the shortest possible distance, between the pore
mouths, as is represented in Figure 2-16. Standardised methods to empirically
and experimentally test, quantify and compare this property do not exist.
Instead, there has been a heavy reliance on modelling methods to depict and
analyse pore space tortuosity (7).

Lg
T (2)

Modelling the tortuosity requires significant simplification of the pore space,
such as selecting a representative pore size and ignoring the pore size
distribution?®? or employing the pore diffusion model (PDM) coupled with the
Freundlich isotherm?83, The related parameter, permeability (k) depends directly
on tortuosity according to the Kozeny-Carman model, which is used to estimate
of tortuosity and permeability in rocks?®4. It is clear from qualitative examination
that certain biochars exhibit orientation-dependent tortuosity (Figure 2-18).
Further, at the macro pore scale (> 50 nm), biochar pores can vary greatly in
thickness. Earlier tortuosity estimation algorithms such as the build-in
Skeletonisation tool in ImageJ?®® do not take thickness variation (i.e. pore
diameter) into account and does not as accurately reflect the distribution of
possible paths through larger pore systems.
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2.4.1.6 Hierarchical porosity

The term hierarchical porosity has been in use for several decades and
Schwieger et al. attempted to define and classify hierarchical zeolite porosity in
2016 (Figure 2-17)28%, The importance of hierarchical porosity is highlighted by
Kerstens et al. 2020, who describe two key issues that highly microporous
zeolites suffer - diffusional limitations as well as micro pore blocking?®’. The
solution to which is a hierarchical pore structure via the introduction of larger
pores to both deliver target molecules to micro pore active sites more efficiently
and minimise unwanted pore blocking?®. The recent nature of this work
highlights that this is very much an active area of research, and underscores
that performance enhancement of porous materials through improved
optimisation in both diffusional kinetics and pore blocking, or lack thereof, can
be significant. The arc of understanding of zeolite pore space is much more
advanced than in porous carbon materials, especially biopolymer-derived
porous materials, despite the fact that it is clear that porous biopolymers such
as biochar possess extensive hierarchical porosity. The reasons for this are
explained in domains such as adsorption, catalysis or energy storage, it surely
must be possible — even vital — that full understanding and control of
hierarchical pore space is gained, in order to tune and optimise them.

2.4.1.7 Amorphous pore space

The bulk of research focus on porous materials has, in several previous
decades, striven for highly ordered, crystalline porous materials and this is often
seen as the benchmark or as advantageous in a pore structure; this type of
structure is also easier to conceptualise than disordered pores. Myriad
examples of these highly ordered crystalline structures in zeolites or metal
organic frameworks (MOFs) exist. This paradigm is undergoing something of a
rethink in more recent years by some sections of porous materials research,
with a deeper understanding that disorder and defects in a porous structure can
in fact be advantageous?®® for some applications. Such disorder can in fact
prove crucial in controlling the catalytic properties of porous materials2%,
improving superconducting properties?®* or affecting the diffusion of a phase
through a pore network. Such work has opened up an area of research
dedicated to introducing disorder into ordered porous systems, to design,
engineer or tune disorder into porous systems?2°?-2%4, Biochar and other porous
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biopolymers as amorphous materials could prove to be of great potential for
such systems.

Hierarchyitypell
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Hierarchy-type I: pore system, in which each level (larger/wider
pore) subdivides into several species of a next level (smaller/
narrower pores)

Hierarchy-type Il interconnected pore systems of different pore

Figure 2-18 Schematic representation of the proposed hierarchical
pore space classification system, with proposed definitions below.
Adapted from Schwieger et al. 2016
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2.4.2 Porosity in biopolymers

‘the wide range of biochar pore sizes complicates biochar porosity
characterization, making it challenging to find methods appropriate to
connect the fundamental physical properties of density and porosity
to environmental outcomes.”

- Brewer et al. 2014 “New approaches to measuring biochar density and

porosity”29°

While hierarchical porosity may be an advantageous property in a material, it
can prove challenging to study. As Brewer et al. 2014 point out, biochar pores
span some five orders of magnitude and are shaped in every possible manner,
from nano-sized slits in between graphitic-like sheets through to preserved plant
vesicles on the micrometre scale?®®. This can make it impossible to evaluate the
whole pore space range using the commonly employed pore space
measurement techniques. See Section 2.4.4 and for an overview of pore space
measurement techniques including limitations and strengths.

2.4.2.1 Porosity in biochar

Biochar’s porous structure comes in to play in energy storage?’3, soil fertility,
electrochemical (electrode, capacitance)'5°261.262 gnd catalysis?%62%7, in “slow
releasing” materials as well as in templating!*®. Qiu et al .20182%8 used a
combination of microscopy and BET gas adsorption analysis to conclude that
their hierarchical KOH activated biochar-based carbon super capacitor material
possessed increased surface area and faster diffusional kinetics, resulting in
higher specific capacitance and rate performance due to the contribution of
macro pores. Feng et al. 2016, reached similar conclusions with a KOH
activated bagasse waste-derived biochar superconductor. Stating that macro

§U3500 5 00kV 1 7 9mm x19 SE

Figure 2-19 Caguiat et al. 2018 tested the capacitance of wood-based
biochar in different orientation, finding significant differences in
performance
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pores served as “ion-buffering reservoirs” within the interior pore space,
facilitating rapid transport of electrolytes through the pore network?%°. Caguiat et
al. 2018 found that the macro pore structure plays a significant role in
performance of monolithic biochar electrodes®®. They tested the capacitance of
thin sections of wood derived biochar in two orientations: with grain (WG) and
against grain (AG), finding significant differences in performance with the
altered geometry Figure 2-18. This is thought to be due to the differences in
electrolyte access to the materials pore network, and show that not only does
the macro pore structure play a key role, but the orientation of an anisotropic
material is significant too. In adsorption, macro pores are thought to be crucial
for mass transfer kinetics?1:2%! as well as fouling resistance®°? and desorption
behaviour3®®, Hou et al. 202334 note that commercially available activated
carbons are predominantly micro porous, leaving a need for porous carbons
with hierarchical pore structures for adsorptive applications. Comparing porosity
in other adsorbent classes, it is observed that micro porous zeolites also suffer
from diffusion related performance limitations due to fouling of narrow pores?®’.
Fouling is an especially important consideration in treatment of contaminated
groundwater rich in dissolved organic and inorganic matter. Synthetic
hierarchical porous materials typically require templating methods and/or
chemical/physical activation in order to avoid such issues. This can be time-
consuming and costly. Biochar is known to be inherently macro porous and as
such is well suited to avoid such fouling issues, without templating steps or
activation necessarily3%, Biochar is also widely used as a soil additive and
macro pores are known to play a key role in water retention function3°®,
However as Edeh et al. 2021 point out, conflicting results exist on water
retention performance3°7-310, suggesting an incomplete understanding and that
other factors are at play which affect soil water retention. This could relate to
distinct biochar feedstocks having different macro pore size ranges,
interconnectivity or tortuosity characteristics. Lee et al. 2022 examined the use
of biochar as a microbial and agricultural inoculant (used to improve soil
microorganism diversity), also concluding that macro pores played a key role in
the use of biochar as a soil aid?’°, while Bello et al. 2020 concluded similar3!,
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Capillary flow modelling

Related to mass transfer through a pore network, modelling of capillary flow is
of increasing interest in porous materials32. Capillary flow is the spontaneous
movement of a fluid through a small channel without application of external
force®!3, Modelling capillary flow through macro porous media is often based on
the Lucas-Washburn (LW) equation and its various modifications3'4. Modelling
tends to rely on a number of theoretical assumptions or simplification depending
on the choice of model parameter employed. Simplifications to pore space

(a) (b)

Zu(t) . ult)

(c) (d)

iu(t) | (i)

Figure 2-20 A schematic representation of various models of capillary flow in
(a) closed rectangular, (b) open rectangular, (c) open U-shaped, and (d) open
V-shaped microchannels. Adapted from Kolliopoulos et al. 2021

isotropy (homogeneity)3'®, pore space radii®'4, pore shape®!4, and pore surface
roughness3'3, among others are employed, as can be seen in Figure 2-19.
These simplifications are necessary to build a working model but inevitably lead
to loss of accuracy with respect to the real-world flow conditions that are the
focus of study. This is especially pertinent to biopolymers and biochars, which
can be highly amorphous or heterogeneous, and which varies depending on
feedstock and preparation protocol (pyrolysis treatment temperature and
activation protocol). The result of which is that biochars and associated
composites are especially difficult to accurately model.

2.4.3 Pore space tunability via activation

In a step beyond simply exploiting the native pore structure of biochar, tunability
of the pore structure is desirable for adsorptive applications3*¢. While materials
such as MOFs are often sold as a class of materials whose pore structure is
readily tuneable?®’, activated carbons and zeolites have traditionally been
thought of as only minimally tuneable, with a set of defined pore features®!. That
paradigm, for biomass-derived activated carbons, has been recently
successfully challenged by a newer generation of researchers utilising a wide
range of activation protocols to explore the effect on such treatments on the

pore structure!14317.318 ' As knowledge of the pyrolysis process and other related
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facets of the biochar production process increases, it has become clear that
biochar and its derivatives are vastly tuneable. Simple alteration of the pyrolysis
process, e.g. change of pyrolysis temperature, treatment time or pre-drying step
all have an effect on the resulting pore structure. This is a rudimentary form of
pore tuning. Activation treatments are known to further alter the pore space
widely. The following three case studies (boxed) display recent examples from
literature of the significance of tunability control of the pore space of
carbonaceous materials, and its effect on performance.

41



Case Study 2.1 Novel and wet-resilient cellulose nanofiber cryogels with
tuneable porosity and improved mechanical strength for methyl orange
dyes removal3®

Zhang et al. 2021 created a tuneable macro porous cellulose cryogel
adsorbent, using a aqueous NalO4 treatment to tune the size of macro pores
as a function of NalO4 concentration and treatment time. Not only does this

alter solution phase kinetics through the pore network, but it also enhanced the

mechanical strength of the cryogel.

Pore size (pm)

]

t(h)

Fig. 3. SEM images of dried MFC-36 (a), MFC-25 (b), MFC-19 (c), and PEI-MFC
(d) cryogels and (e) influence of soaking time in different NalO4 solution on the
pore sizes of MFC cryogels.

In this work, macro pore size has been measured via SEM image analysis
and thus is only an analysis of surface pore mouth diameter, not internal
macro pore structure
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Case Study 2-2 Honeycomb-like carbon with tuneable pore size from bio-
oil for super capacitor3®
Wang et al 2020 used a bio-oil based material (side-product from
pyrolysis of biomass) in conjunction with a macro-molecule, a “pore-
adjusting material”, to create a multi-scale porous carbon material for
enhanced supercapacitance for energy storage application.

Increasing the amount of CTAB

Fig. 1. SEM images and TEM images of B (a and e), B-1.6C-Ni (b and f), B-3.2C-Ni (c and g) and B-6.4C-Ni (d and h).
They highlight the important role of macro pores, stating that:

“3D interconnected macro porous frameworks serve as ion buffering
reservoirs, micropores provide charge storage sites and mesopores
as ion-highways to guarantee the rapid diffusion of ions. The
unimpeded ion transport pathways are important for achieving high
rate capability”

Analysis of macro pore (and to some extent, meso pore) architecture
is through a combination of SEM pore mouth image analysis and
inference from BET gas adsorption micro pore analysis.
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Case Study 2-3 Floatable, macro porous structured alginate sphere
supporting iron nanoparticles used for emergent Cr(VI) spill treatment32°
Huang et al. 2016 used an alginate-nZVI composite cryogel for reductive
adsorption of Cr(VI) from wastewater. The “cabbage-like” macro porous
structure was driven by a diffusion effect of the cross-linking cation Fe3* which
forced the assembly of micro droplets of water within the composite. Once
removed by freeze-drying, these became cavities and macro pore structure

which not only facilitate effective transport of Cr(VI) contaminated water through

the structure to active nZVI sites within the micro pores but also induce
floatation of the cryogel monoliths, aiding effective separation from solution.

a)

alginatesnZ\Vlysphere’

Figure 2-21 FESEM of a cross-sectioned alginate-nZVI composite
monolith. Adapted from Huang et al. 2016

Analysis of the macro pore structure utilises SEM of a cross-sectioned monolith
(cross-sectioning method not stated) and BET isotherm shape (type Il isotherm)

to infer porous structure.
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2.4.4 Pore space measurement techniques
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Figure 2.22 Scale of pore size ranges spanning five orders of magnitude,

showing the working ranges of the most common pore space
measurement techniques

The most common pore space analysis techniques and their working ranges
are plotted across macro, meso and micro pore size ranges in . Optical
techniques capable of surface only pore space analysis are displayed towards
the lower region while techniques capable of analysis of internal pore spaces

are displayed above. Few analysis techniques are capable of spanning across

all pore space sizes. Those that do, possess various limitations which are
summarised in subsequent sections below.

2.4.4.1 Brunauer-Emmett-Teller (BET) surface area analysis3?!

This technique is an extension of the Langmuir model, which describes

adsorption of a gas onto a surface and has been a hugely successful technique

in measuring meso and micro pores of many types of porous solids. The
technique makes the following empirical assumptions:

e Gas being adsorbed behaves as an ideal gas

e Only one monolayer formation

¢ All surface sites are of equal energy

¢ No interaction occurs between neighbouring adsorbate gas molecules
e Sample surface is homogeneous
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e Adsorption of the adsorbate can occur in infinite layers
e Each layer can be treated equally

However, this technique cannot detect or measure pores larger than small
meso pores'® despite the fact that the majority of pore volume is said to be
composed of macro pores (> 50 nm)?®°. There is also a reliance on effective
and thorough degassing pre-treatment to remove any gases entrapped in the
pore space whose presence would otherwise yield inaccurate results3?2, This
can be of particular concern for biochars, with extensive and disordered pore
structure, as well as varying degrees of high MW waxy media within the pores
can make effective degassing very difficult. A further difficulty specific to biochar
is that N2, the most often used gas, diffuses poorly and quite variably into the
ultra-micro pores of such carbons3?3, yielding inconsistent results. Indeed
Blankenship et al. 2022 recommend the modified technique of dual isotherm
measurements using two distinct gases (e.g. N2 and Hy), stating that an N2
isotherm alone cannot fully and accurately determine pore sizes across the
entire micro pore range3?3. This technique has been used to indirectly estimate
macro pores®?4. However due to a limit of sensitivity up to 100 nm, this is likely
to lead to erroneous estimations.

2.4.4.2 Mercury porosymmetry

This technique measures pore size distribution, total pore volume (porosity),
skeletal and apparent density and specific surface area over the size range 3.5
nm — 500 ym. The limitations of the technique are that it actually measures the
largest entrance (pore mouth) towards a pore not the actual inner size of a pore
(Figure 2-15). Closed pores (Figure 2-15) cannot be measured since mercury is
unable to permeate such spaces. The sample is also destroyed during analysis.
While this technique can provide useful and detailed pore space analysis325326,
it is not commonly used in analysis, certainly not near the levels that BET gas
adsorption analysis is used®7:328 in part due to the numerous limitations and
assumptions?®®. A brittle, amorphous and powdery material such as biochar is
also likely to prove among the most challenging of materials for such a
technique, due to the significant pressures involved in measurement.

2.4.4.3 Gas pycnometry

Helium pycnometry has also been used to measure the associated property of
biochar density®??. The technique is based upon the Boyle—Mariotte law, which
relates volume to pressure and thus derives a value for the volume of a sample
via gas displacement. Along with the known mass, the density of a sample can
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be calculated. The technique is relatively trivial and rapid, but can only derive a
bulk density value for a given sample and thus provides useful but limited
information.

2.4.4.4 Other techniques

Small Angle X-ray Scattering (SAXS) is a relatively new technique that is
capable of measuring minute density differences and thus minute pore
structures in the range of 1-150 nm. Although it does not require crystalline
samples, the disorder in the structure of biochar somewhat complicates analysis
of such measurements. Optical techniques such as image analysis of SEM are
also used to analyse surface pore structures but are unable to deduce
information about any internal structure.

2.4.45 X-ray Computed Tomography (XCT)

Figure 2.23 A 2D XCT image of Jones et al.’s cotton hull biochar in false
colour (dark regions indicate pore space).

X-ray Computed Tomography (XCT) is not especially novel but the computing
power required to complete in-depth quantitative image analysis has only more
recently become widely available. Accordingly, software development of tools to
meet this need is still an emergent area. For this reason, only a handful of
studies have attempted to use XCT to examine the pore space of biochar.
Jones et al. 2015 investigated the porosity of cotton hull biochars pyrolised at
increasing temperatures®?°. Using a synchrotron X-ray source (X2B beamline at
NSLS, Brookhaven National Laboratory, USA) and an effective pixel size of 4
um they were able to reconstruct sections of cotton hull biochar (). Using the
linear attenuation coefficient (the product of the X-ray mass attenuation
coefficient and sample density), they were able to estimate a value of overall
porosity of the biochars. Values between 23 and 29 % porosity were calculated
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Figure 2-24 Orthogonal XCT reconstruction of Jeffrey et al.'s straw
biochar. The field of view represents 4.9 mm3. Adapted from Jeffrey et
al. 2015

for biochars created at 350 — 800 °C pyrolysis treatment temperature and macro
pores began developing below 350 °C. No image analysis method was
attempted. Another paper published the same year also examined biochar pore
space using XCT, but for the purposes of evaluating biochar as a soil
amendment. Jeffery et al. 2015 focussed on biochar pores as a water reservoir
in sandy soils and used a laboratory X-ray source with a 2.56 um voxel size to
examine biochar porosity (Figure 2-23) finding 48 and 57 % porosity for 400 and
600 °C treated hay-derived biochars respectively®3°. The software package
Avizo was used to deduce porosity values. Error was estimated by manually
varying the threshold values within reasonable tolerance, and was found to be <
5 %. In conjunction with a range of other analyses such as biochar
hydrophobicity and field measurements, they concluded that this biochar in this
system did not aid soil hydrological function. A 2014 study by Quin et al. also
examined the effect of biochar on soil properties, conducting XCT on biochar-
treated soil (Figure 2-24) with a voxel size of 70 um?33!, Authors used a manual
(visual comparison) thresholding in ImageJ after finding automated thresholding
to be unsatisfactory. Bird et al. 2008 examined the porosity of a scots pine-
derived “natural charcoal” using XCT with a 21 ym voxel size. Authors also
used a manual visual inspection method to threshold XCT images for analysis,
highlighting the lack of availability of consistent and accurate automatic
thresholding methods. The issue is that contrast between phases for materials
such as these is poor. This is in part due to a predominance in composition of
low mass elements (biochar is often 70-90 % carbon) which offers less X-ray
attenuation than higher mass elements. The linear attenuation coefficient
depends on both the atomic number of absorbing elements, density of the
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material, as well as the incident X-ray energy332. Hyvaluoma et al. 2018 also
studied water retention using XCT, to several unactivated biochars, to a
resolution of 1.44 um?2°5, deriving porosity, pore size distributions and random
walk modelling values. Barr et al. 2021 also used in-situ pyrolysis to examine
particle shrinkage and better understand the pyrolysis process333. These studies
reveal that XCT is a suitable technique for biochar macro pore space analysis.
They also reveal the resolution improvements achieved in recent years, with
further enhancements possible as detector technology develops. Further, the
associated technique of ptychography (“nano-tomography”) is capable of image
resolutions well into the nanometre range33. This is not depicted in . There is a
great deal of potential in X-ray tomography techniques for pore space analysis.
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Figure 2-25 An example of the manual thresholding (right) from
reconstructed XCT image slice (left) by Quin et al. 2014 on biochar-
treated soil. Adapted from Quin et al. 2014

2.4.5 Knowledge Gaps

1. Analysis techniques and limitations

“The clear need for a new or optimized technique that could
determine the pore size of aerogels in a broad range is highly
desired”
- Horvat et al. in their 2022 paper, A Brief Evaluation of Pore Structure
Determination for Bioaerogels,

BET derived surface area measurements are the metrics of choice for
comparative pore space analysis. While it is a powerful micro pore analysis, it
does not capture any information about macro pore space. As case studies 2.1
- 2.3 demonstrate, where macro pore structure is considered, it is typically
analysed via SEM, which only allows for investigation of internal pore structure
(or quantification thereof) after time consuming and potentially sample-
damaging cross sectioning. While this can provide a ‘snapshot’ of internal

macro pore structure, the statistical value of any quantitative analysis would be
49



low due to the small sample size available via a single cross section. Therefore,
more comprehensive techniques are required for investigation of macro
pore space, and crucially to understand the structure-function relationship.

2. Modelling of mass transport

Modelling of pore space dynamics, while making great strides in recent
years, cannot effectively model for the wide variety of pore shapes that are
observed in biochar. Different biochar feedstocks tend to produce different
macro pore shapes.

3. Activation, modification and tuning of pore space

Pore space tuning is increasingly being employed to enhance performance,
both in adsorption science and beyond, by means of activation or doping
protocols. The influence of activators or dopants on the macro pore structure is
not well understood, even though macro pore space architecture is known to
affect performance. There is a need for accurate analysis, which will lead to
greater understanding in the structure-function relationship and allow for further
optimisation.

X-ray Tomography is a technique well suited to address all of these knowledge
gaps.
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2.5 Iron-biopolymer composites

Iron-bearing minerals are often studied for the immobilisation and remediation
of radionuclides, among many other contaminants. Abundant throughout the
biogeosphere, iron-bearing minerals have the potential to influence radionuclide
mobility in both incidents of accidental release as well as in a geological
disposal (GDF) setting. Iron is both redox active and possesses adsorptive
properties useful for radionuclide immobilisation. Rationally designed composite
materials comprising of i) biopolymer phase and ii) an iron-bearing phase are
effective at immobilising radionuclides such as uranium, strontium 90 or cesium
137. Increasingly biopolymer materials are paired with iron-bearing phases such
as metallic zero valent iron (zvi), iron oxides and hexacyanoferrates (HCF) to
form composite materials which combine the favourable immobilisation
characteristics of both phases individually and even create synergistic
immobilisation effects335-3%7. Such materials also have application beyond
radionuclide remediation, since their chemistry is appropriate in stable isotope
heavy metal remediation and organic pollutant removal, as well as in wider
fields such as catalysis.

2.5.1 Overview of iron-bearing minerals

Metallic iron and iron minerals are widely used for adsorption and contaminant
immobilisation. Zero valent iron (zvi) and mixed Fe(Il/lll) oxide magnetite
(Fes0a4), are capable of redox transformations, making them ideal for reductive
immobilisation of redox active metals such as uranium33-341 selenium342:343
and technetium340:344-346_ Non-reductive immobilisation (adsorption or surface
complexation) of metals e.g. strontium347348 and cesium342349 js also observed
to these iron minerals as well as to non-redox active minerals such as iron
oxyhydroxides (FeO(OH)) and hematite (Fe203). Iron oxyhydroxides, such as
goethite, and oxides generally have high surface areas favourable to
adsorption®4? and possess surface oxides or hydroxides, suitable for cation
complexation. Hexacyanoferrates (HCF) are a distinct class of iron-bearing
minerals that are capable of highly selective ion-exchange, based upon
electronic charge and ionic radius and are particularly suited to cesium
immobilisation®, Iron-bearing minerals, similarly to biopolymers, are low cost,
abundant and widely available. They are safe and convenient to work with and
prepare, as well as the benefit of having been studied and characterised
thoroughly.
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2.5.1.1 Zero Valent Iron (zvi)

Reductive absorption

Iron oxide /oxyhydroxide
layer

M

M™(OH

Precipitation n+g§

Figure 2.26 Core-shell model of zero valent iron nano-
particles

Zero valent iron and particularly nano zero valent iron (nzvi) has a number of
key advantages for adsorptive immobilisation, reduction and degradation of a
wide range of contaminants, ranging from pesticides®®°, industrial wastes 351.3%2
and other organic pollutants, heavy metals'%353, They are capable of achieving
high contaminant immobilisation loading and can be retrieved easily once spent
by virtue of their magnetism. zvi readily reduces redox active cations such as
uranium, technetium or cobalt, rendering them less soluble and much more
likely to become immobilised at active sites on or around the zvi phase, a
process known as reductive immobilisation. According to the core-shell model
(), zvi particles consist of a core of zero valent iron surrounded by a corroded
surface layer of mixed iron oxides. This surface layer protects the iron core from
further corrosion and plays an important role in mediating reduction, adsorption
and precipitation during contaminant immobilisation351:352.3%4 A STEM XEDS
mapping study by Ling et al. 2015 showed that uranium adsorbed from solution
became concentrated in the core of a zvi particle 24 h post sorption355:356
(Figure 2.27i1). This is in contrast to a hematite particle tested, onto which
uranium was distributed on the particle’s surface (Figure 2.27n). In addition, as
the zvi phase is oxidised it also creates Fe3* phases e.g. FeOOH, Fe203, known
to possess active sorption sites for cationic species®®’. Thus zvi itself has at
least two distinct modes of contaminant immobilisation, depending on the
physicochemical characteristics of the target radionuclide.

Absorption
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HAAD&

Figure 2. STEM XEDS mappings of uranium reactions with hematite (Fe,O) and nZVI: (a—e) after 1 h with nZVI; (f—j) after 24 h with nZVI; (k—
o) after 24 h with hematite. (a,6k) HAADF images; (b,gl) Fe mapping; (c,h,m) O mapping; (d,in) U mapping; (e,j,0) Fe + O + U color overlays.

Figure 2.27 adapted from Ling et al. 2018 showing the different
distribution of uranium adsorbed to zvi and hematite. HAADF and element
mapping (Fe, O, U and Fe+O+U from left to right) showing zvi at 1 hr (a-e),
zvi at 24 hr (f-j)) and hematite at 24 hr (k-0)

Smaller zvi particles confer larger surface areas and higher energy surface sites
thus higher reactivity. Synthesis of nano-zvi is therefore highly desired, although
the downside of such high reactivity particles is that they are more susceptible
to unwanted and rapid oxidation3>® and tend to agglomerate, both due to their
magnetism and the high surface energy, which can lead to significant reduction
in redox and adsorption performance. Therefore, zvi particle size must be
carefully balanced between stability and activity to achieve highest uptake. A
more promising strategy to stabilise nzvi is to incorporate the iron phase within
a protective composite material, thereby preserving the particle size,
dispersibility and high redox activity of nano-zvi. Methods employed include
coating zvi with a protective layer of polymeric surfactants or a second metallic
phase such as nickel, incorporation into oil-water dispersions or incorporation
into a range of solid support materials3°%3%°, Biopolymers, such as pyrolytic
carbon (biochar) have proved successful as a protective support for nzvi due to
their stability and electronic properties3®7-361, This is discussed in detail in
Section.2.5.2.1

2.5.1.2 Iron (II/lll) oxides

Iron oxides can take a number of forms and oxidation states. Among the most
common iron oxides for cation immobilisation are goethite (a-FeO(OH)),
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hematite (a-Fe203) and magnetite (FesOa). Iron oxides are low cost*%? and
abundant materials which are facile to synthesise, well studied and well
characterised. Iron oxyhydroxides and oxides generally have high surface areas
and their surface oxides present abundant cation binding sites®63[49]. Magnetite
also has the benefit of strong magnetism, and is thus widely used in composites
purely for the ease of separation that magnetism confers®7:364.365 Mixed iron
(11/11) oxides and magnetite also exhibit redox activity, although this is to a
lesser degree than zvi. Formation of composites necessitates the immobilisation
of an iron oxide phase within a secondary (biopolymer) phase, and there are a
number of common procedures to achieve this. The in-situ preparation of iron
oxide-biochar composites during pyrolysis (carbothermal reduction) immobilises
iron oxide within the carbonaceous biochar phase. The presence of iron oxides
appears to have a beneficial effect of inhibiting the formation of water soluble
organic matter and increases biochar (carbonaceous phase) yield3¢¢. Such
mobile water soluble organics may coordinate to cationic radionuclides and
reduce uptake and immobilization. The Massart procedure3®’ utilises a base
such as NaOH to catalyse the co-precipitation of iron II/lll salts. This is a facile
and economical method to generate iron oxide phases® and can be employed
in the presence of another phase such as a biopolymer3%°, However, it does
require an anoxic environment during reaction.

2.5.1.3 Metal hexacyanoferrates

Figure 2.28 Example of the Molecular Structure of Prussian blue (Akira
Takahashi, 2018)

Metal hexacyanoferrates (HCF) are cubic face-centred inorganic minerals
known to possess excellent cation exchange capacity for radio cesium (). The
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specifics of HCF uptake are not the focus of this review and are covered
elsewherel®, In brief, HCFs have a basic structure of AyM[Fe(CN)s]x, where A
is any monovalent cation e.g. potassium, sodium etc. and M is a metal ion e.g.
copper, manganese, iron, cadmium, nickel or zinc. The basic cubic structure
consists of alternating low spin iron (lII) ligated by six carbon atoms and high
spin iron (1) ligated octahedrally by six nitrogen atom (). The choice of M
affects the pore size which is a crucial factor to consider in ion-exchange since
the group | monovalent ions and hence ion-exchange site are located, or
intercalated, in the inter-layer region3°. It is therefore possible to tune pore size
based upon choice of M. It is also possible to tune the synthesis parameters to
alter surface area and particle size3’!. Some studies suggest that naked HCF
adsorbents can perform better than when incorporated into some biopolymer
composites®’?, while others suggest that the formation of composites have
stabilising effect. HCFs tend to decompose at elevated pH due to interaction of
the ferric ion with abundant hydroxyls in solution. However, composites can
help resist this degradation?%! as is detailed in Section 2.5.2.

A wide variety of iron-bearing minerals exhibit favourable uptake and
immobilisation of radionuclides. This versatility is not commonly observed in
most other metal-based adsorbents. On the other hand multiple iron minerals,
created via multiple synthesis routes leads to many possible mechanisms of
binding®’3, which necessitates careful study and comparison of each in order to
fully understand uptake mechanism(s).

2.5.2 Iron-biopolymer composites

The various combinations of iron phase and biopolymer pairings which have
been tested for radionuclide uptake and immobilisation are summarised in , and
detailed in the following sections.

2.5.2.1 Biochar

Iron-biochar composites have been studied for a wide range of uses mostly
comprising pollutant immobilisation and/or degradation, but also as a soil
amendment374, Contaminants range from organics such as
tetrachloroethene(TCE)3°2375, pentachlorophenol (PCP)3*° and dyes such as
methylene blue (MB)38, arsenate®’’, chromate®’® among many other heavy
metals and radionuclides®®. There are biochar composites of zvi, mixed
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Figure 2.29 Summary of biopolymer-iron composites examined for
radionuclide immobilisation. Classified by radionuclide (left), iron phase
(middle) and by biopolymer type (right). Colour groupings refer to
radionuclide

Fe(ll/lll) oxides, Fe(lll) oxides and hexacyanoferrates®’®. Zvi and iron oxides in
biochar composites can play several roles: Firstly they provide adsorption sites.
Zvi and magnetite, due to their high redox power provide a secondary
mechanism of reductive immobilisation®®’. They can also aid separation due to
magnetism. Biochar plays a key supporting role in protecting the activity of the
iron phase(s) from unwanted or premature oxidation. It has also been
demonstrated that iron-biochar composites not only enhance overall uptake but
also exhibit faster uptake kinetics than either solely iron or biochar phases
alone%®, suggesting that the combination of both in a composite has a
synergistic effect. It is thought that biochar’s surface functionality throughout its
extensive pore network binds to iron phases®®® forming tightly bound
composites. Pang et al 2019 highlight the crucial role of the carbon phase in
such composites, carefully comparing controls and showing that addition of a
carbonaceous phase versus the naked iron phase more than doubles uranium
uptake, underscoring the role of the carbon-based support in uptake capacity3®”’.
Another such study points to a key role of an organic phase in cesium
adsorption. Kikuchi et al. 2019 ascribe an increase in Cs* adsorption on

56



biogenic ferrihydrite to the presence of biogenic organic matter such as plant
stalks®*2, Several studies show that biochar increases the stability of the iron
phase and several more indicate that the iron phase enhances the stability of
the biochar phase too374381,

Biochar-nzvi

Graphitic, electron-active carbon materials such as biochar are thought to have
a protective effect on the zero valency state of iron®>’. Although it has been
shown that single phase nzvi alone has a higher reductive potential than when
incorporated into carbon-based bio-adsorbent composites3®?, it is highly
susceptible to agglomeration or oxidation (from water or air) as a single phase,
rendering it ineffective3>°. Therefore, the highest immobilisation capacities are
seen using a combination of both phases. Stabilisation of the zvi phase by
incorporation with a porous solid phase improves uptake significantly383,
Biomass-based carbons are ideally suited to this role, since they exhibit
extensive porosity and surface functional chemistry suited to metal uptake.
They can also be surprisingly electroactive3®* and have been shown to shuttle
electrons from soil bacteria to iron-bearing soil minerals, reducing Fe(lll) 2>
Fe(11)%8, Thus they show promise in providing protection from oxidation and
provide active adsorption sites, secondary to those from zvi.

Synthesis of zvi and Fe-oxides

There are three main methods for synthesis of iron-biochar composites -
reduction via either thermal or chemical processing. Chemical Reduction of iron
using sodium borohydride (NaBHa4) directly onto biochar is
common337,357,375,382,386,387 Thjs powerful reductant rapidly and reliably reduces
iron(l1l) fully to zvi. It requires preparation under inert atmosphere, as well as the
use of costly and toxic chemicals, and produces boric acid as a by-product388. It
is also thought to produce larger zvi nanoparticles (10-100 nm) than other
synthesis methods?’®. These factors tends to somewhat negate the advantages
and motivation for using sustainable processing and materials such as
biopolymers. Carbothermal reduction is a second technique well-suited to
carbonaceous materials such as biochar. Iron salts are mixed with a biomass
feedstock and the resulting mixture is pyrolyzed (thermally treated under anoxic
conditions), creating both biochar and zvi or Fe(ll) oxides in a one-step
process3®, The high temperatures (400-1000 °C) employed during pyrolysis
provides the thermodynamic input required, and the decomposition of biomass
carbon to CO and CO:z provides a source of electrons required to reduce iron.
Other reducing gases formed during pyrolysis (CHs and H) are also thought to
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play a role in iron reduction. No toxic by-products are generated in this one-step
process and the relative phases of zvi to Fe(ll)oxide, usually magnetite, can be
tuned by careful selection of the pyrolysis treatment temperature. Finally, co-
precipitation of aqueous Fe(ll/11l) salts onto biochar is a third such method which
uses high pH to induce precipitation[106], in a modified version of the Massart
method367.

Biomass feedstock composition

The mineral phases present in biochar varies significantly depending on the
biomass feedstock, which may affect performance. Lawrinenko et al. 2017
studied the effect of feedstock composition on the formation and stability of
carbothermal biochar-zvi composites, finding that the presence of silicon and
phosphorus not only inhibited the formation of zvi during pyrolysis, but also
accelerated the oxidation of zvi3®® in the resulting zvi-biochar composites. zvi
prepared identically using red oak, a low mineral content feedstock, exhibited
prolonged zvi stability over other feedstocks. Feedstocks such as switchgrass,
bamboo, rattan, rice husk, corn stover or coconut coir which tend to be high in
Si content38%-391 gre likely to produce less stable zvi phases. It is also quite
possible that the generation of reductive gases and rate of electron transfer of
the chosen biomass at a given HTT varies as a function of its precise chemical
makeup, thus modulating the formation of zvi at a given pyrolysis
temperature3%8384.392 The relationship between zvi content and the pyrolysis
treatment temperature is not yet fully clear, with optimal values ranging between
600- 900 °C. However Su et al. 2013%2 showed that increasing the temperature
and residence time increased overall iron content, although the latter appeared
to decrease zvi content and increased Fe(lll) content. This achieved the
greatest zvi content on a coconut coir pith biochar with a 600 °C HTT for only 15
minutes.

Iron salt precursor effect on zvi phases

Often overlooked as a ‘bystander’, the counter anion of the iron salt precursor
also appears to have a significant effect on the resulting performance of zvi-
biochar composites. Although the precise mechanism of this is less clear since
the counter anion is rarely the focus of such work this has been examined by
Hoch et al. 2008, who produced carbon-zvi composites via carbothermal
reduction using three organic (citrate, oxalate and acetate) and one inorganic
counter anion (nitrate) to Fe(lll) precursor salts. The organic counter ions
resulted in smaller iron particles than for the nitrate precursor salt3’8, The
differing thermodynamic properties of iron salts such as chloride, nitrate or
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sulfate most likely cause key iron reduction to occur at different pyrolysis
temperatures. This is highlighted by Zhang et al 2019 who found that zvi
formation onto a starch-based biochar occurred at different HTTs for chloride vs
nitrate precursor ions. A ferric chloride salt precursor results in zvi formation at
800 °C, in contrast to the ferric nitrate precursor in which XRD confirms the
presence of zvi only at a higher HTT of 900 °C. Sulfate as precursor counter ion
didn’t produce zvi even at 900 °C, resulting instead in pyrrhotite (FeuxS). The
consequence of this is shown clearly in resulting uranium removal efficiency33.
Slower uranium uptake kinetics are also observed with Zhang et al.’s nitrate
precursor sample, while overall it yields an uptake capacity around 1.6 times
higher than that of the chloride precursor sample. Another key consideration is
the weight ratio of iron salt to carbon used in carbothermal reduction. Too much
iron will result in a composite with partially reduced iron with a corresponding
lower reductive activity. Too little iron will fully reduce but be present in too low
quantities for overall adsorptive capacity3%3. A mass ratio of between 1:4 to 1.6
iron:carbon/biomass was found to be optimal33°:393, A final consideration is the
speciation of the iron precursor. Hu et al. 2017 used a mixed Fe(Il)/Fe(lll)
chloride precursor, showing that a higher Fe(ll)/(111) ratio favoured a higher zvi
yield3%4. This would of course require fewer electrons to fully reduce to Fe(0).
Since Fe(lll) salts are usually employed in carbothermal reduction, this is an
important observation.

2.5.2.2 Chitosan

A natural pairing with chitosan is a magnetic iron phase — typically magnetite —
since chitosan takes a fine powdery form which can make it more challenging to
separate post-sorption. Another common pairing in literature is the extensive
work published around chitosan-prussian blue composites (HCFs) for
immobilisation of cesium. Both chitosan and HCFs are powdery particulate
matter and so more recent work incorporates a third crosslinking agent.
Chitosan confers excellent mechanical stability3%%:3% to such composite
materials and is resistant to oxidative processes. Its functionality provides
means of relatively facile further functionalisation or crosslinking via
condensation reactions or similar. Typically crosslinking agents include
glutaraldehyde'8”:397:3%8  glycine3®® and maleic anhydride*°® which can achieve
both crosslinking and enhanced functionality for complexation of cationic
species.
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2.5.2.3 Other biopolymers

Although alginate has no natural affinity with iron, the gelation properties of
alginate are utilised to suspend iron-bearing nano particles (e.g. HCFs)*%, as

well as in combination with magnetic iron to create magnetically separable

2.5.3 Uranium uptake

2.5.3.1 Zvi adsorbents

A wide range of biopolymers have been employed to form composites with zvi,
from green carbons (‘biochar’) derived from pine needles®®8, sewage sludge32°,
starch derivatives3°3, collagen fiber*%4, chitosan33’ or bacterial cellulose3?2.

Uranium reduction

The reduction of uranium is a key mechanism for the immobilisation or capture
of uranium since in renders uranyl ions less soluble and therefore less mobile in
agueous systems, including environmental systems. This is apparently
confirmed in density function theory (DFT) calculations performed by Chen et al.
that indicate that reduced U(IV) is more tightly bound to a coal-fly ash nZVI
composite than U(VI)38. Uptake experiments on the same composite achieved
148 mg g* loading of uranium. The fraction of U(VI) that is reduced was
examined by several authors. Hu et al. 2017 achieved a 28 % reduction of U(VI)
to U(IV) from a total of 54 mg g uranium loading3®? while Kong et al. 2016
showed a 54.4% reduction of 149 mg g uranium loaded, using an efficient
starting material of iron-rich sewage sludge. By employing the carbothermal
reduction process directly on the iron-rich sludge, no additional starting material
is required to introduce iron into the composite which is attractive from an
economic perspective3®, Liau et al. 2020 showed a 70.6 % reduction of a total
130 mg g* of uranium loaded to a collagen zvi-Ni°® composite4®*, attributing the
addition of nickel as the crucial factor to its high reductive capacity. It was
believed that Ni® played a similar protecting role to the zvi as that of iron oxide
in the core-shell model (), but also helps to regenerate zvi by sacrifice of its own
electrons. Quantification of the reduction of uranium is typically achieved by X-
ray Photoelectron Spectroscopy (XPS), specifically by examination of a shift
from metallic Fe 2p12 and 2ps/2 peaks to ionic 2psz2 peaks. Equally, examination
of the uranium 4fs2 and 4f72 peaks can distinguish U(IV) from U(VI)388 as the
two ions exhibit slightly different binding energies. This can however be a
challenging quantification if uranium loading is not particularly high, a challenge
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which is compounded by the fact that surface specific techniques such as XPS
cannot penetrate and accurately quantify binding that may occur to interior
surfaces and binding sites. A technique such as X-ray Absorption Spectroscopy
(XAS) which utilises higher energy, penetrating X-rays gives accurate
guantification of uranium oxidation states, with the added possibility of gaining
further binding mechanism insight through examination of the photoelectron fine
structure0®,

Optimal carbothermal reduction temperature for uranium uptake

In a comparison of optimal pyrolysis temperatures (600-900 °C) for zvi-biochar
composites for uptake of uranium, Kong et al. 2016 found carbothermal
reduction at 800 °C produced the highest uranium uptake of around 150 mg g4,
using a wastewater sludge as biochar precursor3. This uptake was
significantly greater than uptake from either the component carbon phase or
iron phase alone. The authors also found that below a 600 °C pyrolysis
treatment did not appear to convert significant quantities of the iron(lll)
precursor into zvi. Other authors have reported similar temperatures for zvi
formation, at pyrolysis temperatures of 700 °C3%° or as low as 600 °C?°,

Surface area and uptake

Little correlation between uranium uptake capacity and micropore surface area
is observed. Pang et al. 2019’s Dictyophora indusiate sulfur doped biochar-zvi
composite®>” showed a low surface area of 16.2 m?g! despite being one of the
highest performers in uranium uptake at around 428 mg g*. Conversely, Zhang
et al. 2019’s starch based composite3®® showed a high surface area of 782 m?g-
L with more moderate uranium uptake of 55 mg g*. Although surface area is
usually well correlated to uptake capacity in porous media such as biochar and
activated biochars, there is clearly a more complex relationship with uptake in
composites. This is likely in part due to biochar’s pore system becoming
blocked and filled by the zvi or other phases present.

Functionalisation strategies

More complex rationally designed composites continue to push the envelope. In
particular, the addition of a third phase in addition to the biopolymer and zvi
phases serves several purposes. Addition of carefully chosen heteroatoms can
have a protective effect on the dispersion and activity of nzvi particles within the
composite, enhancing its adsorptive capacity. For example the addition of sulfur
forms a protective FeS shell to zvi particles embedded in biochar®7:4%, Nickel is
also thought to regenerate the redox active Fe° by supplying the necessary
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electrons#%4. Nitrogen and sulfur are both known to bind strongly to uranium and
so the facile addition of these atoms can greatly enhance the number of
uranium binding sites in such composites. Pang et al. 2022 showed that the
ratio of sulfur and biomass starting material to iron was a crucial consideration
for optimal uptake, with the S:Fe patrticularly sensitive. Uranium percent removal
varied between 25 — 70 % depending on this ratio*°¢. Other strategies employed
include derivative composites such as a carboxymethyl cellulose (CMC) zvi
composite!!!. CMC is derived from cellulose through a process of mercerization
then etherification to fine tune the surface functional chemistry.

It is perhaps notable how few uranium immobilisation studies using biopolymers
have examined chitosan-zvi composites. Biochar is well known for its redox
activity, particularly electron donating capacity38+392407 due to it's reduced,
graphitic and highly aromatic structure. In contrast, chitosan is a poor electrical
and thermal conductor396498_ Thus it likely does not provide the same protective
and/or regenerative effect on reduced iron that biochar is capable of. One
notable exception however, Zhang et al. 2019 achieved an uranium loading of
592 mg g onto a zvi-loaded chitosan composite®3’. Therefore chitosan-zvi
composites can be effective, although stability of the composite was not
discussed. Clearly, further investigation of chitosan composites are needed to
explore this potential and this is like to be an area of active research in the next
few years.
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Table 2-3 A summary of zero valent iron — biopolymer composites studied for uranium uptake (1/2)

Biopolymer and iron source Reductant Q max / pH T/K Equilibrium  Kinetic isotherm Selectivity Reference
method mg g time/h model model
Activated Charcoal NaBHa 493 5 308 1 PSO Freundlich - Liu 201637
Fe(l)SOs4
Pine biochar Carbothermal 204 4 298 1.7 PSO Langmuir - Lv 201938
Fe(ll)(NO3)3
Dictyophora indusiate-derived NaBH4 428 5 298 3 PSO Langmuir Simulated  Pang 20193
biochar seawater
Fe(Il)SO4 - dithionite
Fe-rich sludge wastewater Carbothermal 149 35 298 0.5 PSO Langmuir - Kong 20163
biochar
Bacterial Cellulose biochar NaBHa 54 35 298 24 PSO Langmuir Hu 201732
Fe(llCls
Coal Fly ash NaBHa4 148 6 298 10 PSO Langmuir Chen 2018386

FeSO4



Table 2-3 continued (2/2)

Biopolymer and iron source Reductant Q max / pH T/K Equilibrium  Kinetic isotherm Selectivity Reference
method mg g time/h model model
Starch Carbothermal 55.1 303 1 PSO Langmuir - Zhang
393
Fe2(S04)s, FeCls, FeNOs 2019
Dictyophora indusiate biochar NaBH4 300 - 298 1 PSO Langmuir - Pang et al.
406
FeSOq4 2022
Longan shell biochar NaBH4 331 6 298 3.4 PSO Langmuir - Zhang et al
409
FeCls 2021
Collagen fibre, bayberry tannin NaBHa 130 5 328 5 PSO Langmuir - Liau 2020404
crosslinker
FeCls - NiClz
Chitosan NaBHa 592 5 298 Rapid but not PSO Langmuir Zhang 2013%%
FeCl, explicitly
stated
CMC NaBH4 323 5 298 48 - Freundlich - Popescu
20131

FeS047H2064




2.5.3.2 Iron oxide adsorbents

Although not as powerful a reducing agent as zvi, mixed Fe?*/Fe3* iron oxide
(Magnetite) is also capable of reducing uranium (VI1)341. However it is its
magnetism, exploited for facile separation of composite adsorbents, that
appears to be the focus of its use in biopolymer composites for uranium
uptake*'?, with little data specifically examining the magnetite mediated
reduction of U(VI) to U(IV). Magnetic separation is a highly useful feature for
particulate adsorption materials. The addition of magnetite is also thought to
enhance the mechanical properties of some biopolymer composites, e.g.
chitosan*'1. One of the few studies to examine uranium reduction in this sub-
group showed intriguing XANES data on 2-day and 14-day aged samples post
uranium sorption**2, Reduction of uranium on their magnetite-biochar composite
appeared to occur over the course of days/weeks, with a 2-day post uptake
sample indicating mostly U(VI) adsorbed, while at 14-days post uptake, the
edge more closely resembles U(1V) (Figure 2.30). This suggests that reduction
of uranium on such composites is a relatively slow process characterised by
first adsorption and subsequent reduction and further immobilisation. Studies
have shown the kinetics of biochar-mediated reduction is slow, on the timescale
of days or longer®843°2 thus it seems likely that the redox activity of the biochar
is contributing to the slow reduction of uranium. If so, biochar-magnetite
composites may be particularly suited to long-term remediation techniques such
as in-situ reactive barriers. This study also highlights the need to consider
processes which can occur on timescales longer than the uptake experiments
themselves. The most common preparation method for magnetite composites,
irrespective of the biopolymer type, was via the Massart method3%”, the
precipitation of iron oxides in sparingly soluble high pH conditions. This reflects
the relative simplicity and reliability of this method. However when considering
biochar-based composites it should be noted that mixed Fe?*/Fe®* oxides are
synthesized simultaneously during biochar production in a one-step pyrolysis,
which is favourable in terms of starting materials and steps required. Although
Table 2-4 contains one sole entry for such a one step process, Li et al.’s
magnetic rice husk biochar#'?, which at face value seems to suggest this is not
a particularly favoured method, it should also be noted that mixed Fe?*/Fe3*
were often generated in significant quantities during the carbothermal synthesis
of zvi, particularly at lower pyrolysis temperatures (500-700 °C), which is
covered in Section 2.5. The addition of magnetite, or other iron oxide phases, to
biochar has variable effects on uranium uptake. Wang et al. 2020 found that an
acid-activated Microcystis biochar performed slightly better in uranium uptake
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experiments than a magnetite-containing analogue**2. Blocking of the extensive
pore network and reduction in surface area of biochar by addition of mineral
phases is well documented*4-#16, This likely blocks access to complexation
sites within the pore network, reducing overall uranium uptake. However, this is
not always the case: Wang et al. 2018 observed that the presence of magnetite
increased uranium uptake to an unactivated rice husk biochar*'” over the
unmodified control. A wide range of uptake capacities are observed among the
biochar composites (Table 2-4). A novel Citrullus lanatus L. seed biochar-
MnFe204 spinel ferrite nano-composite achieved a relative modest uptake of
28 mg g* while a magnetic Pine needle biochar achieved an impressive

624 mg g by employing an acid activation step to maximise oxygen surface
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Figure 2.30 L3-edge uranium XANES data from Li et al. 2019

showing the slow reduction of U(VI) to U(IV)
functional groups for uranium binding#8. This reflects the emergent nature of
biopolymer-iron composites, that multiple possible strategies are being
investigated and many possible combination exist. In general, the consensus
was that oxygen surface functional groups of biochar and particularly activated
biochar played a major role in uranyl binding#t2413419 with some contribution
from Fe-O moieties, evidenced by energy shifts in Fe 2ps2 XPS spectra. A far
greater range of chitosan-mixed Fe(ll/Ill) composites are reported in the
literature. In general, chitosan is a more uniform biopolymer than biochar#1°. It is
therefore possible to suggest and execute a more targeted functionalisation

protocol which is reflected in the wide range of functionalisation and crosslinking
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strategies deployed to target uranium uptake. The most common chitosan
functionalisations contain nitrogen containing groups such as amidoxime
functionalisation*?94?1 ethylenediamine???, triethylene-tetramine!%, Schiff's
base!®’, derivatives of hydrazine399:420423 a5 well as oxygen containing groups
maleic anhydride*® and phosphonobutane-1,2,4-tri- carboxylic acid
(PBTCA)*?4. The final of these by Huang et al. (2020) achieved a good but
relatively modest uranium uptake capacity of 83.16 mg g™' onto a (PBTCA)-
decorated chitosan-coated magnetic silica nanoparticle adsorbent. Its real
strength however is its excellent selectivity shown for uranyl ions in competitive
uptake experiments with 14 other cations. Shehzad et al. also increased
uranium selectivity onto magnetic chitosan via functionalisation with maleic
anhydride groups*°°, almost doubling the quantity of uranium adsorbed from a
multi-ion solution. Other highly functionalised adsorbents such as a magnetic
Schiff's base chitosan composite'®’ show good uptake for several ions
simultaneously, including uranium, from a multi-element solution, thus
positioning itself as a potential multi-element adsorbent. The complex
functionalisation of biopolymers is a trade-off between sustainability and
economics of the adsorbents vs uptake capacity and selectivity.

Crosslinking strategies also play a role in selectivity. Zhou et al. 2012 used
uranyl ions as a template during the crosslinking process in order to create
binding pockets perfectly suited both sterically and electronically for uptake of
uranium?®’, Of course this necessitated multiple acid rinsing steps to remove
the uranyl ions used for templating prior to use and only increased uranium
uptake from 161 to 187 mg g, suggesting the chitosan composite is
reasonably effective without templating. However, the benefit of this method is
perhaps more prominent when the authors considered the effect of competitive
uptake, finding a 3-fold increase for ion selectivity in the presence of a range of
relevant competitive cations. Crosslinking agents used include
glutaraldehyde'87:410:424 - epichlorohydrin399:400.421 and glycine3%°. Another
strategy for ion selectivity was utilised by Hamza et al. 2018, who were able to
show pH-dependant uptake onto an amidoxime functionalised magnetic
chitosan composite, with uranium predominantly taken up at pH 4.9 but
europium uptake dominating at pH 2.342%. In general, chitosan composites
showed excellent uptake capacity, with good reusability*2°-422 and evidence of
good ion selectivity40%420, Complexation was attributed mostly to nitrogen lone
pair interaction with a contribution from oxygen groups such as hydroxyls,
phosphonates and carboxylates.
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Table 2-4 Summary of selected iron oxide biopolymer composite materials examined for uranium uptake (1/3)

) ) _ Q max / Equilibriu Kinetic Isotherm
Biopolymer and iron source Oxide prep method pH T/K ) Reference
mg g* m time / h model model®
microcystis biochar aBase precipitation + :
5206 6 298 12 PSO Freundlic \\ ang 2020413
ferric ammonium citrate Hydrothermal treatment h
oxidised pine needle biochar
3Base precipitation 623.7 6 298 - PSO Langmuir  Philippou 2019418
FeSO4, FeCls
citrullus lanatus L. biochar
2Base precipitation 27.61 4 298 1 PSO Langmuir  Ahmed 20214°
FeSO4, KMNnO4
rice husk biochar
Carbothermal reduction 52.63 4 318 25 - Langmuir Li 201942
siderite
rice husk biochar
2Base precipitation 118 - 328 - PSO Langmuir Wang 2018 4/
FeSO4
humic acid
2Base precipitation 10.5 - - - - Langmuir  Singhal 20174%
FeSO4, FeCls
coal fly ash
3Base precipitation 329 6 298 24 PSO Langmuir Chen 20174%
FeClz, FeCls
hydrazide grafted chitosan
3Base precipitation 369 5 295 1 PSO Langmuir Hamza 2020423

FeSOs4, FeCls
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Table 2-4 continued (2/3)

Q max/

Equilibriu

Kinetic

Isotherm

i i [ Ref
Biopolymer and iron source Oxide prep method mg g pH T/K m time / h model model® eference
PBTCA decorated chitosan )
Multi-step 105.3 4 298 2 PSO Langmuir Huang 2020424
CoFe204@SiO2
Schiff base-modified chitosan _
Multi-step 552 4 298 0.42 PSO Langmuir  Elwakeel 20148’
FesOq4
amidoxime-functionalised chitosan .
2Base precipitation 357 4 - 1-1.5 PSO Langmuir Hamza 201841
FeSO4, FeCls
ethylenediamine-modified chitosan _
@Base precipitation 82.83 3 303 0.5 PSO Langmuir Wang 201142
FeSO4, FeCls
amidoxime-functionalised chitosan .
@Base precipitation 328 3 - 1 PFO Langmuir Hamza 2019420
FeSO4, FeCls
glycine-grafted chitosan
@Base precipitation 271 - - PSO - Hamza 20173%
FeSOq4, FeCls
triethylene-tetramine functionalized . o
chitosan Base prec','i’l'tat'on under 1666 5 203 1 PSO Langmuir Jin 2015105
2
Fe(NHa1)2(S0a)2
maleic anhydride chitosan _
@Base precipitation 187.9 45 298 3 PSO Langmuir  Shehzad 20184

FeSOa, FeCls
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Table 2-4 continued (3/3)

Q max /

Equilibriu

Kinetic

Isotherm

Biopolymer and iron source Oxide prep method mg gt pH T/K m time / h model model® Reference
chitosan a initati
Base precipitationunder o0, 5gg 2 - Langmuir  Hritcu 2012410
FeClz, KNOs N2
ion-imprinted chitosan
2Base precipitation 187.3 5 298 2 PSO Langmuir Zhou 201237
FeClz, FeCls
arachis hypogaea leaves powder/
chitosan aBase precipitation 232.4 5 303 15 PSO Langmuir  Yuvaraja 202042
FeClz, FeCls
diethylenetriamine grafted chitosan
2Base precipitation 185 4 298 1 PSO Langmuir  Galhoum 201748

FeSO4, FeCls

aThe Massart or a modified Massart method
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2.5.4 Strontium uptake

2.5.4.1 Spectroscopic studies

A few X-ray Absorption Spectroscopy (XAS) studies to various iron phases
show that strontium tends to form outer sphere complexes with Goethite?3®,
hydrous ferric oxide?3® (Sr not incorporated into HFO). Indeed, Collins et al 1998
showed that Sr only forms inner sphere complexation with Goethite at elevated
pH (> 10.2)%?® which is likely due to the zero point charge (pHzrc) of Goethite,
above which FeOOH groups become negatively charged. Literature puts the
pHzrc of Goethite between 7-9 pH*2°, This is consistent with a study of Sr
sorption to Fe in sediments, which showed that the outer sphere complexation
mechanism dominated below pH 9239, below which no signal of second shell
nearest neighbours could be found. Thus, at circumneutral pH Goethite is
protonated and does not appear to show much affinity for Sr. This is reflected in
moderate uptake values for Goethite, particularly at circumneutral pH?28:429.430,
One interesting point is that amorphous (freshly base-precipitated) goethite
showed 25 % better uptake than 40 h aged**. No such studies were found
which examined Sr uptake to zvi phases, either naked or incorporated into
biopolymer supports of any type. Pertinent to iron-containing composites,
strontium is not redox active, thus some of the advantages of incorporating an
iron phase are not applicable. The majority of studies appear to include mixed
Fe(ll/111) phases for the purpose of conferring magnetic separation
properties®?:169.369,411,431-436 rather than to increase Sr uptake. Indeed, the
addition of a mixed Fe(ll/lll) phase largely did not increase Sr uptake.

2.5.4.2 Chitosan

Zemskova et al. 2018 created a chitosan-magnetite composite via the base co-
precipitation method, finding that Sr uptake efficiency decreased with increasing
Fe-fraction, due to greater instability in solution3®°. It is notable that this
composite achieved a lower theoretical max uptake than a naked magnetite
control. This suggest that chitosan may not be the most suitable of biopolymer
adsorbents for strontium. Chitosan possesses a number of advantages such as
mechanical strength, polymorphism, stability, ease of crosslinking and abundant
surface hydroxyl and amino groups®>36°437_ Although chitosan is hampered as a
sorption material due to low porosity, poor stability in acidic media and poor
thermal stability*32. In addition to this, oxyphilic strontium appears to exhibit low
affinity for chitosan’s amino groups*!*. Indeed, the highest performing chitosan-
iron composite examined here achieved a respectable max uptake of 82 mg/g
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Sr, Yin et al. 2017’s chitosan-Fe(ll/1ll) microspheres also containing
Saccharomyces Cerevisiae (brewer’s yeast). However, the S. Cerevisiae
control alone was reported to achieve a Qmax of 78 mg/g, suggesting that the
chitosan contributed little if any to Sr binding sites. Ji et al. 2010 created a
similar yeast cell-magnetite composite using the base precipitation method,
although without chitosan“3?, achieving a Qmax of around 141 mg/g (Table 2-5).
This supports the notion that chitosan adds little in the way of strontium binding
sites. However, no controls (yeast or magnetite only) were reported for this
study precluding further inference of binding site locations.

2.5.4.3 Alginate

One of the most attractive biopolymers for strontium immobilisation is alginic
acid, the anionic polysaccharide found in the cell walls of brown algae.
Containing carboxylate functional groups, it is well suited to group | and Il metal
complexation due to the favourable ionic attraction. In addition it has mild
gelation properties®® allowing facile formation of composite beads that do not
require strong bases as with chitosan based composites. The literature
pertaining to alginate composites for Sr remediation is reasonably extensive*,
however few papers combine it with any iron phases for the aforementioned
reasons: that iron does not contribute to Sr sorption and the only reason for
addition of iron would be for magnetic separation. Hong et al. 2016 did examine
just this, forming an alginate-magnetite composite via the ionotropic gelation
method*3® and achieving an impressive maximal uptake of 400 mg/g. Fuks et al.
2018 created a similar composite bead using iron carbonyl®®, and achieved a 50
% Sr removal efficiency. Another approach is to incorporate hexacyanoferrate
particles into an alginate gel composite*®?, attempting to create a bi-functional
sorbent with high-affinity site for both strontium (alginate residues) and cesium
(hexacyanoferrates) simultaneously.

2.5.4.4 Activated carbons

A similar composite was fabricated by Ali et al. 2020, this time using activated
carbon (instead of alginate) coated with hexacyanoferrate particles**® which
they examined for strontium, cesium and cobalt uptake. Activated carbon is
similar in physicochemical structure to biochar and particularly activated biochar
and as such is a useful indicator of biochar performance. Controls showed that
in this case, Sr uptake occurred exclusively to the carbon phase i.e. HCF did
not enhance Sr uptake as would be expected) achieving a modest Sr uptake of
30 mg/g. Although this didn’t show huge uptakes, it is important work

nonetheless since it proves it is able to immobilise multiple radionuclides
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simultaneously. Lu et al. 2015 used a commercially available activated carbon
to create a magnetic composite. Sr uptake of 40 mg g* actually decreased
slightly once the activated carbon was combined with the iron oxide phase — the
activated carbon alone showed better uptake. This could be because iron
oxides block pore spaces of the activated carbon and occupy active adsorption
sites/oxygen surface functionality. It is perhaps of little surprise that few
publications have examined biochar-iron oxide composites; although the
magnetic properties of iron oxide confer easy separation of composite
adsorbents, their incorporation to biochars appear to reduce Sr uptake at
environmentally relevant pH.

2.5.4.5 Other biopolymers

Of final note is the fabrication of biologically derived speciality chemicals, fulvic
and/or humic acids. Humic acids are a complex mix of small organic molecules
derived from humus, itself a major component of soil and peat. Humic acids
contain an abundance of oxygen functionality such as carboxylates, quinones,
catecholates, phenol, alcohol and sugars, making them an attractive candidate
for strontium complexation and chelation!®®. They were incorporated into an
alginate-Fe-aminoclay composite by Choe et al. 2018., achieving a strontium
uptake of 46 mg/g**°. Unusually, iron in this case was incorporated in an
aminoclay matrix that was added for mechanical stability and crosslinking of the
composite. A sub-family of humic acids — fulvic acids, which are the humic acids
remaining in solution after acidification, were incorporated into a magnetic
composite for the removal of strontium from seawater, by Ghaeni et al. 2019169,
achieving an impressive max uptake of 227 mg/g Sr. This composite, in addition
to magnetite, also incorporated a manganese dioxide phase. Manganese
oxides are well known, although not well understood, in cation adsorption. Such
a high strontium uptake capacity shows great promise for manganese dioxide
as an adsorbent in this setting'®®44L, It is possible that base precipitation
synthesis methods (e.g. the Massart procedure) could inadvertently show
higher uptake than expected, particularly with porous materials, such as
biopolymers. This is because unless the final materials are thoroughly rinsed
after synthesis, basic solution can remain in the pore network. Since Sr is
known to precipitate as insoluble Sr(OH): at elevated pH?, this could be a
mechanism as yet unaccounted for. In batch uptake experiments, as many as
nine distinct pH control regimes are recorded in a review of uptake isotherm
experiments*?. Residual pore-bound basicity could then increase the pH during
batch uptake, precipitating Sr and giving erroneous uptake data. Base

precipitation of both Fe(ll/11l) phases and chitosan composites are common?*6°
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and careful attention much be paid to this. Buffering of batch uptake
experiments with pre-equilibration, or careful monitoring of pH throughout
should prevent issues with this.
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Table 2-5 Summary of iron-biopolymer composites studied in strontium
uptake experiments

. Qmax Experimental
Biopolymer Iron phase . Reference
(mg/qg) conditions
fulvic acid / MnO2 FesO4 227 25°C, pH 8 Ghaeni 201916°
nanocomposite
Chitosan-modified FesOa 12.6 20 °C, pH 6.74, Cheng 20124%
sawdust
Calcium alginate FesO4 400 pH 6 Hong 201643°
Purchased Fes04 39.8 20 °C,pH 5 Lu 2015434
activated carbon
Activated carbon  Cobalt Prussian 29.6 pH 6.8 Ali 2020%3°
Blue (CoHCF)
Chitosan/brewer’s Fe(ll/1) 82 30°C,pH8 Yin 201743
yeast/alginate/
Chitosan FesOa4 54 - Zemskova
2018%6°
Chitosan Fes04 11.6 pH 8.2 Chen 201241
Chitosan - 2.5 - Egorin 20204%?
alginate/humic aminoclay 45.7 25°C,pH 7 Choe 2018m*40
acid/Fe-aminoclay
Yeast cells Magnetite 141 20 °C,pH 7.0 Ji 201043
alginate beads/ Sodium cobalt 72 Vipin 2014401
CNT hexacyanoferrate
Waste FeOx from  goethite phase 38.5 pH 10.5 Liu 201442

Fenton fluidised
bed

(a-FeOOH
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2.5.5 Cesium uptake

The majority of the literature on cesium uptake to iron-bearing minerals is
focussed on metal hexacyanoferrates (HCF), and in optimising such sorbents.
Being non redox active, adsorption of cesium is typically via ion-exchange and
complexation. The uptake mechanism of HCFs is via ion-exchange, typically
replacing K* from the interstitial sites. This is generally endothermic and
spontaneous. Although HCFs have been known to be effective ion-exchangers
for group | metals for a number of years, the vast majority of literature
concerned with in this review are from recent years — this reflects the explosion
of recent research in using biopolymers as in composites with HCFs. HCFs are
fine particulate matter and therefore benefit from composite formation to ease
separation of the spent sorbent post-uptake. One of two strategies are
commonly employed in order to facilitate easy separation: HCFs are either
combined with magnetic phases**3, or are incorporated into monolithic
composite such as cross-linked hydrogel beads*°%444 (which may also be
magnetic). Cesium uptake to HCFs are concerned with the following factors:
choice of the metal in the HCF phase (e.g. copper, iron, nickel etc.), method of
immobilisation, and optimal weight fraction HCF in composites. Another active
area of research is in strategies to minimise leaching of metals from the HCF
phase, as this is a common issue with the material**®. These could be Fe3* or
any other metal that is chosen in the synthesis stage such as Ni?* 107445 or Cu?*
108379 The choice of metal (M) in the HCF phase is observed to alter uptake
behaviour in several distinct ways. Parajuli et al. 2016 observed faster uptake
kinetics to a Cu HCF over an equivalent Fe HCF as well as 57 % increased
uptake in an alginate-HCF composite. This was rationalised due to a greater
quantity of K*in Cu HCF. They concluded that Cu HCF was more stable over a
wide pH range, in terms of metal leaching4®. It is thought that cesium
absorption capacity decreases from Co?* > Ni?* > Zn?* > Cu?* >Fe?* 44" and this
trend was also observed in a recent study by Fuks et al, achieving an uptake of
100 % to a Co HCF compared with 30 % to a FeHCF4%3,

2.5.5.1 Alginate

Alginate is the most common biopolymer paired with HCF for cesium
immobilisation. It is common that a third phase is more often than not added to
alginate-HCF composites for ‘reinforcement’ — added mechanical strength*4
e.g. carbon nanotubes (CNTs)*01448 as well as providing crosslinking and
adsorption sites e.g. graphene oxide**°, poly vinyl alcohol (PVA)*** or magnetite
for ease of separation%3, Gelation of alginate is often initiated via ionotropic
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gelation, typically utilising divalent calcium to crosslink alginate branches. The
resulting hydrogel appears to exhibit a highly macro porous structure (Figure
2-30). An innovative approach of some work removes the need for calcium as
the crosslinking agent, instead employing Fe®* in a dual mode as both alginate
crosslinker and for in-situ precipitation of the Fe HCF phase?°:4%0, This lead to
an improvement in cesium uptake. A similar approach was taken by Eun et al.
2020 with a carboxylmethyl cellulose (CMC) Fe HCF composite!!® and also
Jang et al. 2016 in which aminopropyl-functionalized iron phyllosilicate bound
iron was used to crosslink alginate to clay and HCF phases33¢. In terms of
cesium uptake, the CMC composite outperforms the alginate composite
substantially. Mihara et al. Compared two different synthesis routes for HCF-
alginate composites (). The HCF phase of (A) was formed in-situ by immersing
alginate beads containing K4Fe(CN)6 in a solution of FeCls, while an ex-situ
preformed HCF powder was added to the sodium alginate mixture in (B). (A)
showed faster uptake kinetics and a modest improvement to overall cesium
uptake, likely due to better dispersion and smaller particle size of the HCF
phase within40,

Figure 2-31 SEM Cross-sectional image of a HCF-algainte hydrogel.

Adapted from Vipin et al. 2014
The standout performer among alginate-HCF composites was a graphene-oxide
HCF alginate composite, achieving 291 mg g* uptake**°. The authors found a 5
wt.% HCF-GO : 4 wt.% alginate solutions to be optimal (of 1-15 %) finding that
higher loadings resulted in brittle beads. Although not strictly a biopolymer, this
graphene oxide composite was included owing to its similarity with high
temperature biochar, which is often highly graphitic. Parajuli et al. 2016 achieve
an uptake of 163 mg g*) with an 80 % overall CuHCF loaded alginate hydrogel
without any carbonaceous phase#46. Clearly, the carbon phase has a role to
play in uptake. Kim et al. 2017 report the HCF fraction as a metal wt.% (i.e.
wt.% K*+ Fe?3* + Cu?)1%8 finding a 57 wt.% to be more favourable than 28 or
39 % for cesium uptake. Elsewhere, HCF loadings are not specifically noted
and as such it would be beneficial to standardise the reporting of this
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parameter, preferably as a final mass fraction (dry or wet) since some losses
may occur during wet synthesis.

Figure 2.32 Synthesis of HCF-alginate hydrogels via an in-situ HCF
synthesis (A) versus incorporation of HCF powder (B). Adapted from
Mihara et al

2.5.5.2 Activated carbons

A key factor in using carbothermal materials such as biochar appears to be an
activation step. For example, Tao et al. 2019 fabricated a pomelo peel biochar-
Cu HCF composite with an uptake of 30 mg g* 37° (nonetheless performing
better than its component parts), while Lalhmunsiama et al. 2014 created a
similar rice husk biochar-Ni HCF composite with roughly equivalent uptake (31
mg g?) 451, While these results demonstrate the beneficial aspects of
encapsulating HCFs in biochar composites, further functionalisation steps, such
as addition of a crosslinking or complexation agent, but especially activation,
can dramatically improve uptake. Li et al. 2020 created a porous cattle bone
derived activated carbon-HCF composite?®°, achieving 125 mg g cesium
uptake. One of the strengths of activated carbons over unactivated analogues
are their high surface area, 1884 m?/g in this case, which confers a large area
over which HCFs can disperse. As the authors note, HCF performance can be
dramatically affected due to poor dispersion/agglomeration in composites with
low specific surface areas. This finding seems to be confirmed by the work of
Adibmehr et al. 2019 who activated an oak shell carbon, forming a magnetic Ni
HCF composite with an uptake of 135 mg g* #52. As well as increased surface
area, activation increases the surface functionality, mostly oxygen surface
groups but also sulfur or nitrogen depending on the activation agent*®3. This
may also promote good dispersibility of a HCF phase by providing a larger
number of binding sites for it during composite formation, as well as playing a
minor role in cesium binding.

Another interesting property of activated carbons are their electro activity,
particularly the graphitic carbons generated at high temperatures. This makes
carbon-based materials of interest to electrochemical immobilisation
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techniques**44%. The advantage of electrochemical immobilisation is that HCF
phases can be synthesized in-situ rapidly by careful selection of electrode
potential to direct modification and direct the immobilisation of cesium in the
same process.

2.5.5.3 Chitosan

HCF-chitosan composites have been successfully magnetized, encapsulated
into monolithic beads**3, a porous sponge3°® or immobilized into a membrane*>®
or to ease separation. Chitosan is known to be stable at high pH and thus is
thought to enhance the stability of HCFs at high pH*434%7_ It is also said to
reduce agglomeration of tertiary phases*®® and act as a “intermediate carrier” to
prevent unwanted reaction between inorganic phases*>°. Tertiary phases are
often introduce to promote crosslinking or counteract the negative effect that
HCF inclusion has on mechanical stability, materials such as graphene oxide?¢°,
polyethylene glycol*®® and carbon nanotubes*°8. Chitosan-HCF composites
appear to demonstrate rapid uptake kinetics[129], good recyclability*43461 and
good selectivity443459:461 for cesium. Data tend to demonstrate that cesium is
immobilized via ion-exchange in the HCF phase and also via complexation with
the abundant amine and amide functional groups of the chitosan61462, Since
the techniques routinely used to determine binding mechanism, such as FTIR
are not quantitative, the relative contribution of each is not fully understood,
especially under different ionic strength regimes. However the major
contribution is likely to be ion-exchange in the HCF since studies show cesium
uptake capacity is highly sensitive to the % weight fraction of HCF. This is
supported by thermodynamic data which indicates the dominant mechanism is
that of ion-exchange. Further to this, a magnetic-chitosan composite showed
that composites lacking a HCF or similar phase performed poorly®. The
performance of HCFs are pH dependant, with Fe HCF performing well in acidic
solution, Cu HCF in mildly acidic conditions and Ni HCF in alkaline
solution'93457 - Another key area for study is in binding strength and reversibility.
Cetin et al examined cesium uptake to a magnetic chitosan-HCF composite,
finding loading actually decreased over time from > 90 % removal at 60 min to <
40 % removal at 120 min“62, This was a novel and unusual synthesis route
using ZnCl2 to create tetrahedrally coordinated Zn?* to four nitrogen cyano
ligands in an attempt to create a more thermally stable and more porous
framework. The drop in cesium loading could be due to desorption of weakly
bound cesium or possibly the leaching of the HCF phase. Applicability of the
desorption test to other metal HCF (e.g. Fe HCF or Cu HCF) is not established

but should be considered carefully since irreversible binding is a highly
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desirable feature of radionuclide immobilisation materials. It seems as though
enhancements to uptake performance and materials stability (leaching,
durability and thermal stability) could also be made within innovative composite
formation methods. Such processing clearly has a major impact on the
accessibility and/or activity of the HCF phase, as is shown in increased uptake
upon formation of composites. For example, in a treatment mimicking the
activation protocols used on activated carbons, Li et al. 2016 improved the
porosity of a chitosan-HCF-CNT composite via gamma radiolysis*®,

2.5.5.4 Other biopolymers

Cellulosel©7463:464 gnd its derivatives, hydroxyethyl cellulose (HEC)1%,
carboxymethyl cellulose (CMC)1%%.119 gre thought to provide good support onto
which nano-sized HCF particles can be well dispersed. The hydroxyl groups of
cellulose are not thought to play a role in immobilisationi%’, however carboxyl
groups on the more heavily functionalized CMC are found to contribute to
cesium immobilization, as well as the ion-exchange contribution form the HCF
phasel®. A 90 % selectivity for cesium in seawater was shown for a
CMC/HEC-CuHCF composite!®. Another biopolymer of note is pectin, whose
gelation properties, similarly to alginate, are of use in creating monolith
composites containing and stabilizing nano-HCF372465, Of these two studies, the
simpler pectin-HCF composite performed significantly more poorly than the
more complex pectin-stabilized magnetic graphene oxide HCF composite6°,
Pectin is thought to inhibit stacking of GO sheets which promotes better
dispersibility of HCF and magnetite nano particles. A green pectin-based
FeHCF composite was created by Chang et al. 2018 from pectin-rich apple and
pomelo peel wastes using a Co-60 Y radiation method?¢, eliminating the need
for chemical or energy intensive reaction conditions.

2.5.5.5 Leaching

Encapsulation of HCFs in biopolymers such as alginate or chitin is thought to be
reduce the leaching of metals into wastewaters**°. Addition of a third phase,
such as a resin has been shown to reduce leaching of Fe3* from the HCF
phase?*’. Chang et al. 2018 used colour change to assess the leaching of HCF
from their biomass-HCF, finding no colour change?® while Fuchs et al. 2018
analysed process waters, finding a consistent 0.01-0.05 ppm of iron leachate
from their alginic carbonyl ferrogel over three cycles®. Leaching of metals from
a brewer’s yeast carbon-NiHCF composite was found to be dependent on the
carbon type, as well as the leaching solution**®. Minimal iron leaching was

reported from a modified cellulose-CuHCF composite!®®, while a magnetic
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chitosan-HCF nanoparticle composite showed < 0.05 ppm Fe leaching at pH 2
and above**3, showing good recyclability in repeat experiments. Although Cetin
et al. 2022 didn’t directly study leaching, a drop in cesium loading to their
ZnHCF-chitosan composite over time was noticed which could indicate leaching
of the HCF phase after 30 minutes*2,

2.5.6 Other radionuclides

Iron-biopolymer composites have also been examined for immobilisation of
some actinides and other radioactive elements. As with uranium, zvi and
magnetite have the ability to reduce metals such as plutonium46® or
technetium345. Europium(lIl) which is used as an analogue for radioactive
actinides, has been used to study uptake to magnetic biochar4'546° and an
amidoxime functionalised magnetic chitosan composite*?!. A range of metal-
modified biochars were tested for technetium uptake, one of which was an
iron(111) composite23. A magnetic-alginate-CoHCF was also tested for
Technetium uptake“?3, Cobalt immobilisation was also studied on several
magnetic chitosan composites*’%-472,

2.5.7 Future perspectives

There is a need to fully understand the mechanisms of adsorption, especially in
biochar which is amorphous. The complex composition and physicochemical
dynamics of such materials mean that multiple factors are often responsible for
observed adsorption capacity, yet the underlying mechanisms are often unclear,
leading to erroneous assumptions. For example, biochar is also known to
increase the pH in aqueous media. This can lead to precipitation of some heavy
metal species when it is erroneously assumed that complexation with surface
functional groups is the dominant mechanism.
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Chapter 3 Analytical Theory

This chapter sets out the theoretical basis for core analysis techniques
employed in later results chapters.

3.1 Adsorption Isotherms

3.1.1 Isotherm models

An adsorption isotherm describes the dynamic equilibrium of adsorbate that is
absorbed or in solution at a given at a range of initial adsorbate concentrations,
and at a fixed temperature and pH. The Langmuir and Freundlich are among
the most frequently employed in solution phase adsorption. Several authors
have called for standardisation of the use of non-linearised isotherm modelling
over linearized forms*’3, Therefore, non-linear forms of isotherm models will be
employed in this work.

3.1.2 Langmuir

The Langmuir equation, first described in 19184’# is based on a dynamic
equilibrium of an adsorbate in a solution and adsorbed to a surface, where the
surface coverage, © (eqn 3) is:

Number of adsorption sites occupied ©)

~ Number of adsorption sites available
Several theoretical assumptions underpin the model:

1. Adsorbate coverage is monolayer only

2. Each site can hold only one adsorbate ion or molecule

3. All binding sites are energetically equivalent

4. The affinity of a site is not altered by occupancy of neighbouring sites

The Langmuir equation takes the form:

_ qmKLCe

S L 4
9 =11Kk,cC, (4)

Where ge and gm (mg/g) describe the adsorption capacity at equilibrium and
adsorption capacity respectively (mg g?), K. is the Langmuir constant and Ce
the equilibrium solution concentration (mg Lt) 47°.

3.1.3 Freundlich equation

Unlike the Langmuir isotherm model, this model describes adsorption onto a

heterogeneous surface, as opposed to sites of equal energy. Nor does it
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describe saturation loading of an adsorbent. It is an empirical equation without
any theoretical background?*. It takes the form:

e = kFCel/n (5)

Where kr is the Freundlich constant and 1/n is the heterogeneity factor.
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3.2 X-ray techniques

3.2.1 X-Ray Absorption Spectroscopy

3.2.1.1 Background

Although the fine structure oscillations that underpin EXAFS have been
observed for around 100 years, application of such data into a practical
technique was first described in a seminal 1971 paper by Sayers, Stern and
Lytle*’7478 The authors noted that the Fourier transform of the fine structure
oscillations was a radial distribution function of backscattering signal around the
absorbing atom, which clearly yielded information about the local structure
surrounding the absorbing atom.

3.2.1.2 Theory

EXAFS is a technique by which X-rays with a fine energy resolution are used to
excite a core electron and subsequently eject a photoelectron. Typically this is
electrons from the n =1 or n = 2 principal quantum number shells (denoted K, L
etc.) The X-ray absorption coefficient, y(E) is recorded as a function of incident
X-ray energy lp according to the Beer-Lambert law (egn 6) where | is
transmitted (measured) X-ray energy and x is sample thickness through which
X-rays are attenuated.

e (6)

Once incident X-rays reach the threshold energy to excite a core electron
(Figure 3-1 left), a sharp increase in absorption is observed, known as the

Neighbouring Backscattered
Continuum atom photoelectron
+ wave

—O—O—O—O—O—O—O—C';-O— M (n=3)

—0—0—0—0—;0— L (n=2)

X-ray ;
| Energy || Incident X- O#t({:]oirpg t
— = K (n]) ray Absorbing atom \F/)va(\)/ge ectron

Figure 3-1 Excitation of a core electron from the K (n = 1) shell (left) and
a schematic representation of photoelectron backscattering due to
neighbouring atoms (right)
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absorption edge (Figure 3-2). As incident X-ray energy is increased further,
photoelectrons are ejected with kinetic energy equal to that of the incident X-

2
rays minus the ionisation energy required to excite the core electron, :—m =

hv — E, where incident X-ray photo has energy hv and the ionisation energy is
Eo. The wave-like property of a photoelectron causes backscattering of the
photoelectron dependent on the local environment of the absorbing atom. In the
case of an isolated atom, the outgoing photoelectron is not backscattered
(Figure 3-1 right, black lines only). In the case of nearby atoms surrounding the
absorbing atom, backscattering occurs (red lines) and the final state is the
superposition of all outgoing and backscattered waves. This is observed as an
oscillation in absorption above the absorption edge as a function of incident X-
ray energy due to regions of constructive and destructive interference.
Depending on the distance of neighbouring atoms, the phase of the
backscattering wave will present as constructive or destructive interference.
Similarly, the amplitude of backscattering, as a function of energy, depends on
relative atomic mass of the backscattering atom. As such, it is possible to derive
information about the binding environment of the central absorbing atom. The
technique does not rely on any theoretical assumptions about solid-state atomic
periodicity or symmetry and is thus as applicable to amorphous solids as to
crystalline solids. Since EXAFS is fundamentally the process of exciting a core
electron, it is also element specific. Therefore, it is relevant to dilute systems as
well as systems that are more concentrated. A final advantage of using high
energy X-rays is that penetration of X-rays through the sample yields bulk — as
opposed to surface specific — measurements.

7
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Figure 3-2 Example plot of X-ray absorption coefficient plotted with
incident X-ray energy, showing the Sr K-absorption edge at 16105 keV
and EXAFS or fine structure oscillations at higher energy for a
strontium oxalate standard
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3.2.1.3 The EXAFS equation

The X-ray Fine Structure is given by subtraction of the background function
from the measured absorption data. A background removal algorithm47° is
applied to remove background signal from the fine structure back scattering
oscillations (egn 7) via subtraction of the “bare atom” absorption background
Mo(k) and division by the edge step Ap(K).

_ulk) — po(k)
x(k) = At (7)

x(k) is often multiplied by a power of k to emphasize the oscillations, e.g. k?x(k)
(in units A3). For strontium, for example, k3-weighting is commonly used since
oscillations die off rapidly in k, therefore the latter part of the k-space EXAFS
requires more amplification. A complex Fourier transform (egn 10) returns data
in a form that can be quantitatively interpreted in terms of the coordination
environment. The EXAFS equation (egn 8) describes the backscattering signal
of the photoelectron in terms of the scattering properties of neighbouring atoms.
A systematic treatment of its derivation is published by Newville (2004)%°, k is
the wavenumber (A1), N the coordination number, R the distance to
neighbouring atoms (A), 02the Debeye-Waller factor (eqn 9), f(k) is the
amplitude term and d(k) the phase shift.

2 2
Nifj(ye ™7
x(k) =S¢ Z L] R sin [2kR; + §;k] (8)

J

]

So? is the amplitude reduction factor and accounts for losses due to relaxation of
electrons to the core level hole in the absorbing atom. This tends to reduce the
observed EXAFS amplitude slightly and thus usually has a value of 0.7-1. The
Debeye-Waller factor (02) accounts for smearing of the EXAFS signal since all
atoms have static disorder due to both static and thermal vibration. It is defined
as the mean square relative displacement (MSRD) of the half path length

a2 =((r—1)? 9)

This term serves the additional function of correcting for discrepancy between
experimentally and theoretically derived x(k). The goal of EXAFS fitting is to
model the EXAFS (k) which is a sum of scattering paths. This is compared to
the experimental EXAFS x(k) in order to determine the true contribution to the
fine structure in terms of individual scattering paths.
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3.2.2 X-ray Computed Tomography (XCT)

3.2.2.1 Background

‘Tomography’ is derived from the Greek words ‘tomos’, for slice and ‘graph’,
referring to an image or depiction*®. X-ray computed tomography (XCT), also
known as X-ray p-tomography (XuT) in the micron-scale working range, is
similar in method to computed tomographic (CT) scanning of larger objects
such as the human body in hospitals. A sample is scanned at incrementally
increasing angles as it is rotated in the vertical (y) plane between 0-180
degrees.

Field of Sample
view

X-rays

Synchrotron X-ray source

Rotating pin
Detector

-~

Processing

Figure 3.3 Schematic of the principle steps of the parallel beam X-ray

computed tomography
As X-rays pass through the sample, they are attenuated by the sample
absorbing a portion of the X-ray energy. Attenuation is measured at each
distinct orientation in order to acquire projections at different angles used to
construct the sinogram“®? (Figure 3-4). Regions within the sample that are
distinct in density, structure or chemical composition will attenuate X-rays
differently than the surroundings in accordance with the Beer-Lambert law
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which relates transmitted X-ray intensity, | to incident X-ray intensity, lo with the
attenuation coefficient y and the path length x in equation 6. From these
projections, reconstruction of a three-dimensional image of the sample is
possible, including all internal and external features such as sub-structures or
holes or pore space*®3. Regions with less attenuation are assigned darker
greyscale colours while higher attenuation regions (i.e. denser regions of matter
which scatter X-rays to a greater extent) are assigned lighter colours. The
example image in depicts pore spaces in darker shades and solid sample
phases in lighter shades. Based upon this greyscale distinction, it is possible to
distinguish and classify pixels belonging to different phases. This is known as
segmentation or thresholding and a range of methods have been employed to
achieve it, most notably in the medical and geological fields. The elegance of
using penetrating X-rays to image internal structures of a sample in a non-
destructive manner also makes it an excellent technique for samples which are
brittle and which may not withstand mechanically forceful cross-sectioning
techniques. Samples containing intricate, brittle and extensive pore structure —
such as biologically derived samples or biopolymers.

3.2.2.1.1 History

The development of XCT and attendant methods of analysis in two seemingly
unrelated fields, medical and geological is likely no coincidence. As a non-
destructive technique, the problem that XCT solves in both these fields is one of
sample preparation. Alternative techniques yielding similar information are
destructive e.g. cross sectioning, is not appropriate in most medical
applications, and both technically challenging and expensive for geological
samples. Thus, XCT was recognised as an important and unrivalled tool for 3D
imaging in these fields. In medical fields where the X-ray dose and energy to
the sample or patient was usually a limiting factor, high efficiency detectors*8
and contrast enhancement techniques*8>48¢ were developed. In geological
settings where sample dose was often not a consideration, high energy X-rays
and longer exposure times were employed. This lead to gains in imaging
resolution as smaller detectors could be used. Taud et al. 2000%8” and Ketcham
et al. 200148 discuss and develop the use of XCT in geological applications. At
this time, automated segmentation was in its infancy but has developed rapidly
since. There are numerous experimental configurations and processing and
reconstruction variations that exist within the family of ‘tomography’. What
follows is a description of the working principles of parallel beam full-field X-ray
tomography with an iterative reconstruction algorithm. Initially used as a

qualitative tool for visual appraisal of 3D structures and features, computing
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power has increased the potential in the last 10-15 years for quantitative image
processing. As quantitative analysis has come to the fore, a rapid proliferation
of software tools and technigues “8' have been developed to explore density or
phase changes, analysis of structures and sub-structures. The quantitative
aspect of XCT has dramatically altered the potential of the technique to analyse
and appraise materials and structures.

3.2.2.2 Outline of procedure

The basic steps involved in acquisition and pre-processing necessary to
achieve 2D or 3D tomographic reconstruction of a sample are as follows:

Acquisition

X-rays are attenuated due to passing through the sample and are collected
(projections) using a detector at incremental rotations, typically through 0-180°
(). During measurement, there are several sources of erroneous and/or
spurious signal pertaining to background signal. That is, the signal which the
detector registers which does not pertain to signal from X-ray attenuation of the
target sample. Dark current is so-called as it is a signal which is detected in the
absence of any source X-rays. This includes ‘true’ dark current, which is
proportional to the exposure time, and the digitization offset which is
independent of exposure time. A flat field correction is also usually later applied
during processing which accounts for and cancels the pixel-to-pixel variation in
acquired signal. This involved acquisition of signal with X-ray source on, but
without any sample present. The variation in the flat field can originate from
non-uniformity from the incident X-ray beam e.g. due to defects in the X-ray
beam beryllium window, non-uniform response of the scintillator and non-
uniform response of the detector.

Figure 3-4 As the sample (left, plan view) is rotated through 180° and
exposed to X-rays, a sonogram (right) is generated from the attenuated
signal. This represents the sequential X-ray signals at all projections or
orientations between 0-180°
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Determination of the centre of rotation (CoR) value

Finding the centre of rotation is crucial for accurate reconstruction of samples
from sinogram projections. This can be done by a trial-and-error process but
more recently a number of attempts to automate the process have been
developed, such as using the centre of mass calculation, digital alignment or
image registration, by using image metrics on the reconstruction space or
based upon Fourier analysis of the sinogram?8. Due to artefacts, optical errors
or sample considerations, certain methods may prove more optimal, depending
on the precise set up in question.

Reconstruction

Reconstruction is the process by which information from the sinogram is
deconvoluted into the precise properties at all spatial points, which correspond
to the those of the sample. As with CoR determination, a number of algorithms
have been developed for reconstruction. Similarly, experimental constraints,
artefacts or sample considerations can make this a challenge. Filtered back
projection (FBP)#89:4%0 js by far the most commonly used reconstruction
technique®®! due to its reliability and well understood process. The basis for this
is the inverse Radon transform (eqn 11) where f’ is the filtered data. This
projects the data in the form of line integrals back onto the plane at their
appropriate angles to reconstruct 2D images ().

flx,y) = fo f'(xcosB + ysinb, 0) (11)

Iterative back projection and deep machine learning are two other notable
examples which contain in-built noise reduction processing. A number of filters
are often applied at this stage, such as ring artefact suppression and flat field
correction, which remove optical experimental and reconstruction related errors
form the images.

Analysis

Once 2D or 3D data set has been reconstructed, it can be interrogated in a wide
variety of ways. Quantitative methods of processing 2D and 3D volumes of data
have come to the fore of late*®!, largely due to the availability of increased

computing resources which large data sets such as tomographic data demands.

3.2.2.3 Advantages of synchrotron X-rays for X-ray tomography

Synchrotrons are capable of generating highly collimated, high resolution,
polarised X-rays with a far higher flux, or brilliance, than laboratory X-ray

sources. This increased flux allows synchrotron X-ray sources to bypass certain
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Figure 3.5 Examples of reconstructed 2D images

errors in the tomography acquisition process e.g. beam hardening artefacts that
can be introduced by using a polychromatic beam“83. Beam hardening
describes the tendency of higher energy X-rays in a polychromatic (“white
beam”) to absorb differently to lower energy X-rays, causing signal
discrepancies. Further, the tunability and selectability of the X-ray energy also
allows for element-specific examination of a sample via comparison of data
above and below the target element absorption edge. A number of different
acquisition modes are also possible, such as phase contrast or adsorption
contrast mode depending on the suitability of the sample in question.
Nonetheless, synchrotron X-ray sources are not without error either and can be
subject to uneven pixel responses (ring artefacts)*®!, super saturation and super
penetration*®? errors, all of which must be corrected for or minimised by careful
setup of acquisition parameters.
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Chapter 4 Materials and Methods

4.1 Introduction

Three biomass types were selected as biochar precursors (). The choice of
feedstocks were based upon several criteria. Firstly, to ensure that this work
satisfied the requirement for sustainable materials, it was important to include at
least one feedstock which is viewed as a waste material, in line with circular
economy principles. Both rice husks and spent coffee grounds meet this criteria.
A review of literature which indicated the suitability of certain feedstocks for
creating of biochar most suited to adsorptive removal of cations. Rice husk
biochars consistently generated biochar with good strontium uptake capacities
(as reported in Section 2.2.3.2). Spent coffee ground biochar likewise has
reported good cation uptake capacities. Both oakwood and rice husk are
standard types of biochar, as categorised by the Biochar Research Centre,
Edinburgh*®2, which was another motivation for these decision to select these
feedstocks over others. Availability and sourcing of feedstocks was another
important factor, because replenishing stocks of a certain feedstock could result
in a biomass batches with variable properties. Sufficient quantities of all three of
the selected biomasses was assured. Finally, the three feedstocks were
deemed sufficiently distinct from one another in terms of cellulose, hemi-
cellulose, lignin and inorganic composition (Table A-1). It was hoped that these
differences would translate to distinct adsorption behaviour.

Rice husks Oakwood Spent coffee grounds
(RH) (OAK) (SCG)

Figure 4.1 Feedstocks selected for comparison in tomographic pore
space analysis
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4.2 Biopolymer composites synthesis

4.2.1 Biochar

All biomass feedstocks were rinsed repeatedly in ultrapure water (resistivity =
18.2 MQ cm) and dried at 105 °C and ambient pressure before further use, in
order to remove any water-soluble organics. Rinsed biomass was stored under
desiccant until pyrolysis. Feedstocks used were as follows: Rice husks (origin:
northern Thailand), oak wood chips sourced via the UK Biochar Research
Centre, Edinburgh and spent coffee grounds (single origin coffea arabica),
sourced locally in Leeds, UK.

All biochars, activated or not, were produced in a fixed bed, vertical loading
pyrolysis reactor at 450 °C (with one exception, see Section 4.2.1.1) using a
ramp rate =5 °C min, dwell time = 1 h under an N2 flow rate of 140 mL min™'.
The resulting biochar was mechanically milled and sieved to < 50um.

4.2.1.1 Biochar production for tomography

Biochar samples for tomography did not undergo ball milling in order to
preserve the macro pore structure. The expanded tomography sample set was
produced as above (at 450 °C using a ramp rate =5 °C min™,

dwell time = 1 h under an N2 flow rate of 140 mL min-t) however the initial
investigation tomography sample set (Section 4.6.1) were produced at 350 °C.
Namely SCG350 and SCG350-Zn. All other pyrolysis parameters as above.

4.2.2 Biochar activation and functionalisation protocols

4.2.2.1 Nitric acid activation

Activation followed an optimised nitric acid treatment process as reported
previously''® and employed for enhancing cation uptake?*®34%4. Ball milled
biochar is weighed (5g) into a clean and dry 250 mL round bottomed flask and a
magnetic stirrer flea is added. 8 M nitric acid solution (125 mL) is added slowly
under vigorous stirring, giving a final ratio of biochar to nitric acid of 1 g

biochar : 25 mL nitric acid. The suspension is heated under reflux to 80 °C for

3 h under vigorous stirring. After the suspension has cooled, the spent nitric
acid solution is removed by vacuum filtration. The activated biochar undergoes
a comprehensive rinsing protocol to remove acidic residues. The activated
biochar is re-suspended in 1 L of ultrapure water (resistivity 2 18.2 MQ cm) and
agitated on a horizontal orbital shaker for 24 h, before vacuum filtration followed
by rinsing with 3 x 150 mL aliquots of ultrapure water. The resulting activated
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biochar is dried at 105 °C and ambient pressure before being stored under
desiccant.

4.2.2.2 Zinc (Il) chloride activation

Zinc (Il) chloride hexahydrate (Zn-Cl2.H120s6) was weighed in a 2:1 weight ratio
with dry biomass (2 g (ZnCl2-6H20) : 1 g biomass) and mixed in a minimum of
ultrapure water to form a slurry which was left to mix to homogeneity for 3 h
under magnetic stirring. The mixture was transferred to an oven and dried
overnight at 105 °C before being pyrolyzed following the protocol above. The
resulting biochar was rinsed in 0.5 M HCI solution to remove latent Zn?* before
being dried and stored under desiccant. This activation protocol follows
literature reported methodology”>130:495,

4.2.2.3 EDTA activation

Disodium ethylenediaminetetraacetated dehydrate (EDTAD,
Ci10H14N2Na20s-2H20), 1g, was added to 1 g of milled biochar in a 250 mL
round bottomed flask with 100 mL of DMF (N,N-Dimethylformamide) and
magnetically stirred at 60 °C for 4h with a few drops of H2SO4 10% in a modified
esterification reaction*®®. Upon completion, vacuum filtration removed spent
solvent. The resulting EDTA-grated biochar was rinsed with 2x20 mL DMF,
3x20 mL NazCOs3 to remove acidic residues and 3x20 mL of ultrapure water
before being transferred to an oven and dried overnight at 105 °C. The EDTA
grafted biochar was then stored under desiccant.

4.2.2.4 MnOx activation

This method followed a previously reported procedure by Wang et al. 201578,
Briefly, 3.15 g KMnO4 was dissolved in 50 mL of ultrapure water with 5 g of
biochar and magnetically stirred for 2 h. The suspension was then held at the
boiling point for 20 min, followed by a drop wise addition of 3.3 mL of
concentrated HCI. The mixture was stirred under heating for a further 10 min
before being allowed to cool to room temperature and filtered under vacuum.
The resulting Manganese oxide-biochar composite was rinsed with 3x50 mL of
ultrapure water then dried overnight at 105 °C and stored under desiccant.

4.2.2.5 FeOx activation

FeOx moieties were introduced following previously reported methodolgy=6°
Iron(lll)chloride salts (FeClz-6H20) were dissolved in a minimum of ultrapure
water to which biochar was added under stirring to form a mobile slurry. The

weight ratio of iron salt to biochar was 1:1. The slurry was left to stir for 3 h then
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placed in a drying oven and left to dry overnight before being pyrolyzed as
above.

4.2.2.6 Control biochar

Control biochar for the above protocols in Section 4.2.2 was prepared by
suspending and stirring 10 g of biochar (BC) in 100 mL ultra-pure water for

12 h, before filtration. This was then dried overnight at 105 °C before storage in
a sealed container under desiccant until further use.

4.2.3 Hydrogel preparation

Sodium alginate (medium viscosity, 0.75 g) was stirred in 99 mL of ultrapure
water for 24 h. Biochar (3 g) was added in a 1:0.25 ratio and the mixture was
stirred for a further 24 h at 25 °C. The suspension was then agitated for 1 h in a
sonic bath to ensure homogeneity. Aliquots of the BC-alginate suspension were
then added dropwise to a 500 mL, 0.1 M calcium chloride solution under slow
stirring (50 rpm). The resulting biochar-alginate beads were left to equilibrate for
overnight then rinsed thoroughly with ultrapure water before being freeze-dried
until dry and finally stored in airtight containers over desiccant until further use:
samples were frozen at -20 °C overnight before being placed in a pre-cooled
freeze drying chamber for 24 h at -58 °C and < 0.0006 bar. This method
followed a previously reported method by Jiang et al. 2018211,

Alginate only beads (ALG) were created as a control, which was prepared as
above excepting one modification. 8 g sodium alginate was dissolved in 300 mL
water. It was necessary to alter the ratio of alginate: water both to account for
the lack of biochar and to reduce the viscosity, which was too high to allow the
above drop-wise ionotropic gelation.

4.3 Physical characterisation

4.3.1 Elemental Analysis

Around 3 mg of sample was precisely weighed and analysed using a Thermo
Scientific Flash EA2000 organic elemental analyser for C, H N and S content.
Oxygen analysis required around 4-5 mg per sample. All samples were run in
duplicate, unless significant deviation was observed, in which case additional
samples were prepared. Standards (Oatmeal and

2,5 Bis(5 tert butyl 2-benzo-oxazol-2-yl) thiophene (BBOT)) and blank capsules
were run prior to measurement. Oxygen content was measured separately on
the same equipment.
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Van Krevelan diagram values were calculated by converting weight percent
(wt%) values experimentally determined into atomic percent (at%) values via
the following equations 12 and 13. The numerical values correspond to each
element’s relative atomic mass (RAM) (g mol).

At 0/ _ Wt% Oxygen/15.999 g mol™" (12)
® /C ™ Wt% Carbon /12.001 g mol-1
Wt% Hydrogen / 1.01 g mol™?

A Hy = 0 Hydrogen / 1.01 g (13)

Wt% Carbon /12.001 g mol~?

4.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Biochar and hydrogel samples spectra were acquired on a Bruker Vertex V80
FT-IR spectrometer. Data processing was completed in Origin Pro.

4.4 Strontium uptake experiments

Strontium chloride hexahydrate (SrCl2-6H20) was purchased from Sigma
Aldrich and stored under desiccant. This was used in the preparation of all
subsequent strontium solutions.

4.4.1 SEM-EDX

Samples were mounted on carbon adhesive tape before low pressure
measurement on a Carl Zeiss EVO MA15 microscope coupled with an Oxford
Instruments AZtecEnergy EDX system with a CZ STEM detector.

4.4.2 Preliminary comparison of strontium uptake for several

functionalised/activated biochars

Respective adsorbents (0.2 g) were weighed precisely into 100 mL Erlenmeyer
flasks. Strontium stock solution, 50 mL of a 33 mg L* in deionised water, was
quickly added to each flask, which was then sealed using parafilm and placed
on a horizontal orbital shaker at 150 rpm. Samples were removed after 24 h and
immediately filtered under vacuum. The filtered liquor was stored for AAS
analysis of the remaining Sr?* content. Laboratory temperature was monitored
throughout to be 20 £ 1.5 °C.

4.4.3 Kinetic investigation of biochar and activated biochar

Respective adsorbents (0.2 g) were weighed precisely into 100 mL Erlenmeyer
flasks. Strontium stock solution, 50 mL of a 100 mg L™ in deionised water, was
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quickly added to each flask, which was then sealed using parafilm and placed
on a horizontal orbital shaker at 150 rpm. Samples were removed and
immediately filtered under vacuum at the following time points post
commencement: 30, 60, 180 and 360 minutes. Each time point was run in
duplicate. The filtered liquor was stored for AAS analysis of the remaining Sr2*
content. Laboratory temperature was monitored throughout to be 20 + 1.5 °C.
Sorption kinetics were examined using the linear forms of the pseudo first (egn
14) first reported by Lagergren in 1898497 and pseudo second (egn 15) order
equations as derived by Ho and Mckay 1999°8, where ge is the maximum
sorption capacity (mg/g) and q:(mg/g) is the quantity of contaminant adsorbed
at time t. the first and second order rate constants are ki (1/min) and k2
(g/mg/min) respectively.

ln(CIe - Qt) =In de — klt (14)
t__1 + L (15)
qr k2 Xq: qc

These kinetic models are

4.4.4 Strontium uptake isotherms

Respective adsorbents were weighed (0.2 g) into a sterile 50 mL centrifuge
tube, before 2 mL of a 0.2 M MOPS (3-(N-morpholino)propanesulfonic acid)
buffer was added and the system left to equilibrate for 12 h. Aliquots of a 1000
ppm Sr?* stock solution (from SrCl2-6H20) and 0.2 M MOPS buffer solution (pH
7) were quickly added to make the solutions up to 50 mL. Isotherms in Sections
6.1.1 and 6.1.2 used initial concentrations of 5, 25, 50, 75, 100, 150, 200, 250,
300, 400, 500 mg L Sr?*. Isotherms in Sections 0 and 0 used initial
concentrations of 5, 25, 50, 75, 100, 150, 200, 250, 300, 400, 500, 1000, 3000
and 6000 mg L Sr?*. Each concentration value was completed in triplicate.
Each sample was placed on a horizontal shaker at 150 rpm for 24 h before
being filtered through a 0.45 um cellulose syringe filter. The resulting solution
was acidified to 2 % nitric acid and the remaining Sr?* concentration measured
via ICP-MS.

4.4.5 Atomic Absorption Spectrophotometry (AAS)

Initial uptake experiments were analysed via AAS in order to determine
strontium concentration remaining in solution. An acetylene flame was used
with a Strontium filament lamp. The carrier solution was mixed with a saturated
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KCI solution in order to minimise matrix effects. The acetylene flame was
oriented at 45° in order to extend the working range of the instrument. Samples
were auto-diluted x10. Due to a degree of ‘drift’ in measurements over time, use
of AAS for analysis was phased out in favour of ICP-MS which is capable of
much higher precision.

4.4.6 Inductively-Coupled Plasma Mass Spectrometry (ICP-MS)

Strontium concentration in solution was measured using inductively-coupled
plasma mass spectrometry on a PE Elan DRCe ICP/MS. Solutions were diluted
x10-50 in order to achieve concentrations in the instrument working range.
Calibration standards of 1, 10, 50, 100, 1000, 10000 and 15000 ppb Sr?* were
run every 10 measurements. External standards were also made up at every
initial strontium concentration used in uptake experiments. Data analysis was
completed in MS excel.

4.4.6.1 Uptake equations

Strontium loading on the adsorbent, ge (mg/g) is given by eqgn 16 which is
derived using experimentally determined solution concentration, Ce (mg L™?),
initial strontium solution concentration Ci (mg L), solution volume V (L) and
adsorbent mass, m (g).

_ (Ci - Ce)V (16)

de m

The non-linear versions of the Langmuir (eqn ) and Freundlich (egn ) isotherm
models were employed and compared.

The decontamination factor, DF is derived by egn 17, the initial strontium
concentration divided by the final strontium concentration.

[Sr?*];

4.5 X-ray Absorption Spectroscopy

45.1 Strontium EXAFS

Strontium-loaded samples were retained from batch uptake experiments.
Samples were rinsed in 15 mL UHQ on filter paper to remove any surface
precipitated strontium. Samples were then dried overnight at 105 °C before
being ball milled and pressed into 6 mm pellets using a 20 wt% Cereox binder.

EXAFS spectra were collected at B18, Diamond Light Source, UK in 2021. The
98



strontium K-edge (16105 eV) was measured in transmission mode at 77 K, as
well as at room temperature, using a Si(111) monochromator. X-ray energy was
calibrated using an yttrium foil (Y K-edge energy = 17038.4 eV). A minimum of
three measurements (scans) were taken per sample. Standards measured were
Strontium oxalate, strontium sulfate, strontium carbonate and strontium
hydroxide.

The Demeter package was used for data reduction and background removal.
Calibration and alignment of individual scans was completed using a reference
standard (Strontium oxalate) in Athena before merging and deglitching was
completed. Low temperature (LT) measurements were observed to exhibit
improved spectral resolution with larger amplitudes of some spectral features,
therefore LT scans were selected for EXAFS fitting. k3 weighted fitting of the
Fourier transform was completed in Artemis. A shell-by-shell approach to fitting
was undertaken in order to examine the degree of inner or outer sphere
complexation??8. Fitting of standards yielded an optimum value of the amplitude
reduction factor, So?, to be 1.0 + 0.03, which is in close agreement with several
literature values?1>23%,

4.5.2 Manganese XANES

Manganese K-edge XANES measurements were acquired at beamline 10-BM
at the Advanced Photon Source, Argonne National Labs, USA. Transmission
spectra were acquired at room temperature at 6539 eV using a 4-element
Vortex SDD detector. The Demeter package was used for data reduction and
background removal. Calibration and alignment of individual scans was
completed using a reference standard in Athena before merging and deglitching
was completed.
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4.6 X-ray Computed Tomography (XCT)

4.6.1 Initial investigation

4.6.1.1 Acquisition parameters

An initial investigation with three samples was conducted: a spent coffee ground
biochar (SCG350), its biomass precursor (SCG biomass) and a zinc activated
analogue (SCG350-Zn) (see Section 4.2.1.1 for preparation method). Samples
were mounted to pins and magnetic holders with a sparing quantity of
cyanoacrylate adhesive (Figure 4-1). Samples were scanned on beamline i13-2
at Diamond Light Source, Harwell, UK in December 2018. A mono beam of 14
keV energy was used in absorption contrast mode. A pco.edge 5.5 scintillator-
coupled detector was used at x10 magnification and giving an effective pixel
size of 0.325 pm, a field of view of 0.83 x 0.70 x 0.7 mm. The angular resolution
was 0.082°.

i

Figure 4-2 Photographic image of biochar sample SCG350 mounted to a
pin and magnetic contact for tomographic image acquisition

4.6.1.2 Pre-processing - reconstruction

Raw data (.nxs files*®°) were first reconstructed into stacks of 2159 2D images
(2268 x 2268 pixels) using ‘Tomo Recon’®®, a GPU cluster-based code written
by Diamond Light Source. This allows for a user-led trial-and-error selection of
the centre of rotation (CoR) value. Image bit-depth was reduced to from 16-bit
to 8-bit using Tomo Recon to reduce the computational burden during
subsequent processing. Volume used for quantitative analysis = 200 ym3

4.6.2 Expanded Sample Set

Three biomass feedstocks were selected for comparison, oak wood (OAK),

spent coffee grounds (SCG) and rice husk (RH), as summarised in . These
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were chosen as commonly utilised feedstocks in biochar production, and as
waste biomass from other processes such as food production. Further, SCG
was used in the preliminary study (Section 8.1) at a lower pyrolysis temperature
thus providing a means to compare the effect of pyrolysis temperature. Three
common activation protocols were applied to all three feedstocks, yielding
twelve biochar samples and three control samples, displayed in a matrix (Table
4-1). Activation protocols are described in Section 4.2.2.

4.6.2.1 Acquisition parameters

Samples were scanned on beamline i13-2 at Diamond Light Source, Harwell,
UK in December 2018 using an automated ‘robot’ sample manipulator. A mono
beam of 14 keV energy was used in phase contrast mode. A pco.edge 5.5
scintillator-coupled detector was used at x10 magnification and giving an
effective pixel size of 0.325 um, a field of view of 0.83 x 0.70 x 0.7 mm. The
angular resolution was 0.072°.

4.6.2.2 Pre-processing - reconstruction

Raw data (.nxs files) were first reconstructed into stacks of 2159 2D images
((2268 x 2268 pixels). This was done via the Savu pipeline®°* using sample sub-
sets to manually find and refine the centre of rotation value. Image bit-depth
was reduced to from 16-bit to 8-bit, also using the Savu pipeline to reduce the
computational burden during subsequent processing. Volume used for
quantitative analysis = 350 ym?

4.6.2.3 Processing methodology and development

Although qualitative examination of the pore structure was possible with basic
pre-processing, several further processing steps were required for artefact
removal such as ring suppression but most crucially in this case contrast
enhancement, without which automated distinction between pore space and
sample was inadequate due to poor image contrast (Figure 7-1). While direct
application of automated pore space measurement techniques is typically
possible for many material types, the low average atomic mass in biochar
(which is around 80 % carbon) reduces X-ray absorption and resulting image
contrast (between pore space and solid sample). Image contrast was
insufficient to directly apply automated pore space quantification to these data.
Two processing pathways were developed in parallel, with the results
compared. This was to ensure that processing did not alter the results, since
some contrast enhancement techniques are known to over or underestimate

pore space. Details of the method development are discussed in Chapter 8.
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Table 4-1 Sample matrix displaying samples for expanded sample set

Control Control HNO3 ZnCl» KMnQOg4

biomass biochar activated activated activated

Oakwood

OAK

Rice husk

RH

Spend
coffee
grounds

SCG
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Chapter 5 Chemical characterisation: composition and

functional groups
5.1 Elemental Analysis

5.1.1 Biochars and activated biochars

C, H, N, O and S weight % values of biochars, activated biochars and their
feedstock precursors are shown in Table 5-1. It is typical for biochars to contain
a significantly higher carbon fraction compared with their biomass precursors,
with between 1.5 and 2.2 times more wt % carbon in biochar as compared with
their respective biomasses. Pyrolysis is a thermally induced decomposition
process resulting in loss of predominantly heteroatoms in the form of volatiles
such as NOx, SOy, H20, as well as some CO, CO: and other gaseous species.
This results in reduction of the non-volatile carbon phase via condensation
reactions, resulting in a largely aromatic carbon rich material. Thus, elemental
analysis is a useful indicator of the progression of pyrolysis, and the degree of
carbonisation (Figure 5.1). Carbon weight fraction in all three unactivated
biochars falls between 75-80 %, which is consistent with established pyro
processing wisdom?. In contrast to this trend for carbon, common heteroatom
percent weight is typically reduced during pyrolysis, and this is observed in
Table 5-1, with a handful of exceptions noted below. Surface functionality (and
thus heteroatom abundance) is usually the most important factor for cation
adsorption performance. As such, although loss of heteroatoms is undesirable,
it is a known effect of pyrolysis, which more importantly transforms the
biopolymer precursor into a recalcitrant and highly porous material. All three
unactivated biochars show relatively consistent oxygen content (7.2—8.1 % wt)
which is typical for biochars created at this relatively low pyrolysis treatment
temperature of 450 °C*%2, Nitrogen content varies with precursor feedstock but
tends to fall between 0-3 wt%. Spent coffee grounds and rice husk biomass are
typically higher in nitrogen content®%* while oak wood biomass typically contains
< 1 wt% N5%, With the oak wood feedstock, pyrolysis apparently causes a slight
drop in N weight fraction, 1.1 % to 0.9 % (although this is within experimental
error of 0.2 %). With spent coffee and rice husk, nitrogen weight fraction is
increased after pyrolysis, likely due to loss of considerably more oxygen and
carbon. Activation has altered the chemical composition of the biochars, in
some cases considerably so.
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Table 5-1 Percent weight content of biochars, activated biochars and their feedstocks. Uncertainty is one standard deviation

Wt %

c | o | w | w [ s mow oo

biomass 42.6+036 31.7+062 41+007 11+021 0.00 0.56 1.15

biochar 752+0.07 81+014 19+001 09+0.01 0.00 0.08 0.30

Oak HNOs activated ~ 63.2+0.13 16.2+0.09 1.7+0.02 3.6+0.00  0.00 0.19 0.32
ZnCl, activated  51.7+0.19 2.8+1.01 15+0.22 0.7 +0.07 0.00 0.04 0.34
KMnOsactivated 725+05 8.6+024 22+03 08+000  0.00 0.09 0.36

biomass 516+1.44 292+126 56+022 23+0.11 0.00 0.43 1.28

biochar 76.6+069 7.2+005 26+011 34+22 0.00 0.07 0.41

ggf?é‘é HNOs activated  70.9+1.13 10.6+0.10 1.6+0.06 6.3+ 0.07 0.00 0.12 0.21
ZnClo activated  80.0+1.02 52+0.19 1.7+0.04 3.0+0.04 0.22 0.05 0.25
KMnOsactivated 754+192 7.0+005 26+006 3.8+0.01 0.00 0.07 0.41

biomass 36.2+034 249+025 39+002 1.1+0.09 0.00 0.52 1.27

biochar 79.4+024 75+0.03 27+024 3.3+0.39 0.00 0.07 0.40

Rice husk HNOs activated  69.8+0.25 12.9+0.28 1.7+0.00 6.3+005  0.00 0.14 0.30
ZnCl, activated  58.9+0.03 3.4+0.05 13+0.02 1.0+0.02 0.00 0.04 0.25
KMnOsactivated 36.9+0.37 83+022 14+003 0.9+0.01 0.00 0.17 0.45
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5.1.2 Nitric acid activation

Activation via HNO3s consistently increases oxygen content in biochar,
regardless of biomass precursor type types. HNOs3 activation doubles oxygen
content in oak biochar from 8.1 to 16.2 wt%, in rice husk biochar from 7.5 to
12.9 wt%, while in spent coffee the increase is 7.2 to 10.6 wt%. Nitric acid
treatment roughly doubles the O/C molar ratio of the biochars (also listed in
Table 5-1). The types of oxygen functional groups that are added have been
shown to predominantly consist of carboxylates as well as lactones, carbonyls
and hydroxyls. HNOs also slightly increases nitrogen content in the activated
biochars by around 3 %, over unactivated biochar controls. The increase is
thought to be accounted for by oxidation reactions which variously add nitro,
nitroso, amine, amide, imine and pyridinic groups to aromatic (graphitic)
Carbonll3,146,l47_

5.1.3 Zinc (Il) chloride activation

ZnCl2 activation does not appear to have increased oxygen content in oak,
spent coffee or rice husk biochars. Rather, this activation protocol appears to
have reduced not only oxygen percent weight but also reduced the carbon
percent weight in oak and rice husk by roughly 20 % (spent coffee shows a
much smaller increase of around 3 %). The likely reason for this unusual trend
is due to the preparation protocol (Section 4.2.2.2) which was optimised for X-
ray p-tomography. The result of this is the ZnCl: activated biochar is rinsed
repeatedly in hot water in order to remove zinc post activation, which was
adopted in order to ensure the integrity of tomographic results (Chapter 8).
These data investigate the effect of the activation agent on macro pore
structure.

5.1.4 Potassium permanganate activation

As with the above ZnCl: activation, the carbon wt% decreases upon activation,
strongly indicating an increase in inorganic content which not accounted for in
CHNOS wit% analysis. A small increase in wt% oxygen is observed upon
activation in oak wood (0.5 wt %) and rice husk (0.8 wt%) biochars while a small
decrease (-0.2 wt%) is observed in spent coffee ground biochar. KMnOa4is a
strong oxidiser therefore readily attacks most materials and adds oxygen
surface functionality. The second action of this protocol is that it dopes or
impregnates manganese oxides into the biochar pore structure. It is likely that
the modest increases in oxygen content reflect the oxidising action of the

protocol only, and not the added oxygen content due to the addition of
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manganese oxide phases, due to the magnitude of the change. The oxygen
analysis equipment uses a 900 °C (1173 K) temperature to volatilise all oxygen
in the sample. Decomposition of pure MnO2 (Mn**) proceeds at around 482 °C
(756 K), while Mn203 (Mn®*) begins to decompose only above 940 °C

(1213 K)06:507, The fact that no significant increase in oxygen content is
detected with this activation protocol is highly suggestive that the MnOx phase
present is not decomposing at 900 °C, thus the Mn speciation is likely to largely
if not wholly Mn3* and/or Mn?*. Speciation of manganese is discussed further in
Section 7.3

5.1.5 Van Krevelan diagram
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Figure 5.1 Van Krevelan diagram for biochars derived from Oak wood,
spent coffee and rice husk, and their activated analogues

The Van Krevelan diagram cross plots atomic ratios of oxygen to carbon (x-
axis) against hydrogen to carbon (y-axis). It was originally developed to
evaluate and compare characteristics of petrols and kerogenic materials such
as coal®®. It has more recently been adopted by the biochar research
community due to the obvious similarities in material classes®°5° as well as

the importance of O/C and H/C molar ratios in biochar behaviour. The Van
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Krevelan diagram is a useful visual summary and comparative tool for
correlation of the aromaticity and dehydrogenation of pyrolytic carbon materials
with pyrolysis treatment temperature*9?, activation®! and feedstock type>2.
Lower molar O/C ratios indicate higher aromaticity and lower molar H/C ratios
indicate greater dehydrogenation (Figure 5.1). Unpyrolysed biomass precursors
are visible to the top right (open circle) indicating they exhibit far lower low
aromaticity and a higher degree of hydrogenation that biochars. Of these, OAK
biomass (green open circle) exhibits the highest molar O/C ratio, and this trend
is mirrored in the unactivated biochars, with OAK biochar (green star) displaying
slightly higher molar O/C ratio than RH or SCG biochars, both of which fall in
very close proximity. All biochars and activated biochars are clustered to the
lower left, indicating greater aromaticity and dehydrogenation. It is notable that
all three HNOs activated samples, indicated with the star symbol, fall at higher
molar O/C ratio than their unactivated biochar analogues, as well as most of the
activated KMnO4 and ZnCl2 samples. HNOs activation is well known to
consistently increase oxygen content through oxidation reactions*!3, In contrast,
ZnCl activation yielded some of the lowest molar O/C ratios of the sample set.
This is likely due to some degree of zinc retained within the samples (discussed
in Section 5.1.3) which may be skewing the molar ratios of oxygen and carbon.
A second possible reason for this apparently low molar O/C ratio is that some
activation protocols can both increase oxygen content as well as increasing
aromaticity®!'. However, from comparison of the wt% oxygen values of ZnCl2
activated samples with other activation protocols, it is clear that oxygen content
it typically lower, rather than abnormally high wt% carbon values, as would be
indicative of higher aromaticity. KMnO4 activated biochars show a range of
molar O/C values. The SCG KMnO4 sample is partially obscured in Figure 5.1
by both RH and SCG unactivated biochars, which all fall within very close
proximity. OAK KMnO4 shows a similar molar O/C value while RH KMnOx lies to
a notably higher value, only surpassed by OAK HNO3 in O/C ratio. The molar
H/C ratio is relatively similar for all three KMnO4 activated samples. Comparison
of the three biomass types: oak, rice husk and spent coffee grounds, reveals a
far narrower O/C distribution for spent coffee ground biochars. Oak and rice
husk biochars in contrast have wider distribution, hinting that the choice of
feedstock, and its precise chemical composition interacts with various activation
processes to a greater extent in rice husk and oak based biochars. Looking a
little more closely at these two feedstocks, it is well known that rice husks
contain significant quantities of inorganics largely in the form of silica (around
16 wt% in dry biomass). These are naturally concentrated somewhat during the

pyrolysis process with the loss of lighter elements, with the precise ash content
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increasing with pyrolysis treatment temperature, and can exceed 70 wt%°13
Crucially, both nitric acid and permanganate activation regimes utilise an
Bragnsted-Lowry acid, more specifically an acid as defined by its proton donation
tendency. Thus it is able to attack and dissolve inorganic phases such as silica
or calcite present in the biochar and remove them much more readily than the
Lewis acid regime of zinc (Il) chloride activation.
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5.1.6 Hydrogel composites

Elemental composition of hydrogel composites and their component materials
are displayed in Table 5-2. Comparison of the effect of nitric acid activation,
particularly on wt% oxygen content, between Table 5-1and Table 5-2 show
good agreement, with a slight increase in wt% oxygen content in the activated
oak wood biochar from 16.2 wt% in Table 5-1 to 19.6 wt% in Table 5-2. Nitric
acid activation again reliably slightly increases the wt% nitrogen content as
detailed in Section 5.1.2 in both biochars and in subsequent activated hydrogel
composites.

Hydrogel composites all reveal higher oxygen and lower carbon wt% than their
biochar precursors, which is expected for a composite of biochar and calcium
alginate, which contains the highest oxygen wt% of all component materials at
41.8 % and the lowest carbon wt% at 29.6 %. This is a curious result since the
chemical formula of calcium alginate is (C12H14CaOz12)n indicating parity in the
number of oxygen and carbon atoms in the structure (see also Figure 2-5).
Since the atomic masses of carbon (12.001 u) and oxygen (15.999 u) are
relatively similar, a similar wt% value would be expected for both, in a pure
material. In this case, the calcium alginate hydrogel was prepared following the
ionotropic gelation method (Section 4.2.3) in which gelation is thought to create
an “egg-box” structure around calcium ions (Figure 2-8). It is possible that water
molecules may have been trapped within the gel structure such that they were
not removed during freeze-drying, or else re-adsorbed into the material prior to
analysis, due to time delay constraints between fabrication and analysis.
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Table 5-2 Hydrogel composite beads weight percent chemical composition, with uncertainty is expressed as one SD

Wit %
Sample name C O H N S
biomass 42.6 + 0.36 31.7 + 0.62 4.1+ 0.07 11+021 0.0
biochar 75.2 + 0.07 8.1+0.14 1.9+0.01 0.9+0.01 0.0
HNOs activated 63.2 + 0.13 19.6 + 0.24 1.7 +0.02 3.6 + 0.00 0.0
biochar
Oak -
a KMnOa4 activated 52.8 + 0.50 12.5 + 0.02 2.1+0.03 1.0 £ 0.00 0.0
biochar
hydrogel 63.5 + 0.19 15.2 + 0.14 3.1+0.03 11+0.01 0.0
HNO:; activated 52.8 + 0.25 23.4 + 0.70 2.6 +0.06 3.0 £ 0.04 0.0
hydrogel
KMnOa activated 51.3+0.34 16.6 + 0.26 2.6 +0.04 1.0+ 0.03 0.0
hydrogel
biomass 36.2 + 0.34 24.0 +0.25 3.9+0.02 11+0.09 0.0
biochar 79.3 +0.24 7.5+0.03 27+0.24 3.3+0.39 0.0
HNOs activated 69.8 + 0.25 12.9 + 0.28 1.7 +0.00 6.3 +0.05 0.0
biochar
Rice husk -
Ice hus KMnOa4 activated 451 +0.11 7.01+0.01 1.8+ 0.03 1.1+0.01 0.0
biochar
hydrogel 43.0 +0.18 10.3+0.15 2.0+0.04 0.9+0.01 0.0
HNO:s activated 35.6 + 0.30 15.1 + 0.26 1.7 +0.09 2.4+ 0.04 0.0
hydrogel
Calcium alginate 29.6 +0.44 41.8 + 0.64 4.1+0.84 0.7 £0.00 0.0
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5.2 Fourier Transform Infra-Red Spectroscopy

The chemical functionality of hydrogel composites was investigated relative to
their component materials: calcium alginate, biochar and activated biochar to
examine changes to surface functionality at respective stages of composite
formation. Figure 5.2 displays oak derived biochar, activated biochar and their
hydrogel composites, while Figure 5.3 displays rice husk (RH) equivalents.
FTIR provides a useful ‘fingerprint’ — a comparative tool with which to
distinguish differences in functional group or composition, as well as pinpointing
specific functional groups present in the sample.

All spectra display a prominent and broad absorbance band between

2000 - 3700 cm* which is attributed mainly to water adsorbed within the pore
network and surfaces. Since these materials are derived from relatively low
temperature biochars (450 °C), the pore networks remain relatively hydrophilic
due to the retention of extensive surface oxygen functionality. As an anionic
polymer, alginate — with extensive oxygen surface functionality is also highly
hydrophilic. This means that water is adsorbed rapidly and readily to these
materials, and is retained. The presence of water may obscure certain
functional group vibrations present in the materials, especially O-H vibrations
from surface hydroxyl groups and C-H stretching vibrations. However in this
case it does appear to provide soe useful ‘fingerprinting’, as there is a clear
distinction in the shape of this broad peak between the biochars and their
hydrogel analogues. This is particularly prominent in Figure 5.3, rice husk
derived materials. The biochars and activated biochars (RH BC and A-RH BC)
display a slightly broader and relatively flat water spectral absorbance section
(2500 — 3500 cm™) followed by a steep and curved drop off in absorbance
(1750 — 2000 cm™). In contrast, hydrogel composites display a more gradual
and smooth decrease in absorbance across the same spectral region (1750 —
3500 cm?). Calcium alginate, as the second component of the hydrogel
composites displays a shorter broad spectral feature (2250 — 3500 cm™t) which
drops off more rapidly than hydrogel composites. This is likely due to
contributions to this broad spectral feature in the biochars and composites
which comes from both aromatic (3020 — 3080 cm?) and aliphatic (2840 — 2990
cm™) —CHs and —CH: groups in the biochar component. This puts this spectral
region in hydrogel composites intermediate between biochar and alginate. As
would be expected.
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Figure 5.2 FTIR spectra for oak biochar (Oak BC), activated oak
biochar (A-Oak BC), oak hydrogel composite (Oak HG) and
activated oak hydrogel composite (A-Oak HG) as well as
calcium alginate (ALG)

112



A-RH BC

RH BC

A-RH HG

Absorbance

RH HG

ALG

Wavenumber (cm™)

Figure 5.3 FTIR spectra for rice husk biochar (RH BC), activated
rice husk biochar (A-RH BC), rice husk hydrogel composite (RH
HG) and activated rice husk hydrogel composite (A-RH HG) as
well as calcium alginate (ALG)
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All samples display a prominent and well resolved peak, with some shoulder
peaks present, in the region 1650 — 1740 cm which is evidence of prominent
carboxylate C=0 stretching®* (blue band, Figure 5.3 and Figure 5.2). Calcium
alginate typically shows characteristic carboxylate C=0 vibration at

1620 cm1515, This is also visible in the blue band (Figure 5.3 and Figure 5.2)
and prominently in all hydrogel composites, indicating that carboxylate
functionality is present in all samples to some extent. Curiously, both
unactivated biochars Oak BC and RH BC show a small shift in this peak to
lower wavenumber, indicating a lower bond energy.

The yellow band (around 1400 cm™) is region that could indicate both

COO- stretching and CH3 symmetric stretching vibrations®'® from biochar
carbon phases. Alginate displays a prominent peak in this region, as do all
hydrogel composites, which is attributed to COO" stretching since calcium
alginate contains no CHs (Figure 5.3 alginate structure). Interpretation of this
region for both Oak and RH biochars is a more complex, likely due to an
overlap of the aforementioned groups. Biochar, being an amorphous material is
likely to have wider range of group configurations and bond energies, yielding
spectra with widened and overlapping peak areas.

5.2.1 Feedstock effects

Biochar precursor biomass is a key variable in any biochar-containing materials
or composite, since precursor biomass types vary in chemical composition e.g.
inorganic constituents, relative percent composition of lignin, cellulose &
hemicellulose (Table Al). Rice husk is well known to contain significant io-
essential inorganics such as calcium, sodium & potassium and quantities of
silica (SiOx). Oak is typically regarded as a biochar precursor with relatively few
inorganic constituents, but still contains appreciable quantities of bio essential
minerals, especially calcium.

Clear differences are observed in RH and Oak biochar spectra, although a
number of key common peaks are also observed. Differences are particularly
observed in the 750-1500 cm-* region, within which a silica Si-O bond vibration
falls (1000-1140 cm?), which likely accounts for some of the increased signal in
RH samples over Oak samples in this region. RH biochars display a broad
signal peak around 750-1350 cm™, which is likely an overlap of carboxylate and
hydroxylate vibration (1200-1280 cm™t) with Si-O vibration (1040-1100 cm-?),
while the Oak biochars display a narrower peak without such a strong signal in
the Si-O region. Analysis is further complicated by the presence of a
polysaccharide C-O vibration in the same spectral region (1160-1120 cm-1)%7,
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a signal which likely originate from alginate polysaccharide units. This spectral
overlap could explain the greater prominence of the peak in this spectral region
(indicated by the green band) for RH composite hydrogels over RH biochars,
since it contains silica. Si-O bond vibration gives a characteristic broad peak
with a shoulder at higher wavenumber®*8, SiO: is an integral and abundant part
of rice husk structure, providing protection from degradation.

The same region in Oak hydrogel composites is characterised by a series of
small but well resolved peaks. This is a carboxylate C-O vibration at around
1200-1280 cm* is observed in activated biochars and is sometimes described
as a ‘triple peak’ of carboxylate vibration 54, This triple peak is clearly visible in
Oak HG and A-Oak HG samples as well as calcium alginate since these
samples do not contain appreciable levels of silica as RH biochars do.
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5.2.2 Activation

Spectra of activated biochars and hydrogel composites all show a greater
number of spectral features over their unactivated analogues, indicating a
greater range of surface functional groups are present. Comparison of Oak-BC
with Oak-O-BC reveal a greater number of peaks clustered around the two blue
highlighted regions in A-Oak HG (Figure 5.2). This pattern is repeated
consistently with the pairs Oak HG and A-Oak HG, RH BC and A-RH BC as
well as RH HG and A-RH HG. Common to both feedstocks, two shoulder peaks
appear either side of the 1600-1610 cm™ C=0 peak in the activated hydrogel
composites A-Oak HG and A-RH HG (indicated by the blue band) which
indicates several distinct C=0 vibrations each with different bond energy. For
example, some carbonyls present may pertain to different functional groups
such as carboxylates, lactones or carbonyls, or may form part of a resonance
structure or be coordinated to heavier atoms such as calcium, both of which
would register at slightly lower the vibrational energy®*°. Activation via oxidative
acid treatment is well known to increase surface oxygen functional moieties,
such as carboxylate, hydroxyl, lactone and carbonyl groups®%°. A sharp peak in
the spectrum of A-Oak BC at 1385 cm™ is attributed to N-O vibration. HNOs
activation is known to increase the nitrogen content of the activated materials by
addition of N-containing moieties. Nitrogen containing groups tend to display
particularly sharp spectral features, similar to that observed in A-Oak BC.

5.3 Conclusions

The data presented in this chapter describe the compositional and functional
group analysis of engineered materials — biochar and hydrogels — produced in
this work. These data aid in understanding and explaining the adsorption
behaviour and binding mechanism of strontium to biochar and biochar-hydrogel
composites. Elemental analysis demonstrates that oxygen content is well
correlated with both pyrolysis temperature and activation via nitric acid in
particular. FTIR yields information about the functional groups present with a
specific interest in the functional groups that oxygen forms. These data show an
increase in carboxyl, carbonyl and hydroxyl groups in activated samples. The
implications of these activation protocols on uptake behaviour and mechanism
are discussed in subsequent chapters and are summarised in the conclusions
chapter (Chapter 9).
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Chapter 6 Strontium uptake — Biopolymer composites

In this chapter the uptake of strontium to several activated biopolymers and
their composites are investigated through isotherm modelling. Two of the most
successful biochar activation protocols are examined: first HNOsz activation then
MnOx activation. These methods of biochar activation were identified as the
most effective strontium removal in preliminary experiments (Appendix C).
Uptake to alginate hydrogel composite adsorbents produced from these
activated biochars are also compared with their precursor biochars. Two
biochar feedstocks are compared in order to examine the role of the precursor
biomass. Uptake data is paired with spectroscopic studies in Chapter 7 and

discussed in final conclusions.

6.1 HNOs activated adsorbents

6.1.1 Biochar - uptake isotherms

The strontium uptake capacity of oak wood (OK) and rice husk (RH) biochar
was examined in order to determine maximal uptake capacity and to compare
the effect feedstock materials. HNO3 activated analogues were also examined.
Figure 5-1 demonstrates that rice husk biochar appears to exhibit more
favourable uptake of strontium than oak wood. Activation increased uptake in
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Figure 6-1 Uptake isotherm data for rice husk (RH) and oak wood
(OK) biochars, both unactivated and HNOz activated.
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both oak wood and rice husk biochars. The highest uptake was to activated rice
husk biochar, which showed the highest strontium uptake values across the
entire concentration range studied. Isotherm modelling fit parameters are
displayed below for rice husk and activated rice husk biochars (Table 5-1)
however oak wood biochar data series yielded models with unacceptably high
uncertainty due to noise in the data series and are not displayed. A very
obvious feature for all four data sets is that none reach saturation loading.
Reaching saturation loading in an experimental series is desirable for accurate
isotherm modelling fits because saturation is assumed in mathematical model. If
saturation loading is not achieved, the model fits may underestimate maximal
uptake as well as related model parameters. Saturation loading would be
characterised by a reduction of the gradient of each series to nil at high initial
strontium concentration (x-axis). This would indicate that all strontium binding
sites have become occupied in the biochar, and no binding sites remain free.
These biochars therefore all have higher uptake capacities than is represented
by these data. Higher initial concentration series must be applied to accurately
reach and determine their saturation loading for accurate isotherm adsorption
models. Extended concentration range isotherms are presented in subsequent
sections (Sections 0 and 0).

6.1.2 Hydrogel composites - uptake isotherms

Uptake of strontium to analogous biochar-alginate hydrogel composites was
also investigated by means of uptake isotherms, including HNOz3 activated
analogues. Isotherm data from control biochars in Section 6.1.1 are replotted
below with their corresponding hydrogel composites for ease of comparison.
Isotherm parameters captured in Table 5-1.

6.1.2.1 Rice husk hydrogels

Strontium uptake was examined onto rice husk biochar, activated rice husk
biochar, a rice husk hydrogel composite and an activated rice husk hydrogel
composite. The Langmuir and Freundlich isotherm models were applied to
these data and maximal strontium uptake values were derived using the
Langmuir model. The hydrogel composites ( left) display a distinctly different
strontium uptake profile than the biochar and activated biochar ( right). This is
evidenced by the steeper initial gradient of the hydrogel data series. In
comparison, biochar uptake data series present as a more linear increase in
uptake with initial concentration. It is also clear from comparison of plots in that
strontium uptake is higher at lower Sr?* initial concentration for hydrogels than

biochars, particularly so for the activated hydrogel (A-RH hydrogel). Maximum
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uptake for activated hydrogel composite was 42.6 + 2.1 mg g. Although this is
slightly lower than values for activated biochar at 53.6 + 6.4 mg g-1 and
unactivated biochar at 46.6 + 10.6 mg g1, the error on these latter two values
are significantly higher. Unactivated hydrogel composite maximum uptake was
also modelled at 24.4 + 0.1 mg g-1. R? values indicating goodness of fit for the
Langmuir and Freundlich models are comparable. It is clear that - somewhat
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Figure 6.2 Strontium isotherm uptake data for rice husk (RH) hydrogels
(left) and biochars (right). Data are plotted across identical axis for clarity.
Error bars in x and y represent one SD; each data point was taken in
triplicate

unexpectedly - none of the RH samples have reached saturation strontium
loading by 500 mg L! initial concentration. This is discussed in more detail
below.

6.1.2.2 Oak wood hydrogels

The oak wood biochar sample set display similar trends to rice husk biochar,
with a few notable differences. Both hydrogel samples (, left panel) also exhibit
steeper isotherm gradients at lower initial Sr?* concentration than the biochars
(right panel), indicating that hydrogel encapsulation of biochar into such
composites results in higher strontium uptake at low (0-100 mg L Sr?¥)
concentrations. Uptake at higher concentrations also enhanced markedly.
Langmuir model derived maximal uptake of strontium to activated oak wood.
biochar hydrogel composites was the highest at 109 mg g%, much higher than
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unactivated hydrogel composite at 35.5 mg g*. Unfortunately, isotherm plots for
both oak wood biochar samples returned with unacceptably high uncertainty?,

so fits are not displayed. It is clear however from examination of data plots in ,
that oak wood data series — both biochar and hydrogels — possess more ‘noise’
or variability in their data series than RH analogues and this feature is
discussed jointly with subsequent results in Section 6.1.4.3. This is quite
prominent for the activated hydrogel, which exhibits a significant step change in
uptake behaviour at around 50 mg L™ initial Sr>* concentration, - uptake
appears to jump significantly at this point which is an unusual trend for an
isotherm.

Table 6-1 Strontium uptake isotherm parameters for biochar and hydrogel
composite adsorbents

Langmuir Freundlich
K
Qmax
x1073 R? K¢ (mg/g) n R?
(mg/g)
(L/mg)
A-RH
426+2.1 13.7+1.6 0.9917 2.16+0.23 0.511+0.02  0.9915
hydrogel

RH hydrogel | 24.4+0.1 11.2+1.0 09936 1.22+0.25 0.488+0.04 0.9703

A-RH
) 53.6+6.4 24+04 09927 0.36+0.02 0.725+0.01  0.9988
biochar

RH biochar | 46.6 +10.6 1.2+0.3 0.9892 0.11+0.03 0.818+0.04  0.9890

A-OAK
109+0.3 28+0.01 0.9631 0.397+0.09 0.888+0.05 0.9906
hydrogel
OAK
355+29 40+06 0.9914 0.647+0.04 0.4897+0.11 0.9796
hydrogel

1 Non-linear Langmuir and Freundlich isotherm fits were returned with uncertainty 5-10
times greater than modelled values, indicating the mathematical models did not
accurately describe uptake. Non-linear fitting was attempted with two different
fitting programs (Origin Pro and a custom-built excel macro) with similar results.
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Figure 6.3 Strontium isotherm uptake data for oak wood (OAK) hydrogels
(left) and biochars (right). Data are plotted across two identical axis for
clarity. Error bars in x and y represent one SD; each data point was taken
in triplicate

This trend could almost be described as two distinct uptake data series joined
together. This could represent a change in uptake mechanism or possibly be
instrumental or experimental error. No indication of error was noted in external
standards during ICP-MS measurement of strontium concentration. Any
experimental error would likely have been reproduced in other data series to
some extent and triplicate data points are in excellent agreement, so it seems
most likely this is a concentration dependant uptake effect, suggesting a dual-
site adsorption process may be at play in oakwood biochar. A dual-site
adsorption would alter the shape of the adsorption series and thus could have
contributed to the large uncertainty observed in OAK biochar samples’ isotherm
fits, which assume either sites with identical energy (Langmuir) or sites with a
distribution of energies (Freundlich), neither of which accurately model two sites
of discrete energy. The possible cause of this unusual trend is discussed further

in Section 6.1.4.3.
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6.1.3 Decontamination Factor

A decontamination factor (DF) was calculated at an initial strontium
concentration of 5 mg L and results are displayed in Table 6-2. This
represents the ratio of strontium removed from solution. The most effective
material is the activated rice husk hydrogel. This outperforms all other hydrogels
and biochars by quite some margin with a decontamination factor of 6.5. The
activated oak wood hydrogel analogue yielded a DF of 3.97. This is on par with
both the rice husk and oak wood activated biochars (3.97 and 3.94
respectively). The two unactivated hydrogels have similar DF values, with rice
husk (2.01) slightly outperforming oak wood (1.83). Unactivated biochars also
perform similarly (1.24 and 1.34). These data also suggest that activation
creates the largest increase performance, followed by hydrogel encapsulation,
which also results in increased performance, albeit more modestly. What is
interesting about these data is that they suggest that the activated rice husk
hydrogel outperforms the oak wood analogue by some margin at low strontium
concentrations, which is somewhat contrary to the maximal uptake values
derived via isotherm fitting, in which the activated oak wood hydrogel composite
performed best.

Table 6-2 Decontamination factors of all HNO3 activated biochars and
hydrogels at initial strontium concentration of 5 mgL™

Decontamination Decontamination
Sample (OAK) Sample (RH)
Factor Factor
OAK biochar 1.34 RH biochar 1.24
A-OAK bhiochar 3.94 A-RH biochar 3.97
OAK hydrogel 1.83 RH hydrogel 2.01
A-OAK hydrogel 3.97 A-RH hydrogel 6.50
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6.1.4 Extended strontium uptake isotherm data series

6.1.4.1 Isotherm modelling

In light of the enhanced uptake of activated hydrogel composites over biochar
controls, activated hydrogels from both: rice husk and oak wood were examined
with an extended strontium concentration range. Figure 5-4 displays an
extended isotherm concentration range.
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Figure 6-4 Extended strontium uptake isotherms for rice husk and oak
wood activated hydrogel composites

This revealed that the rice husk activated hydrogel outperformed the oak wood
analogue in maximal uptake capacity by a clear margin. Langmuir modelled
maximal uptake capacity was 241 + 15 mg g* for the rice husk hydrogel and
114 + 6.8 mg g for oak wood hydrogel. This oak wood value is in good
agreement with the value obtained in in Section 6.1.2, but the rice husk value is
greatly increased (from 42.6 + 2.1 mg gtin Section 6.1.2), demonstrating that
foreshortened isotherm data series may underestimate the uptake capacity, in
agreement with Nguyen et al. 2017442, Isotherm fitting parameters are displayed
in Table 5-3. Goodness of fit values suggest these data are best described by
the Freundlich isotherm model of a heterogeneous adsorbent with a range of
binding sites possessing a distribution of binding energies. This is a logical
result since it is well known that biochar — the major constituent of the hydrogel
- is amorphous, and given that this is a composite material with alginate binding
sites in addition to the activated biochar. The Freundlich isotherm is most often
found to describe adsorption in biochars and activated carbons®?. The
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dimensionless Freundlich parameter n indicates favourable adsorption when the
value is between 0 and 1, which is found the case for both hydrogels.

Table 6-3 Isotherm modelling parameters using extended data series for
activted hydrogel composites derived from both rice husk and oak wood
biochars

Langmuir Freundlich
Quax K x107
R? K¢ (mg/g) n R?
(mg/g) (L/mg)
A-RH 0.537
241 +15 0.682+0.11 0.9524 21+0.31 0.9928
hydrogel 0.018
A-OK 0.349
114+6.8 3.49+0.79 0.9441 5.66 + 0.98 0.9729
hydrogel 0.021

6.1.4.2 Decontamination Factor

Decontamination factor values at initial strontium concentration of 5 mg L are
displayed in Table 6-4. DF values of 9.5 (rice husk) and 3.87 (oak wood) were
calculated. While the oak wood value is in excellent agreement with the
previous analogous result in Table 6-2, the rice husk hydrogel DF has increased
by about 1.5 times, a significant increase. No obvious reason presents itself for
this increase; possible causes include variability within the feedstock used in the
two experiments or could indicate a refinement or improvement in the
fabrication process. While every effort was made to standardise the fabrication
process such that it resulted in identical treatments, as a novel and
experimental process, there are always possible causes of variation which may
result in variable performance. Further experimentation and repeat results are
thus indicated. Nonetheless, it is a consistent result that DF values are higher
for activated rice husk hydrogel than activated oak wood hydrogel under the
given regime.
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Table 6-4 Decontamination factor at an initial strontium concentration of 5
ppm for the extended activated hydrogel data sets

Decontamination

Sample
Factor
A-OAK hydrogel 3.87
A-RH hydrogel 9.50
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6.1.4.3 Discussion

HNOs3 activation of biochar consistently increases strontium uptake. This
increase is largely due to increases in surface oxygen functionality. Elemental
analysis and Infra-red spectroscopic analysis confirm such an increase
(Chapter 5). Combining activation with hydrogel encapsulation has a two-fold
advantage. It further increases strontium uptake, both in terms of uptake
capacity and equilibrium loading at lower concentrations. Hydrogel
encapsulation enhances uptake due to the ion-exchange mechanism of calcium
with strontium to the alginate phase of the hydrogels. The precise contribution
of the alginate phase to strontium uptake was difficult to quantify, since alginate
only hydrogels exhibit instability in solution, leading to dissolution of part of the
hydrogel. Therefore, baseline alginate only controls were not obtained.

Creating composites results in a more ‘technology ready’ monolithic material
which is easy to handle and separate once spent, whereas fine particulate
biochar in comparison presents challenges in separation or filtration. The role of
the feedstock is a little less clear than activation. Figure 5-4 also displays a
curious feature - that relative performance of the two (rice husk and oak wood)
activated hydrogels at increasing strontium concentration switches. This is
depicted visually in Figure 5-5 and is summarised in brief:

Table 6-5 Summary of relative uptake behaviour - rice husk and oak wood
biochar - as a function of initial strontium concentration

Sr?*uptake performance in activated hydrogel — feedstock
effect

RH > OAK At lowest initial concentration (0 — 100 mg L),

Figure 5-5 (bottom left) rice husk performs better than oak wood

OAK > RH At intermediate concentration (approx. 100 —

-1
Figure 5-5 (bottom left) 1000 mg L™), oak wood becomes the best

performer

RH > OAK At high concentration (> 1000mg L?), rice husk

Figure 5-5 (top right) performance diverges from oak wood,

significantly outperforming it.
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The effect is unlikely to be uncertainty or experimental error due the consistency
of the trends and the fact that uncertainty in repeat measurements is much
lower that the observed trend. Although visually, the difference at lowest
measured concentration (5 - 100 mg L) appears to be minimal, but the DF
values indicate this could translate to significantly different adsorption behaviour
(Table 6-4). Little is known of the relative abundance of distinct oxygen-
containing surface functional groups (e.g. carboxyl, hydroxyl etc.) in each
biochar. It is possible this ‘switching’ performance trend is related to relative
abundance of different surface groups, with varying affinity for strontium
binding. Potentiometric titration techniques could shed some light on light on
this question.
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hydrogel composites, showing the variation in uptake performance at
increasing strontium concentration.
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6.2 MnOx activated adsorbents

6.2.1 Isotherm modelling

Oak wood biochar was activated (MnOx biochar) and its strontium uptake
behaviour was examined using isotherm series and calculating decontamination
factor. An alginate hydrogel composite was also created using the manganese
activated biochar (MnOx hydrogel) and similarly examined. Strontium uptake
isotherms revealed markedly differing uptake behaviour for the hydrogel
composite compared with the biochar. Langmuir isotherm modelling derived a
maximum strontium uptake value of 51.2 + 1.6 mg g* for MnOx hydrogel and
354 + 67 mg g* for the MnOx biochar. At low initial strontium concentrations,
the hydrogel composite outperformed the biochar, as can been seen in Figure
5-6 (right panel). At low initial concentrations, uptake behaviour of the MnOx
biochar was somewhat inconsistent and generally quite poor. At much higher
initial concentration, MnOXx biochar uptake of strontium increases much more
rapidly than the MnOx hydrogel and does not approach saturation even at
several thousand mg L Sr?* (Figure 5-6 left panel) . MnOx hydrogel on the
other hand, exhibits good uptake at low initial concentration, with a neat, convex
isotherm data series which approaches saturation somewhere between 40 - 60
mg g Sr?* loading. Both the Langmuir and Freundlich isotherm models were
used and parameters are reported in Table 6-6. Goodness of fit values were
found to be higher using the Freundlich model for MnOx hydrogel (R? = 0.9978)
that Langmuir (R? = 0.9862), indicating MnOx hydrogel is a heterogeneous type
adsorbent. This is congruent with knowledge of the hydrogel composition, which
is a combination of alginate, biochar and MnOx phases.
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Figure 6-6 Strontium uptake isotherms for Manganese activated biochar
and manganese activated hydrogel composites (left) with the initial data
points (right) plotted on a smaller scale

129



Conversely, the Langmuir model best described MnOx biochar (R? = 0.9892)
over the Freundlich model (R? = 0.9356), suggesting a more homogeneous
binding surface in the biochar. Uncertainty in the maximum uptake value for
MnOx biochar is comparatively large (354 + 67 mg g!) which is likely due to a
lack of saturation loading, even at extremely high strontium initial concentrations
of 1000 — 6000 mg L Sr?*. At such high concentrations, the non-adsorptive
precipitation of strontium onto adsorbent surfaces could become an appreciable
factor. Although blank control experiments (strontium solutions without
adsorbent) were run without an indication of non-adsorptive precipitation, simply
the presence of a solid in the form of the adsorbent could initiate precipitation.
As such, blank controls are limited in determining the presence of non-
adsorptive precipitation. This of course would not reflect adsorptive behaviour
accurately and there is no accurate way to quantify this process and subtract or
correct for it in isotherm modelling calculations without a significant amount of
additional work. Therefore, extending the isotherm series data range ad
infinitum in order to reach saturation loading would not add anything valuable to
the results presented here. Nor do high concentration solutions reflect “real
world” conditions, which is a limitation of the isotherm as an analytical tool for
high loading capacity adsorbents. What is clear from these isotherm results is
that MnOx biochar possesses fewer high affinity strontium binding sites than
MnOx hydrogel, as is evidenced by the poorer Sr?* loading by MnOx biochar at
low initial concentration seen in Figure 5-6 (right panel). MnOx biochar likely
possesses a very large number of lower affinity binding sites since it appears
not to reach saturation loading even at very high strontium concentrations.

Table 6-6 Isotherm modelling parameters for manganese adsorbent
materials

Langmuir Freundlich
K x103
Quax R? Kt (mg/g) n R?
(mg/g) (L/mg)
MnOx 0.20 £ 0.769 +
51.2+16 4.73+045 0.9862 0.9978
hydrogel 0.01 0.01
MnOx 455 + 0.290 +
_ 354 +67 0.13+£0.33 0.9892 0.9356
biochar 0.89 0.03
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6.2.2 Decontamination Factor

A decontamination factor (calculated at an initial concentration of 5 mg L)
provides further evidence for higher affinity sites in MnOx hydrogel. Values of
6.2 for MnOx biochar and 7.6 for MnOx hydrogel (Table 6-7) suggests that at

5 mg L* Sr?*, MnOx hydrogel possesses a greater binding affinity for strontium.
This is likely due to the alginate phase present in the hydrogel and which is
absent in MnOx biochar.

Table 6-7 Decontamination factors for manganese adsorbents

Decontamination

Sample
Factor
MnOx hydrogel 7.6
MnOx biochar 3.2

6.2.3 Discussion — MnOx activated adsorbents

Comparison of DF values of MnOx activated oak wood biochar with control
biochar (Table 6-2) revealed an increased uptake of strontium at low
concentrations, with a DF value almost as high as HNO3 activated oak wood
biochar. In common with HNOs3 activation, hydrogel encapsulation further
increased strontium uptake at low concentration. Manganese oxides have
previously been shown to exhibit very high selectivity for strontium. At very high
strontium concentration (1000s mg L), the MnOx biochar markedly
outperforms its hydrogel analogue. Since the hydrogel is 80 % MnOx-biochar by
weight (based upon starting material ratios), it should possess a similarly large
number of binding sites as the biochar, yet this is not indicated by the near-
saturation isotherm observed by the MnOx hydrogel (Figure 5-6). It is possible
then that encapsulation of the biochar in the alginate hydrogel may then block
access to some of its numerous binding sites. This could occur through pore
filling or pore blocking of both biochar and MnOx phases. The trade-off for this
partial blocking of the MnOx-biochar bindings sites appears to be a smaller
number of higher affinity sites conferred by the alginate component.
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6.3 Conclusions

This chapter reports and describes the adsorption behaviour of strontium to
biochar, activated biochar as well as hydrogel composites and their activated
hydrogel analogues. Activation via nitric acid and via a manganese oxide
oxidation protocol was examined in this manner. The uptake behaviour of
strontium to rice husk and oakwood biochar achieved modest loadings while
their nitric acid activated equivalents showed enhanced loading, demonstrating
that nitic acid successfully increased strontium uptake. Fabrication of a biochar-
alginate hydrogel composite also enhanced uptake. A combination of hydrogel
encapsulation with activation (of the biochar) achieved the highest strontium
loadings - 241 + 15 mg g for activated rice husk hydrogel and 114 + 6.8 mg g**
for activated oak wood hydrogel. While activation and hydrogel encapsulation
have both been previously reported to enhance strontium uptake, the
combination of the two steps has not yet been reported. Both hydrogel
composites and biochars typically exhibited adsorption behaviour that most
closely follows the Freundlich isotherm model, which describes adsorption to a
heterogeneous solid with a distribution of binding site energies.
Decontamination factors for the best performing adsorbents (activated hydrogel
composites) at an initial strontium concentration of 5 mg g* was found to be 9.5
and 3.87 for rice husk activated hydrogel and oak wood activated hydrogel
respectively. The strontium uptake behaviour of manganese oxide activated
biochar and hydrogel composite was also examined. Isotherm modelling
indicates that MnOx biochar is capable of a higher overall strontium loading
(354 + 67 mg g-1) than MnOx hydrogel (51.2 + 1.6 mg g), likely due to some
degree of active site blocking which occurs during the hydrogel encapsulation
process. However, at strontium concentrations relevant to decontamination (5
mg g1), the MnOx hydrogel performs better, yielding a DF of 7.6, while MnOx
biochar achieves 3.2. The implications of these data are discussed in Chapter 9
jointly with results from Chapter 7.
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Chapter 7 X-ray Absorption Spectroscopy: binding mechanism

of strontium to biopolymer adsorbents

7.1 Introduction

X-ray absorption spectroscopy was used to examine the binding environment of
strontium adsorbed to biopolymer composite hydrogels, biochar and calcium
alginate components. HNOg3 activated biochar and analogous hydrogels were
also examined. Several strontium standard compounds were also examined. X-
ray absorption was captured at the strontium K-edge (16105 eV) at 77 K. The
photon backscattering signal was captured over the range 15900 — 16900 eV.
k3 weighted EXAFS fitting revealed the presence of a low mass second shell
backscattering element beyond the first shell oxygen.

Details of the fitting process are described in Section 4.5 but are also
summarised here in brief: Acquired X-ray attenuation data over the range of
interest are first examined for quality then merged. This enhances the signal to
noise ratio. Data go through a process of background subtraction in order to
remove sections of the data that do not pertain to X-ray absorption and back
scattering and spectra are normalised and calibrated in X-ray energy by means
of a standard. One background subtraction and any data quality issues have
been addressed (such as glitches or artefacts), spectra are ready for fitting.
Standard compounds are first fit, taking fit parameters from crystallographic
data, in order to derive a value for Se?, the amplitude reduction factor. This
value should remain stable across all samples in a given experimental set (of
the same element) and can thus be used to fit data for which fewer parameters
are known, i.e. experimental samples with unknown coordination.
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7.1.1 Standards spectral analyses

Pure strontium salts were measured as standard reference compounds and to
aid with the fitting of the Fourier transform of the biopolymer samples. Strontium
oxalate Sr(C204), strontium hydroxide (Sr(OH)z, strontium sulphate SrSO4 and
Strontium carbonate SrCOs were measured at the strontium K-edge and these
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Figure 7.1 Normalised strontium K-edge EXAFS data for four
standards: A) K-edge position, B) EXAFS data in k-space, C) the real
part of the Fourier transform and D) the magnitude of the Fourier
transform. Standards are labelled to the right of D).
data are displayed in . The Fourier transform of these data were fit using
reference crystallographic data in order to obtain a value for the amplitude
reduction factor for further use in fitting of the biopolymer samples. All standards
were satisfactorily fit in this matter. An example fit of strontium oxalate is
displayed in with individual backscattering contributions of the nearest
neighbour oxygen atoms and second nearest neighbour carbon atoms offset for
clarity. Fitting parameters for standards are displayed in Table 7-1.
Measurement of strontium chloride was also attempted but the data obtained
was not usable. Pandemic related restrictions to attendance at the experiment
meant that “on-the-fly” adjustments to sample preparation, including sample
thickness, was not possible. This also meant that data from a number of
experimental samples was not usable.
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Figure 7.2 EXAFS spectrum for strontium oxalate standard (A) and the
real part of the Fourier transform (B). Plots include individual paths for
oxygen and carbon shell fits (offset for clarity) as well as overall fit.
Fitting range = 2.5-11.5 A1, dk = 1, fitting rage is 1.25-3.5 A.

7.2 Biopolymer composite adsorbents spectral analyses

The binding of strontium adsorbed to several biopolymer adsorbents was
probed. Biochar from two biomass feedstocks were selected, rice husk (RH)
and oak wood chips (OAK) in order to probe feedstock effects. Binding to both
biochar (BC) and a hydrogel composite monolith (HG) was examined. The
effect of chemical activation on binding mechanism was also probed with a

series of activated analogues (denoted by the prefix A-). Sr K-edge data are
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displayed for representative samples of hydrogels, biochar and calcium alginate
(ALG) (Figure 6-3). EXAFS spectra in k-space for corresponding samples are
shown in Figure 6-4. Fits of the Fourier transformed data are displayed in real
space (Figure 6-5 & Figure 6-6) as well as their magnitudes (Figure 6-7 &
Figure 6-8) while Table 7-1 lists a comprehensive set of all fitting parameters
derived as well as R-factor values which provide a measure of goodness of fit.
The effect of initial strontium concentration was also investigated using initial
values of 50 (‘low’) and 250 (‘high’) mg L. Table 7-2 provides a comparison of
R-factor values for a range of fit scenarios, including fits which assume the
prescence of chloride.

7.2.1 Results

Fourier transform data reveal a strong first shell signal in all samples which
corresponds to a first shell of oxygen. No spectral differences were observed
between measurements taken at room temperature (RT) versus at low
temperature (77K), although spectral resolution was improved somewhat at low
temperature, therefore low temperature data is displayed herein.

The possible role of strontium chloride in the strontium EXAFS signal was
explored by using Sr-Cl and Sr-Sr scattering paths from crystallographic data.
Hydrated strontium chloride crystallographic data was also examined using
Sr-O and Sr-Cl paths. This was necessary since strontium chloride was used to
create the simulant strontium contaminated solution. Fits to the data using Sr-Cl
resulted in very poor fits, with AEo values consistently very high (20-30 eV) and
R-factors between 0.3 — 0.5 (Table 7-2). Including a second shell Sr-Sr or Sr-O
path did not improve the fits. This suggests that chloride is a the major
contributor to the EXAFS first shell backscatterer signal obtained in biochar and
hydrogel samples, which are all broadly similar. Sr-O single shell fits produced
much improved fits over Sr-Cl fits, with reasonable AEo and coordination values.
However, in all but three cases, all of which were biochar samples, initial fitting
of a single Sr-O first shell still yielded R-factors > 0.02 as shown in Table 7-2.
This suggests the presence of a second, more distance backscatterer shell
beyond the first shell of oxygen. Much of the fitting work focussed on examining
and understanding the second shell backscattering signal and in determining
the identity of the atoms which yielded this signal

The presence of a second shell appears to be confirmed via numerical fit results
in Table 7-1 which improved with the presence of a low mass (Sr-C) back
scattering shell between 3.3 — 3.4 A, with R-factors all < 0.02. The R-factor
value is a measure of how well the model fit overlays, or is in accordance with,
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the experimental data. Fits were also attempted with a second Sr-O path (R-
factors reported in Table 7-2), a binding mechanism suggested by Nie et al.
201773, Fitting such a system to these data produced fits with lower R-factors
than those fitted with a single (Sr-O) path but higher R-factors than a fit with
second shell Sr-C.

Fits using a second shell Sr-Cl signal were also examined (with a first shell
Sr-0). Conceptually, placing chloride, as a highly electronegative element in a
second shell back scatterer with oxygen, another highly electronegative, as a
first shell backscatter doesn’t make a great dela of sense. Such an arrangement
would surely be energetically unstable and unlikely, despite the electropositivity
of charge-dense strontium. More likely, and bearing in mind that EXAFS is an
average signal, it is conceivable that this Sr-O Sr-Cl fit could describe two
distinct binding modes: one being an outer sphere Sr-O binding with absorbent
surfaces and a second Sr-Cl binding environment of precipitated strontium
chloride salts. In a majority of cases, R-factor values of < 0.02 were obtained
with such fits. Coordination numbers for chloride were typically very low (N < 1),
with uncertainty between 25 — 60 % which is significant.

The fits with lowest R-factor values in all samples are first shell Sr-O, second
shell Sr-C fits. This could be indicative of inner sphere complexation of
strontium to both rice husk and oak wood biochars, hydrogel composites as well
as their activated analogues, and calcium alginate at pH 7. Figure 6-12 and
Figure 6-13 provide visual representation of coordination number and
interatomic distances as a function of material type, initial strontium
concentration and feedstock type for ease of comparison. Given that
amorphous samples can be difficult to fit due to a range of possible binding
environments, it is not unexpected that these fitting results are not as clear-cut
as could be expected from more ordered samples, for example. It is important
therefore to treat these results with care in interpretation and this is further
discussed in the future works Section 9.1.4 and limitations Section 9.1.5.
Nonetheless, the fits which most accurately describe these experimental results
do suggest the presence of second shell carbon which in turn indicates stronger
inner sphere binding is occurring. Subsequent sections explore this option and
develop a conceptual model to explain these data and fits.

7.2.1.1 Calcium alginate EXAFS analysis

Examining the component materials of the hydrogel, it can be seen that calcium
alginate possesses the highest second shell Sr-C coordination number of the
sample dataset at 4.69 + 1.37, consistent with the ‘egg-box’ theory®® of group Il
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cation binding to alginate (Figure 6-11, right). The fact that the second shell
signal is highest in alginate only samples lends credence to the theory of a
second shell of carbon, since as a more ordered and well-described polymer, a
higher degree of inner sphere binding would be expected here than in biochar.
This value for second shell coordination number is consistent at both ‘high’ and
‘low’ initial strontium concentrations examined, indicating that the binding
environment has not altered significantly with an increase in the number of sites
occupied. Thus, in the context of remediation, there are a large number of sites
with a high affinity for strontium in calcium alginate hydrogel. This is not
surprising given that the alginate only hydrogel is created using the calcium ion
as a template around which the monolithic gel forms. Given the electronic and
size complementarities between calcium and strontium, this creates binding
pockets that are well suited for strong strontium binding. Of course, calcium
alginate hydrogel as a standalone material is not well suited for remediation
purposes due to its poor mechanical strength and durability. However, it clearly
possesses properties that could be highly useful to cation complexation and
immobilisation, especially in ‘one-use’ scenarios that are particularly useful for
radionuclide immobilisation for subsequent isolation.

7.2.1.2 Biochar EXAFS analysis

To our knowledge, no published work has yet used EXAFS to examine the
binding mechanism of strontium to biochar or any similar type of biopolymer-
based adsorbent materials. Both rice husk and oak wood biochars exhibit a
similar second shell backscattering signal to both alginate and composite
hydrogels, with fitted values for second shell carbon coordination ranging
between N = 3.48 + 1.35 and N = 2.56 + 1.18. These values are lower than for
alginate only and composite hydrogels. Nonetheless, biochars and activated
biochar do appear to exhibit inner sphere binding, with no discernible
differences based on feedstock, represented visually in Figure 6-12. Nor does
activation appear to alter the binding environment in biochar, although a
thorough analysis of this variable was not possible. It was unfortunately not
possible to complete fitting on all biochar samples prepared due to sample
preparation issues. Rice husk biochars seemed to be especially affected by
poor transmittance. Only one rice husk biochar yielded sufficient signal for fitting
while three oak wood biochars were successfully fit. However, uptake data from
Chapter 5 indicate little discernible difference in strontium loadings between the
two feedstocks at the two concentrations used for EXAFS measurements. It is
possible that the presence of silica which is abundant in rice husks may have

attenuated the X-ray signal to a greater extent than that which occurred in oak
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wood biochars. Although this was accounted for in sample thickness
calculations, it was not possible to precisely measure silica content in the rice
husk biochars, and since this experiment was conducted remotely during the
2020 global pandemic, it was not possible to modify samples during the
experiment to better account for sample absorption.
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Figure 7-3 Normalised strontium K-edge data of representative samples,
showing both activated and unactivated hydrogels (left), and biochar and
alginate control samples (right). All samples displayed
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Figure 7-5 The real part of the Fourier transform for three
representative biochar adsorbents and calcium alginate, including
fits and individual paths (offset for clarity). Data are enumerated in
Table 7-1
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Figure 7-6 The real part of the Fourier transform for four
representative hydrogel adsorbents including fits and individual
paths (offset for clarity). Data are enumerated in Table 7-1
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Figure 7-7 Magnitude of the Fourier transform for four representative
hydrogel adsorbents including fits and individual paths (offset for clarity)
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Figure 7-8 Magnitude of the Fourier transform for three representative
biochar adsorbents and calcium alginate, including fits and individual
paths (offset for clarity)
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7.2.1.3 Hydrogel composites EXAFS analysis

Hydrogel composites also display a second shell signal evidenced by the
addition of the second shell Sr-C backscattering component improving the fits in
all cases. The fitted coordination number for second shell carbon is intermediate
between biochar and the alginate only control hydrogel, with values typically
around 4-4.5. This trend is displayed visually Figure 6-12. Hydrogel samples on
the whole show a higher Sr-C second shell coordination number value over
biochar samples which indicates a greater degree of inner sphere binding in
hydrogels than biochar. The addition of alginate to biochar in the hydrogel
composites appears to increase the degree of inner sphere binding. Interatomic
Sr-C (second shell) distances appear slightly shorter in biochar only samples
than hydrogels (Figure 6-13 top). Interatomic distances in hydrogels in the
second shell more closely resemble those derived in alginate samples. This
suggests the binding environment in hydrogels more closely resembles, on
average, alginate. The egg-box model of group Il binding in alginate could help
to explain the slightly lengthened second shell distance, as the binding pockets
likely have fixed geometries predetermined by the gelation process. The egg-
box model®® describes the expected binding mode of the alginate anionic
biopolymer around cations such as strontium. This is described in more detail in
Section 2.2.3.4 and Figure 2-8. Another contributing factor is in the relative
contribution to binding of different oxygen functional groups. This is explored
further in Section 7.2.2.

7.2.1.4 HNOs Activation

Activation with HNOs slightly increases first shell oxygen coordination numbers,
while little effect is noticed in the second shell (Figure 6-12 top). Activation is
known to increase surface oxygen functionality in biochar which likely explains
this trend. Little effect is noticed on interatomic distance due to HNO3 activation,
suggesting activation does not alter interatomic distances in the strontium
binding environment (Figure 6-13).

7.2.1.5 Strontium concentration

Binding was examined with two initial strontium concentrations (50 and

250 mg L1). Figure 6-12 (bottom) shows coordination as a function of both
biochar feedstock (showing both hydrogels and biochar samples) and initial
strontium concentration. Little effect on either biochar feedstock or initial
strontium concentration is noted above uncertainty, suggesting no significant
difference in the strontium binding environment across the concentration range.
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This indicates that the number of equivalent binding sites are numerous, more
numerous than can be saturated by a 250 mg L.
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Table 7-1 EXAFS fitting parameters for hydrogel beads, biochar and alginate samples. Both Oak wood (Oak) and rice husk (RH)
biochar was used. Table continued overleaf (1/3)

Scatterer Coordination

2 %103 (R2 _
Sample Type shell number R (A) AEo (eV) 02 *102 (A?) R-factor
Activated Oak Sr-O 8.81+0.99 257 +0.01 3.03+0.95 13.4+1.64 0.0111
hydrogel 250 hydrogel
Sr-C 3.42+1.34 3.37+0.04
Sr-O 8.46 +1.02 2.57 £0.05 3.11+0.96 13.4+1.83 0.01340
Alginate 250 alginate
Sr-C 4.69 +1.37 3.39+0.01
. Sr-O 9.05+0.93 257 +0.01 3.04 +0.99 12.9+1.49 0.00974
Activated Oak biochar
biochar 250 Sr-C 2.99 +1.38 3.30 + 0.04
Activated RH _ Sr-0O 9.16 + 0.90 257 +0.01 3.05 +0.95 12.8 +1.45 0.009248
biochar 250 biochar
Sr-C 3.48+1.35 3.31+0.04
Activated RH Sr-O 8.91+1.00 257 +£0.01 2.55 +0.99 13.0+1.71 0.01201
hydrogel 250 hydrogel
Sr-C 3.68+1.39 3.35+0.04
Sr-O 8.54 +1.03 257 +0.01 2.99+0.97 13.3+1.81 0.01319
RH hydrogel 250 hydrogel
Sr-C 4.31+1.38 3.38+0.04
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Scatterer

Coordination

2 %103 (R2 _
Sample Type shell number R (A) AEo (eV) 02 *10% (A?) R-factor
Sr-O 7.67 £0.70 2.57+0.01 4.34 +0.88 11.8+1.51 0.01474
Oak biochar 250 biochar
Sr-C 2.62 +1.03 3.32+0.04
Sr-O 7.74+0.91 2.56 +0.01 3.25+0.95 12.8 +1.83 0.014070
Oak Hydrogel h
250 ydrogel
Sr-C 4.04 £1.22 3.38+0.04
. Sr-O 8.23+1.05 2.57+0.01 2.51+1.03 12.8 +1.95 0.01600
Activated Oak
Hydrogel 50 hydrogel
Sr-C 4.02+1.38 3.38+0.04
Sr-O 7.96 +0.94 257 +0.01 3.02+£0.95 124 +1.91 0.0160657
Alginate 50 alginate
Sr-C 455+ 1.25 3.39+0.04
, Sr-O 8.36 + 0.79 2.56 +0.01 3.78 £ 0.95 12.6 £1.51 0.01125
Activated Oak :
biochar 50 biochar
Sr-C 2.56 +1.18 3.31+0.05
. Sr-O 8.72+1.13 2.56 +0.01 2.69+1.12 13.2+2.10 0.018465
Activated RH
hydrogel 50 hydrogel
Sr-C 4.28 +1.53 3.36 £+ 0.05
Sr-O 7.85+1.12 2.56 +0.01 248 +1.16 12.9+2.25 0.02007
Oak Hydrogel 50 hydrogel
Sr-C 4.45+1.48 3.38+0.04
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Scatterer

Coordination

2 %103 (R2 _
Sample Type shell number R (A) AEo (eV) 02 *10% (A?) R-factor
Sr-O 12.0£0.96 2.59 £ 0.06 0.39+£0.75 12.1+1.21 -
Sr(C20.4) standard
Sr-C 9.48 £ 1.50 3.32+0.14
Sr-O 12.8 +£1.27 2.62 +£0.10 1.38+0.71 15.0+1.77 -
Sr(OH)2 standard
Sr-Sr 2.91+1.18 3.71£0.06
Sr-O 9.07 +£1.30 2.06 +0.11 091+1.1 16.2 +2.59 -
SrSO.4 standard
Sr-S 5.53+0.77 3.45+0.02
Sr-O 12.84 +1.86 2.61+0.03 2.48 +1.54 13.6 £ 3.80 -
SrCOs standard
Sr-C 8.02+1.12 3.02+£0.02

K range is 2.5-11.5 A, dk = 1, fitting rage is 1.25-3.5 A. 0%c values are set equal to 0. The number of independent data points

NIDP is calculated as follows NIDP = S (2/p)(Kmax — Kmin)(Rmax - Rmin)°. So? was set to 1 following standard fitting

147



Table 7-2 Comparison of R-factor values for a range of fit types. In the majority of cases, a Sr-O Sr-C fit yields the lowest R-
factor values, suggesting these fits most accurately follow experimental data. Sr-O Sr-Cl fits also yield low R-factor values in

several cases. Thus, coordination number values are also reported for this fit 1/2.

. f R-factor f

Sample So' Rpeo TS o3 v
R-factor N CI

Activated 25%‘ hydrogel 0.01112 0.02082 0.01717 0.01288 O&?Zf 0.04034
Alginate 250 0.01340 0.03131 0.02459 0.01548 1.0+0.36 0.04403
Activated Oak biochar 250 0.00974 0.01669 0.01455 0.01176 0.50 +0.30 0.02173
Activated RH biochar 250 0.00925 0.01779 0.01520 0.01155 0.60 + 0.30 0.02364
Activated RH hydrogel 250 0.01201 0.02134 0.01784 0.01409 O 0.03000
RH hydrogel 250 0.01319 0.02834 0.02305 0.01466 0.12 + 0.043 0.04034
Oak biochar 250 0.01474 0.02184 0.01586 0.01552 0.50 +0.30 0.03867
Oak Hydrogel 250 0.014070 0.02947 0.02380 0.01544 0.93 +0.31 0.04319
Activated Oak Hydrogel 50 0.01600 0.02931 0.02365 0.018055 0.88 + 0.36 0.04144
Alginate 50 0.016066 0.03323 0.02675 0.016366 11+0.32 0.05079
Activated Oak biochar 50 0.01125 0.01616 0.01293 0.013331 0.46 + 0.27 0.02184
Activated RH hydrogel 50 0.01847 0.03050 0.02384 0.02194 0.8+03 0.03826
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R-factor

R-factor i R-factor Sr-0O R-factor
Sample Sr-O R-factor Sr-O Sr-Cl Sr-Cl
Sr-C Sr-0 Sr-0
R-factor N CI
Oak Hydrogel 50 0.02007 0.03648 0.03071 0.02165 1.01+0.38 0.04832

K range is 2.5-11.5 A, dk = 1, fitting rage is 1.25-3.5 A. 0°c values are set equal to 6. The number of independent data points NIDP is
calculated as follows NIDP = S (2/p)(Kmax — Kmin)(Rmax - Rmin)®. So? was set to 1 following standard fitting
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7.2.2 Discussion

Evidence of any second shell backscattering at pH 7 is unusual in strontium
EXAFS. While samples formed in high pH systems routinely exhibit second and
even third shell backscattering signals in a range of studies, circumneutral
samples typically reveal little signal beyond the first, dominating oxygen shell.
This is interpreted as outer sphere, weak, electrostatic binding of hydrated
strontium to adsorbent surfaces. As this behaviour has been observed in a
number of EXAFS studies, limited to inorganic phases, it has been argued that
strontium always forms outer sphere complexation at pH 7. These data appear
to challenge this assumption, showing evidence of second shell signals and
demonstrating that this class of adsorbent possesses favourable strontium
binding properties — inner sphere binding - at circumneutral pH. To our
knowledge, no EXAFS studies have been applied to strontium binding in
biochar or hydrogel composites. Although it is important to conduct further work
to ensure no sample effects or other processes are responsible for the apparent
second shell Sr-C signal.

7.2.2.1 Binding mechanism model development in biochar and hydrogel

composites

A range of crystallographic data was used to develop a binding model and aid
understanding of the likely strontium binding environment in biochar and
hydrogels which is indicated by the data. Sr-O first shell bond distances derived
in this study (2.56—2.59 A) fall within the typical range for Sr-O binding derived
from both crystallographic?22:522:523 and spectroscopic®’:236:239.240 data which
typically position oxygen at between 2.5-2.8 A distant from strontium. Typically,
Sr-O distances on the longer end of this range are attributed to water
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Figure 7-9 Schematic representation of a partial sphere of hydration
around a strontium atom, displaying interatomic distance to the second
sphere of hydration

molecules®”?22 while samples in this data set fall towards the shorter end of the
length range. As a strongly oxyphilic element, with non-directional valence
electrons (s-shell) strontium is almost always found surrounded by between 6 —
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12 oxygen atoms®?4, Therefore the first shell reveals no novel information, nor
can the first shell alone reveal whether strontium is bound in inner or outer
sphere complexation. More crucial is in examination of second and even third
shell signals, which can reveal much more about the nature of the binding
environment. Second shell Sr-C distances in both organic and inorganic
compounds were used to develop a model of binding within the biopolymers
calcium alginate, biochar and in the hydrogel composites. Since EXAFS is only
capable of distinguishing approximate atomic mass of a backscatterer, it was
necessary to rule out other possible elements as the identity of the second shell
backscattering signal. This is particularly so given the known tendency of
strontium to retain its hydration shell. Oxygen was ruled out as the second shell
back scatterer for the following reasons:

It is unlikely that the second shell signal could be a second sphere of hydration.
Evidence suggests that strontium’s second shell of hydration sits much more
distant from the central strontium atom than the 3.3-3.4 A observed for the
second backscattering shell in measurements?3525, Modelling and experimental
data instead suggest the second sphere of hydration for strontium appears at
between 4 - 5 A230.525 This is in part due to hydrogen bonding in water. A 2006
study by Reuter et al???. into hydrogen bonding in a strontium hydroxide hydrate
revealed oxygen-oxygen distances in hydrogen bonded water coordinated
around strontium was between 2.67 — 2.87 A. This is far more distant than the
observed second shell distances thus assigning the second shell signal to a
second shell of hydration can be ruled out.

Nie et al., in their 201723 paper examining adsorption of strontium and
selenium to Goethite incorporate a low mass back scatterer into their EXAFS fit
at 3.3+ 0.5 A. They propose assignment of this signal to a second shell of
oxygen (N = 1.2 + 0.3) which they rationalise as a partial hydration of surface
adsorbed strontium. They assign the first shell of oxygen to eight Goethite
surface hydroxyl groups (N = 8.1 + 25 %, R = 2.57 + 0.02 A). While their second
shell interatomic distance is consistent with this study’s second shell observed
in biopolymer composites, the coordination number Nie et al. derive is far lower
than the majority of samples in this study. Partial hydration consisting of around
1.1 water molecules in addition to around 8.1 surface hydroxyls could indeed be
plausible for Goethite. However the high second shell coordination numbers in
this study preclude a similar scenario. Furthermore, their stated uncertainty in
second shell distance is also much higher at 0.5 A. This could well be
consistent with the known dynamic and disordered nature of strontium’s
hydration sphere?30.525526 however this uncertainty is not consistent with these
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data. Nie et al.’s adsorption regime was also conducted in a highly basic
solution of pH 10.4. At such high pH, it is likely that spontaneous precipitation of
agueous strontium to carbonate from minor contaminants present during
Goethite synthesis, could also be responsible for this small signal as Sr-C373. In
this study, a pH 7 buffer was used in order to prevent precisely such high pH
precipitation effects and in order to mimic the environmental conditions that
would be expected in the event of accidental release. There is no facile method
to distinguish between adsorptive processes and spontaneous precipitation.
Indeed precipitation of cations under high pH regimes is likely a major cause of
erroneously high uptake capacity data for some cationic metals, notably lead.
This is a particular concern for pyro-processed materials such as biochar and
some activated carbons, since such thermal treatments tend to produce a basic
material that is capable of inducing pH increases in bulk solutions as well as
strong local effects which may induce strontium precipitation. Finally, fits to
experimental data reported here indicate that fitting a second shell Sr-C path
more suitably described the data than a second Sr-O path (Table 7-2).

7.2.2.1.1 Possible role of chloride precursor

Strontium was introduced into the system using a strontium chloride solution.
Since strontium is a divalent cation, this meant the chloride concentration
present in uptake experiments was double that of strontium — 500 and

100 mg L. It is conceivable that chloride may play a role in backscattering
signals. Fitting indicates that chloride almost certainly plays no role in first shell
backscattering (Table 7-2). Second shell fitting of chloride did yield a number of
fits with acceptable (< 0.02) R-factors, although lower still were Sr-C second
shell fits. This could indicate some degree of strontium chloride precipitation
occurring on the adsorbents. Strontium chloride hexahydrate is a highly soluble
salt (53.85 g gt at pH 7 and 20 °C)>?” which reduces the likelihood of
spontaneous precipitation. Further, and as described in Section 4.4, adsorbents
were gently rinsed times in ultrapure water in order to remove any salts present
on the adsorbent surface. While this doesn’t entirely preclude the presence of
strontium chloride precipitates on the adsorbent, attempts were made to
exclude this possibility in experiment protocol. Future work will focus on
specifically excluding this possibility. EXAFS fitting results suggest that second
shell Sr-C more accurately reflect experimental data than Sr-Cl signal.

7.2.2.1.2 Possible role of inorganic phases

Given the above points and given the highly carbonaceous nature of biochar,
and indeed alginate as a polysaccharide, carbon is the obvious choice for the
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identity of the second shell signal. A logical extension of this hypothesis is that
the second shell carbon exists in organic forms (i.e. carboxylate, hydroxyl etc.)
rather than inorganic form such as carbonate, as these structures are abundant
in both biochar and alginate. Although small quantities of carbonate and other
mineral phases are found in biochars, substitution of strontium into a carbonate
or other inorganic phase is not a known mechanism of uptake and is not
expected to play any significant part in uptake at the lower concentrations
explored in this study??. Furthermore, activation with concentrated nitric acid
typically removes trace inorganics from the biochar. Given the similarities in the
EXAFS signal between unactivated samples, activated samples and alginate
samples (which contain no inorganics) it does not seem likely that strontium
substitution into inorganics plays any significant role in any samples.

7.2.2.1.3 Therole of organic functional groups

Shortest inorganic Sr-C distances tend to fall around 3.0-3.1 A. Thorpe et al.23?
in a 2012 EXAFS study report 2.98 and 3.04 A in strontianite and substituted
aragonite respectively, while crystallographic data for SrCO3s shortest Sr-C
ranges are 3.0-3.1 A229, Organic Sr-C distances typically range between
3.0-3.9 A depending on the functional group through which binding occurs ().
Sr-C distance in strontium diformate, via a bidentate carboxylate type
coordination was found to be 3.0-3.1 A28 while strontium oxalate Sr-C distance
in a bidentate binding orientation was found to be 3.3 — 3.54229:528:529 A mono
dentate type binding mode — such as hydroxyl - was found to give the longest
Sr-C distance of between 3.4-3.9 A218.220 All samples in this study exhibit Sr-C
distances which fall intermediate within the range of organic functional groups in
, at 3.3-3.4 A. Fits of standards, strontium oxalate and strontium carbonate
correlate well with crystallographic data summarised in . The carbonate
standard yielded an Sr-C distance of 3.02 + 0.02 A while the oxalate standard
yielded 3.32 + 0.14 A. Examination of both the structure of the alginate
biopolymer and that of biochar and its activated analogue reveal a combination
of different binding modes available, including carboxylate, hydroxyl, lactone,
and phenolic groups. In alginate only, this is predominantly hydroxyl and
carboxylate groups, in accordance with the egg-box model (Figure 6-11).
Biochar is well known to possess abundant hydroxyl, phenolic, lactone, ether
and carboxylate functionality; activation increases carboxylate and hydroxyl
abundance in particular (Figure 5.2). It therefore seems likely, given the
amorphous nature of biochar that complexation of strontium is a combination of
several modes of binding: carboxylate/oxalate bi-dentate and mono-dentate
modes as well as mono-dentate binding via hydroxyls and other oxygen
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containing groups. A partial hydration shell likely persists to some extent owing
to the charge dense nature of strontium (Figure 6-11). The alginate
polysaccharide chain contains only hydroxyl and carboxylate functionality, and
the egg-box model Nonetheless, this still represents a strong, inner sphere
binding of strontium to biochar and hydrogel composites.

Sr-C distance

ped R

J
Bidentate Bidentate oxalate ~ Monodentate ~
carboxylate ~ 3.3-3.5 A 3.5-39A
3.0-3.1A ' )

Figure 7.10 Typical Sr-C interatomic distances from crystallographic
data for common organic strontium compounds. Carbon is shown in
grey and oxygen in dark red. Note: dashed lines represent electrostatic
Sr-O attraction not Sr-C distances

The only similar material found in strontium EXAFS literature to the materials in
this study, is another bio-derived crystalline calcium oxalate adsorbent??® which
is a common product of many plants and has been found to exist in tree roots.
Authors found a binding environment of 7.9 first shell oxygen atoms at 2.56 A
and around 5 second shell carbon atoms at 3.4 A at pH 6.5. This is in excellent
agreement with hydrogel and biochar results.

7.2.2.2 Contribution of component phases

The alginate only control sample appears to exhibit slightly higher second shell
coordination numbers consistently. This indicates it has the highest degree of
inner sphere strontium binding for all samples tested. As an anionic biopolymer
which is known to form hydrogels in the presence of other polyvalent cations,
this is no major surprise. Thus, the alginate component of hydrogel composites
likely possesses the highest affinity sites for strontium binding. However, as a

standalone adsorbent, it exhibits poor mechanical stability. Fortunately, biochar
binding sites also possess similar, albeit at a slightly lower degree of inner
sphere binding, as evidenced by second shell coordination numbers.
Furthermore, no clear differences are observed in binding between 50 and

250 mg L1 initial strontium concentration samples, indicating that binding site
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affinity has not altered with a five-fold increase in strontium ion concentration. A
drop in second shell coordination number at higher initial concentration would
indicate saturation of higher affinity sites and the gradual occupation of lower
affinity sites, yet this is not observed (Figure 6-12). Noting that isotherm data in
Chapter 6 consist of data series up to 6000 mg g, far higher than
concentrations used in EXAFS experiments, this suggests that high affinity,
inner sphere type binding sites are not yet saturated at 250 mg L%, in either
hydrogel or biochar, suggesting the adsorbents have high strontium uptake
capacities, and crucially, to high affinity sites.
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Figure 7-11 A representation of the likely binding environments of
strontium in biochar and hydrogel composites, showing (left) a range
of possible binding modes in biochar components: bi-dentate, mono-
dentate and retention of a partial hydration sphere. (Right), strontium
in the “egg-box” binding model of divalent cations to alginate
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Figure 7-12 Coordination number of absorbing Sr2+ atom derived
from EXAFS fitting arranged by activation and adsorbent type
(top), and biochar feedstock type as well as initial strontium
concentration (bottom)
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Figure 7-13 Interatomic distances from absorbing Sr2+ atom
derived from EXAFS fitting organised by adsorbent type and
activation (top), initial strontium concentration and biochar

feedstock (bottom)
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7.3 MnOx activated hydrogel composites

An activated biochar was generated via treatment with potassium
permanganate, according to the protocol described by Wang et al. 201578, The
binding of strontium to the resulting MnOx-biochar and MnOx hydrogel
composite was examined using EXAFS (Figure 6-14). Results indicate the
presence of both a carbon second shell at 3.34 + 0.02 A and a manganese shell
at a similar distance (3.05 + 0.02 A). By using a simultaneous fitting process,
carbon coordination number was fixed at 4.86 + 1.69, yielding manganese
coordination numbers between 4.6 — 5.77 (Table 7-3). Strontium — carbon
distances are consistent with those found in non-MnOx biochar and hydrogels
(Section 7.2.1), yielding values in the middle of the range for organic Sr-C
distances (). The strontium — manganese distance is slightly shorter, but is still
consistent with crystallographic data for some strontium-doped manganese
oxides (3.0 — 3.15 A)530-532 The relatively similar Sr-C and Sr-Mn distances
suggest two distinct binding environments: one containing carbon and oxygen,
and the other manganese and oxygen. The presence of strontium in a single
manganese carbonate phase (or similar) is unlikely due to the proximity of
manganese to carbon. Such a two-phase model is consistent with
understanding of the composite, which consists of a biochar phase (mostly
carbon) and a manganese oxide phase. In the case of hydrogels, the additional
alginate component is similar to biochar in carbon content. Thus, two distinct
binding modes are suggested (Figure 6-15) relating to Sr-C from ‘organic’
phases (biochar and/or alginate) and Sr-Mn from the manganese oxide phase.
It should be noted that EXAFS fits did require constraining some parameters
and thus detailed interpretation of the data must be cautious. Little difference
was observed in fits for different initial strontium concentrations. This suggests
that uptake was not preferential to any one phase over the concentration range
examined.
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Figure 7-14 Example fit of a MnOx activated hydrogel composites.
Magnitude of the Fourier transform (A) and the real part of the

Fourier transform (B) including fits and individual paths (offset for
clarity)
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Table 7-3 Simultaneous EXAFS fitting parameters for MnOx biochar and
hydrogel samples at initial strontium concentrations of 50 and 250 mg L

Sample  Tvpe Scatterer Coordination R (A) AEo  g2*103
P yp shell number (eV) )
MnOXx biochar
biochar Sr-O 9.35+0.85 2.59+0.01
250
Sr-C 4.86 +1.69 3.34 £ 0.02
Sr-Mn 519+1.21 3.05+0.02
MnOx biochar b
biochar 50 Sr-O 9.76 £ 0.85 2.59
Sr-C 4862 3.34¢
Sr-Mn 4.60 +0.85 3.05¢
o Trdrona 277+ 147+
_ b 0.84 0.96
hydrogel Sr-O 10.3£0.93 2.59
250
Sr-C 4,862 3.34°¢
Sr-Mn 5.13+1.16 3.054
MnOXx hydrogel
hydrogel Sr-0 9.66 + 1.06 2.59°
50
Sr-C 4862 3.34¢
Sr-Mn 577 +1.89 3.05d

K range is 2.5-11.5 A, dk = 1, fitting rage is 1.25-3.5 A. 0% values are set equal to 0.01 A2,
o?unis set to 2* g%0. Simultaneous fit with #fixed to Nc. fixed to Ro,  fixed to Rc, %fixed to Rwn
of MnOx biochar 250. AEowas floated once due to the simultaneous fitting. The number of
independent data points NIDP is calculated as follows NIDP = S (2/p)(Kmax — kmin)(Rmax = Rmin)
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Figure 7-15 Two distinct binding environments are proposed for MnOXx
biochar and hydrogel composites: an inorganic-type MnOx binding at
defect sites (left) and an organic-type binding to alginate or biochar
phases within the composite

7.3.1 Manganese oxide identification

The preparation method employed was described in Wang et al. 201552 and
following McKenzie et al. 1980534, The resulting composite is described therein
as a “Birnessite...biochar”. Birnessite is a non-stoichiometric MnO2, meaning its
oxidation state is nominally Mn#*, but many sites may be occupied by Mn3* or
Mn?*. The authors note that this method produced a “poorly crystalline”
birnessite within the biochar matrix, but noted higher metal uptake than other,
more crystalline preparations. Identifying the precise morphology and oxidation
state of the manganese oxide phase used in this study was attempted with
similar results. Unfortunately, XRD results proved largely inconclusive, showing
only that the mineral present was poorly crystalline in nature. Manganese K-
edge XANES was also attempted. Spectra were acquired () however full linear
combination fitting failed due to a number of issues mostly relating to difficulties
in obtaining high quality data because the experiment was run remotely during
the 2020 pandemic. This necessitated all sample preparation in advance of
preliminary results and meant that “on-the-fly” modifications to enhance data
quality were not possible. Nonetheless, visual comparison of these data with
several standard compounds can provide some information. Examination of the
edge position and shape suggests that a number of oxidation states are
present. Pre-edge features are most consistent with d-MnO2 (Mn“*), while edge
position is intermediate between +2 and +4. Edge shape is similar to that of
MnOOH (Mn3*) and Hausmannite (Mn2*3*). This is consistent with an
amorphous, non-stoichiometric birnessite. It is not possible to infer firm
conclusions however due to the limitations of the data. Sample self-absorption
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and/or sample thickness effects may have contributed to the less than ideal
data acquisition.
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7.4 Conclusions

Conclusions for this chapter are summarised in Section 9.2 in order to discuss
data from Chapter 6 jointly. In brief, EXAFS was used to examine the binding
mechanism of strontium to a range of biochar and hydrogel composite
adsorbents, both unactivated and activated with nitric acid and a manganese
oxide oxidant activation combined dopant. Results indicate a backscattering
signal beyond the first shell is present in all samples which fitting indicates is
most accurately described by a second shell of carbon atoms, suggestive of an
inner sphere type binding between strontium and the adsorbents. This
backscattering signal was slightly more prominent in the hydrogel composite
adsorbents. Although more work is required to confirm these data, such as
exclusion of chloride as a back scatterer, these results suggest that biochar and
composite hydrogel adsorbents bind more strongly to strontium at circumneutral
pH than most inorganic adsorbents, as reported in literature. More fuller
investigation to rule out alternative possible reasons for the back scattering
signal beyond the first shell, including chloride, in this work were unfortunately
hampered by pandemic related restrictions to synchrotron beamline
experiments.
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Chapter 8 Pore space analysis of biochar X-ray g-tomography

8.1 Method Development

Prior to the commencement of this work, only one publication (Jones et al.
2015)°% had presented any quantitative analysis of biochar pore space using
XCT, using an X-ray attenuation peak fitting method of the solid vs pore space
to derive a pore space volume fraction This is a markedly different technique for
pore space measurement to the more common image analysis based
quantification. It is important to note that the intention with this chapter was to
analyse pore space using established techniques, and concurrently develop
XCT pore space measurement and analysis in order to compare and contrast
results. BET gas adsorption analysis in particular is a standard technique for
porous carbon materials including biochar. Unfortunately, due to pandemic-
related restrictions, and associated limitations to instrumental access, it was not
possible to obtain BET gas adsorption results for the entire sample set. As an
alternate measure, and since BET analysis is such a standard technique,
literature reported values for biochars of the same or similar feedstocks,
including activated biochars, have been compiled as a next-best scenario for
comparison of XCT results. Literature BET values are collated and reported in
Table A-2.

No one established methodology has yet published for XCT image processing
for pore space quantification of biochar. In light of this fact, a significant
proportion of time was dedicated to the development of an accurate and
automated method for pore space analysis of biochar. Although such methods
have previously been used to quantify pore spaces of other classes of materials
very successfully, and even similar carbon-based materials, phase contrast in
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Figure 8-1 A reconstructed tomographic image of biochar pore space
without contrast enhancement (left) with its greyscale histogram (right)
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Figure 8-2 The difference in image produced via phase contrast (left)
and absorption contrast (right) for an oakwood biochar courtesy of Dr
Luke Higgins. Note images are of the same sample but are not identical
slice numbers

the reconstructed images (with standard filters applied) of biochar was much too
poor to apply any automated pore analysis directly. Figure 7-1 displays such an
image with its corresponding greyscale histogram. The histogram plots all pixels
in the image according to shade from white to black. As can been observed, the
histogram consists of one broad peak, meaning that pixels of pore space and
pixels of sample are not well resolved and cannot be trivially classed or
separated as such automatically®3®. This was found to be the case using either
phase contrast or absorption contrast modes (Figure 7-2). This is perhaps why
Jones et al. opted for their alternative method of X-ray attenuation peak fitting,
despite the fact that image analysis has the potential to generate a much wider
range of pore space metrics than pore volume alone. Two methods were
investigated for image enhancement in order to gain sufficient resolution
between pore space and solid sample, each method is summarised in Figure
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7-3. Results from both methods were compared in order to ensure that error
was not introduced through processing.

Reconstruction

Default process list ‘ CoR value

Dark flat field

Ring artefact

Method 1: Paganin Acquisition CoR value Reconstruction

filter
Dark flat field

Paganin filter

Ring artefact

llastik contrast

Reconstruction
enhancement

Method 2: llastik

filter Dark flat
field

Figure 8-3 Schematic representation of default tomographic
reconstruction steps (top) as well as the two modified methods used
for contrast enhancement of biochar images

Acquisition ‘ ‘ CoR value ‘
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8.1.1 Method 1: Low-pass contrast enhancement and the Savu

pipeline

Written in Python, the Savu pipeline was designed specifically for tomographic
processing®l. The ‘default’ Savu pipeline contains in-built corrective filters such
as ring artefact removal but also allows the user to ‘add on’ contrast
enhancement via the Paganin filter>3’. This is a low-pass phase retrieval
algorithm able to achieve significant enhancement in image contrast in most
tomographic images. This is shown in Figure 7-3 with representative output
images from the standard and modified reconstruction process. Central to the
filter is the &/B ratio, the ratio of real to imaginary parts of the estimated
complex-valued X-ray index of refraction. It is not possible to derive a value for
this ratio experimentally thus the ‘best fit’ value must be found via trial-and-
error. The phase retrieval formula (eqn 18) where @ is phase shift, lincis incident
intensity and Iok the measured intensity, Dk the propagation distance and F the
Fourier transform operator (F* the inverse equivalent), describes the filter
mathematically. Figure 7-4 displays the contrast improvement that the filter
achieves (with &/ = 120). Note the greyscale histogram, although not fully
resolved into two peaks (corresponding to pore and sample pixels) displays a
bi-modal distribution of pixels, much improved as compared with the unfiltered
image in Figure 7-1. This improvement was sufficient to proceed with
automated thresholding (Section 8.1.3).

Deraun —| Reg =
W Dark batkground IStack histogram
—IDon't reset range
Auto| Apply. Reset| Set

Figure 8-4 The difference in contrast before (left) and after (centre)
applying the phase enhancement contrast (8/f = 120). The greyscale
histogram (right) is displayed for the enhanced image
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Figure 8.5 The difference in contrast before (left) and after (centre)
applying the phase enhancement contrast (8/f = 120). The greyscale
histogram (right) is displayed for the enhanced image

It should also be noted that the ‘default’ filters in the Savu process list were also
not necessarily always successful. Sample and experimental differences mean
that a degree of ‘tuning’ must be undertaken to optimise the process. Early
processing attempts therefore require a degree of refining or substitution with
alternate, more effective filters. shows the effect of two distinct ring artefact
removal processes with varying success. Each sample must be checked and
tuned in this manner, although consistency across a sample set is typically
good.

-1 F <IIIDch) 2

16,
p(x,y) = E?l" F (x, ) (18)

1+ D B2
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Figure 8.6 Ring artefact removal using two different ring removal
processes, the Raven filter (left) and ccpi ring artefact remover (right) in
the Savu pipeline

8.1.1.1 Thresholding and quantitative analysis

gins Window
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Figure 8-7 An image of biochar processed via the Paganin filter (left) and
the same image with a thresholding mask applied (right) with greyscale
histogram overlaid
In spite of the Paganin contrast enhancement filter, some radial effects reduced
the contrast around the outer rim of the field of view. This prevented accurate
thresholding of the full field of view (Figure 7-6), however images were cropped
to a central region equal to 0.4 mm? which removed the affected region and
allowed thresholding. Thresholding is discussed in more detail in Section 8.1.3.

8.1.1.2 Method strengths and limitations

The main drawback of using the Paganin low-pass phase retrieval filter for
contrast enhancement is that it tends to slightly increase the area of the solid
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sample phase. This is observed as a slight thickening of pore walls and a
reduction in pore sizes in filtered images versus unfiltered and results in a loss
of some pore features. This effect was especially notable for the smallest of
pores and was confirmed in discussion with beamline staff at i-13-2, the data
acquisition beamline for this sample set and is due to a smoothing process in
the filter. This likely leads to an underestimation of overall pore volume and
slight underestimation of pore space characteristics. At the time of writing, there
is no known method for quantifying this error or correcting for it.

8.1.2 Method 2: Machine learning segmentation

A machine learning tool, llastik>*® was also used as an alternative method for
extracting respective profiles of pore and sample area and volume from
tomographic images. Originally developed for cell counting and associated
applications in biological sciences, llkastik has proven successful across a
much wider range of domains, including extracting data from tomographic
images. A machine learning non-linear algorithm is ‘trained’ to classify objects in
images by the user defining and identifying respective classes, in this case
‘pore’, ‘sample’ and in some cases, ‘space’ denoting free space surrounding
sample. No loss of features is noticed using this method. Based upon these
user defined classes on a sample sub-set, Ilkastik builds and applies a decision
surface to the wider sample set. In this manner, it is possible to achieve both
binarized images and probability maps with greatly enhanced contrast. The
process is summarised in .

8.1.2.1 Thresholding and quantitative analysis

llkastik’s prediction masks are output and undergo thresholding and analysis in
imageJ as above in Section 8.1.1.1. In addition, an uncertainty mask which
llkastik’s algorithm generates can also be output and quantified in Imaged in
order to derive a value for uncertainty in the mask creating method. Uncertainty
is discussed in more detail in Section 9.2.3.
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Figure 8.8 Process overview of the llastik machine learning object
classification method

8.1.2.2 Method strengths and limitations

llastik has a degree of built in flexibility by allowing several output forms and
also calculated uncertainty in its own results. Output in the form of greyscale
probability masks allows for the user to further refine the thresholding, by
means of comparison with original images. Uncertainty can be output and
guantified separately to derive a value for uncertainty in the image processing.
On the other hand, several iterations of training were necessary to achieve the
desired accuracy in some cases as the classifier struggled to correctly assign
certain shapes or sizes, particularly the rice husk biochar samples since these
images contained significant quantities of free space (not sample or pore
space). Since the algorithm is optimised for identification of small pores, large
blank areas proved problematic, as can be seen by the poorly classified pore
space (blue) in . However, since it was possible to extract each of the three
layers (red, blue and green) separately, it was possible to obtain pore space
metrics using the green layer, details of which are in Section 8.1.3.
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Figure 8.9 Example of three phase training on arice husk biochar in
llastik (top) with each of the three green, blue and red layers (left to
right) extracted below

8.1.3 Thresholding

Some additional considerations should be mentioned which relate to the
thresholding and analysis steps. These apply to both of the contrast
enhancement steps outlined above. Thresholding is the process of applying a
chosen greyscale threshold value, and excluding all pixels above or below the
set value. By this method, it is possible to create a binary image which
accurately represents the distribution of two phases in an image. Image
binarization is necessary for pixel counting tools which provide pore space
metrics. Due to the thin sample thickness of most rice husk samples, applying a
standard crop to a central, rectangular volume was not possible. In this case,
data were cropped to areas of equal volume to other samples by selecting the
most optimal sub-regions.
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8.1.3.1 Quantitative analysis

Binarized image sets were analysed using the ImageJ Analyse Particles tool, to
obtain data for overall pore space fraction, pore Feret diameter (Figure 7-9),
circularity (egn 19) and pore area data were captured. In order to extract pore
space data from the rice husk samples, which are surrounded by large areas of
free space, a binarized form of the green layer image from was used by
deselecting from the analysis all areas above a selected threshold area value,
since pores are all at least an order of magnitude smaller than free space area.
This allowed for an accurate determination of pore space in such samples,
although it did increase the uncertainty in measurements.

Pore circularity is defined by equation 19 where A is area and p is perimeter
length:

c=4 (19)
p
8.1.3.2 Automated tortuosity algorithm

The tortuosity of a geometric curve is defined by its geometric length Lg divided
by the Euclidian length Le (the shortest distance between two parallel planes).
L

T= L—Z (20)
An algorithm based on pixels or voxels (2D or 3D) is used here based on the
geodesic reconstruction work of Gommes et al 2009. In the case of a 3D voxel
stack, a reference direction is chosen (X, y or z) and the algorithm sweeps
through the selected volume, computing the geometric distance Lc of the pores.
The number of slices to reach the last slice in the stack is the Euclidian distance
LE.

8.2 Alternative methods

Maximum Feret diameter

Figure 8-10 The Feret diameter is a measure along the longest axis of a
pore or space
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Other tools were investigated for image analysis including Avizo and the in-built
ImageJ classification tool Weka. Avizo, although a powerful tool for analysis of
tomographic data, could not successfully distinguish between pore and sample
phases due to the same image contrast issues as previous. Use of the Paganin
filtered data sets were successfully examined in Avizo, but the accuracy issues
outlined in Section 8.1.1.2. Access to Avizo was highly limited due to licencing
restrictions and computational demands. Weka is a similar machine learning
tool to llastik, but was developed later than llastik and still in beta mode at the
time of use.
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8.3 Results: initial investigation with spent coffee ground

biochar

8.3.1 Qualitative data initial set

The effect of activation on the macro pore space of biochar was initially probed
by comparing an unactivated spent coffee ground biochar with an ZnCl2
activated analogue. The raw biomass feedstock was also included for
comparison. This initial investigation revealed significant difference in the macro
pore structure between all three samples as can be viewed in the cross
sectional 2D images in Figure 8.11 (top row), showing representative greyscale
images of the internal pore structure. Darker greyscale colours depict pore or
void space while solid sample is shown in lighter greyscale tones. By
comparison of the control biochar with its biomass precursor, the pyrolysis
treatment appears to widen existing pore structures already present in the raw
biomass, creating an extensive pore network with relatively thin pore walls. In
contrast, the biomass displays smaller, fewer and more dispersed macro pores
with far greater volume taken up by solid sample. This is consistent with existing
wisdom on the pyrolysis process, in which pore formation proceeds via an
extensive mass loss process via thermochemically driven decomposition
reactions. This essentially erodes the physical structure, leaving larger pores

Biomass Unactivated biochar

ZnCl, activated

L

Figure 8.11 Selected 2D (top) and 3D (bottom) reconstructions of initial
data set using spent coffee ground biochar. 3D images are shown in a
false colour heat map to depict the extensive internal structure. 3D 175
images are not scaled due to angled orientations.



and thinner pore walls. Nonetheless, the majority of the unactivated biochar has
a macro pore structure that is recognisable as of biosynthetic origin, due to its
repeating nature. This is readily apparent when viewing the 3D sample volume
as a series of 2D images.

8.3.2 Activation

The ZnCl2 activated biochar displays a markedly different macro pore structure
to its control biochar. The recognisable biological structure present in the control
biochar has to a largely been lost, and instead pore walls appear thicker while
pores appear smaller on the whole and less regular in shape. Pore walls appear
to be deformed. Typically, the effect of activation on macro pore structure is
concluded using surface techniques such as SEM>3° which does not reveal any
information about internal pore structure, for example interconnectivity or
formation of larger cavities. Surface techniques only reveal information about
pore mouth appearance and surface morphology. Figure 8.11 (bottom row)
displays 3D reconstructions of each sample. Although not as informative as 2D
representations, these false colour images can provide more qualitative
information on the pore structure. In addition to these differences in general
macro pore structure between unactivated and ZnCl: activated biochar, the
unactivated spent coffee ground biochar revealed larger voids within (Figure
7-11) which indicate a collapse of the internal pore walls into larger cavities
during the pyrolysis process. Such voids are absent in the ZnCl: activated
analogue. The specifics of the activation process are thought to proceed during
pyrolysis via zinc ions providing ‘activation centres’ around which oxygen
functional groups can form and are stabilised and protected from decomposition
during the high temperature treatment’2. In contrast, during the thermochemical
formation of unactivated biochar, no such stabilising metal centres are present
to any significant extent. It is possible that this leads to the thermochemical
erosion of the internal pore walls in unactivated biochar, to an extent to which
smaller macro pores are collapsed into the larger voids see in Figure 7-11. This
feature of pore collapse in unactivated biochar is a possible contributing
mechanism to the effect of activation observed for micro and meso porosity.
Activation is well known to increase micro and meso pore area and volume®>4.
Collapse of macro pores into larger voids in the unactivated biochar provide a
smaller internal surface area on which smaller pores may form. Activation
appears to protect against this, thus increasing the internal macro pore surface
area onto which a greater volume of micro and meso pores may form.
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Images slices 1382 &
1649 from unactivated
biochar showing large
voids within the
volume

Figure 8-12 Image slices no. 1382 &1649 of unactivated biochar sample
volume showing larger voids present within the internal structure. The
widest void diameter (max Feret diameter) are indicated and annotated

8.3.3 Quantitative analysis

Overall macro pore volume was found to be around 30 % higher in unactivated
spent coffee ground biochar than ZnCl2 activated biochar (Figure 7-12).
Unactivated biochar was found to have the highest macro pore volume at 71 %,
while its ZnCl2 activated analogue was found to possess 51 % macro porosity.
This is consistent with the pore features observed in Section 8.3.1, specifically
the slightly larger macro pores as well as larger voids present within the
unactivated biochar contributing to a larger macro pore volume than ZnClz
activated biochar. Both are significantly more macro porous than their precursor
biomass feedstock (spent coffee grounds), which was found to have 12 %
macro pore space by volume. Pore circularity and the pore size distribution
were compared (). A larger overall pore count (note y-axis inconsistency) and a
narrower distribution with a skew towards smaller macro pores is observed in
the activated biochar. A higher pore circularity distribution is observed in the
activated biochar than unactivated control. Table 7-1 summarises key pore size
characteristics of both biochars, which indicate overall that ZnCl2 activation
produces a biochar with smaller macro pores, and a greater number of macro
pores per unit volume. The average number of pores per image detected is
more than one third greater in activated biochar (140 per image) compared with
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the unactivated biochar (90 per image), while average macro pore area for
ZnCl2 activated biochar is 50 % smaller (600 ym?) than for unactivated biochar
(1200 ym?). The average maximum Feret diameter of pores is also significantly
larger in the unactivated biochar sample. These data suggest a smaller number
of larger pores in unactivated biochar as compared with ZnCl2 activated
biochar, which is consistent with a larger overall pore volume as noted in Figure
7-12.

[o]
o
1

71

~
o
T

D
o
T

51

[,
o
T

Percent porosity
g 3
T T

N
o
T

12

Feedstock Unmodified Zn-modified
biochar biochar

-
o
T

o

Figure 8-13 Macro pore volume for spent coffee ground as well as a
control biochar and ZnCl; activated biochar. Measured from a 0.4 mm?3
sample volume and a pixel size of 0.325 pm

8.3.4 Discussion

Both qualitative information and quantitative data are self-consistent in
describing larger macro pore voids in an unactivated spent coffee ground
biochar as compared with its ZnCI2 activated analogue, which displays smaller
macro pores, a greater number of pores and a smaller pore size distribution, at
least at these scales. While the effect that common activators such as ZnCl2
have on the meso and micro pore architecture of biochar is well described and
studied, its effect on larger pores is far less studied.

ZnClz, as a Lewis acid, interacts with electron lone pairs (non-bonding
electrons) e.g. oxygen non-bonding electrons in a cellulose hydroxyl group of
precursor biomass. Much in the same way that ZnCl: is an effective catalyst for
organic synthesis transformations®*!, it promotes the thermochemical reactions
that occur during pyrolysis of biomass by reducing the activation energy
threshold for such processes!??. It is known to enhance micro and meso
porosity of a wide range of biochars (Table A-2).

178



| Unactivated biochar

ZnCl, activated biochar

04 0.8

1 04 06
Circularity Circularity

40000

- - 100000
\ Unactivated biochar

ZnCl, activated biuchar|

30000

20000

Count
Count

10000

0 100 200

300 400
Feret distribution (pm)

0 100 200 300 400

Feret distribution (um)

Figure 8.14 Pore circularity (top) and Feret diameter (bottom)

distributions for all pores detected for unactivated biochar and ZnCl2
activated biochar

Table 8-1 Quantitative pore space data for spent coffee ground biochar -
control unactivated and ZnCl; activated

Largest Average Feret
Average . | . _
% pore individual number diameter
pore area
volume | um? pore area of pores average
H / mm? per slice / pm
Unactivated
: 71 1200 0.120 90 41
biochar
ZnCl2
: 51 600 0.045 140 29
activated
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8.4 Results: expanded Sample Set

8.4.1 Qualitative analysis

Selected 2D tomographic images of the internal macro pore space architecture
are displayed in Figure 8.15, showing the respective alterations that activation
via common chemical activation agents (HNO3s, ZnClz and KMnQ4) cause to
macro pore morphology. Of three precursor biomass types examined, Oakwood
(OAK), spent coffee ground (SCG) and rice husk (RH), the most striking
transformations to the macro pore space morphology are those activated with
ZnCl2. Both OAK and SCG biochars activated with ZnCl2 are unrecognisable as
pertaining to their respective feedstocks, or to their unactivated biochar controls,
with extensive modification to the shape and size of pores. A similar effect is
also observed in the RH ZnCl: activated biochar, although to a lesser extent. Its
pores appear widened and more circular, however the distinctive precursor —
rice husk - shape and structure of a thickened outer husk layer and a
predominance of pores towards the inner husk wall is still recognisable.

HNO3 activation also appears in general to widen the macro pores or create
more extensive macro pore structure. These effects are also clearly modulated
by the precursor biomass. HNOs activated OAK has clearly exhibits more
widened pores than the unactivated OAK biochar, with much thinner more
delicate, filigree looking pore walls, a greater occurrence of larger pores and an
apparent greater degree of interconnectivity in the macro pore architecture.
Pores on the whole appear to have retained some resemblance to the control
biochar/precursor in shape although larger pores are more circular. SCG
activated with HNOs retains the recognisable morphology of its control biochar
very well, with perhaps some degree of increased interconnectivity or collapse
of pore walls into larger internal voids. The corresponding activated RH sample
has again retained the distinctive outer ridge of the husk while the inner section
has gained much more extensive macro porosity. Activation via KMnOg4
produced varied results. Its activation effect on OAK macrospore structure is
particularly notable. Although the general form of the pore space is retained,
pores appear less regular in circularity. Most striking of all is what appear to be
some form of pore filling which is apparently present throughout a significant
fraction of the volume. This is discussed in more detail in Section 8.5. While
little noticeable difference is apparent in images of KMnOg4 activated SCG, the
equivalent RH sample appears to show enhanced macro porosity of the inner
husk region (the region inside of the ridged, thick outer husk) over the
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unactivated RH control biochar. 3D reconstructions of each sample are in
displayed in Figure 8.15..
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Figure 8.15 3D reconstructions of all samples. Field of view = 0.2 mm?3, scale bar not included due to angled orientations
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Figure 8.16 Representative 2D tomographic images of the internal macro pore structure for several activated biochars with

corresponding unactivated biochar control samples and precursor biomass samples for oak wood, spent coffee grounds and83
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8.4.1.1 Pore space characteristics — Oakwood set

Activation alters the pore architecture of oak wood biochar markedly. Figure
8.15 (top row) displays representative images of the internal pore features of
oak wood biomass precursor, a control unactivated biochar and three activated
variants. These samples are displayed in more depth in Figure 8.18, with cross-
sectional views from each orthogonal plane of orientation. Both the unactivated
biochar and HNO3 activated biochar display significant anisotropy in pore
architecture, with a greater number of elongated pores in the XZ and YZ planes.
This trend is also continued with OAK-ZnCl. which displays similar anisotropy,
although pore shapes are slightly less well defined. In contrast, all three planes
in OAK-KMnO4 appear relatively consistent in structure, with only limited
evidence of elongated pores in the YZ plane. These much more
comprehensively describe the macro pore space. Curiously, KMnOg4 activated
OAK displayed not only a modified pore structure, with widened, less circular
pores, but also revealed an apparent filling of pores by a phase or phases
unknown. This is displayed in Figure 7-15.

Pore filling

Figure 8-17 Apparent filling of pores in KMnO4 activated OAK by an
unknown phase
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Figure 8.18 Orthogonal views of oak wood biochars: unactivated control biochar (a, e, i), HNO3 activated
(b, f, ), ZnClz activated (c, g, k) and KMnO4 activated (d, h, 1) in the XY, XZ and YZ planes respectively
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8.4.1.2 Pore space characteristics — Spent coffee ground set

Orthogonal reconstructions of the macro pore space of spent coffee ground
unactivated biochar reveal little obvious anisotropy (Figure 8.19a, e and i). This
is also observed in HNOs or KMnO4 activated analogues, which show minimal
effect of activation on the macro pore space. There is perhaps a slight pore wall
thinning, but this is difficult to gauge from observation alone. In contrast, ZnCl2
activation has dramatically altered the macro pore structure of the material,
rendering it completely unrecognisable as originating from SCG biomass. The
material appears to exhibit thicker walls and fewer, larger and less uniform
pores. Yet in common with the other SCG samples, it also shows little
anisotropic pore features.

8.4.1.3 Pore space characteristics — Rice husk set

All activated rice husk biochars appear to retain the distinctive generalised
structure of their precursor biomass. All exhibit a ridged outer section (the tough
outer husk section) with increased macro porosity towards the inward section of
the husks (most apparent in Figure 8.20 a-d). Images e-h display comparative
representations of the YZ plane. A degree of pore space distortion is observed
in all three activated biochars, as compared with the unactivated control (image
e). Images f-h all show distinctive alteration: HNOs activated RH (f) displays
some pore wall thinning and extremely irregular pore shapes. ZnCl: activated
RH (g) shows more circular pores and much thicker internal pore walls. KMnO4
activated RH (h) displays sections that appear very similar to the control
unactivated sample (e), but also contains an internal section which appears to
have very thin pore walls and more developed pore space. Images i-l, display
each sample in the YZ plane and show very similar pore structure characterised
by an undulating, often thick outer surface, and elongated pores within with
relatively thick pore walls. KMnO4 activated RH in addition also exhibits a more
filigree inner pore structure, comprising of extremely thin pore walls and more
expensive pore space, shown the right hand side of Figure 8.20.
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Figure 8.19 Orthogonal views of spent coffee ground biochars: unactivated control biochar (a, e, i),
HNO3 activated (b, f, j), ZnCI2 activated (c, g, k) and KMnO4 activated (d, h, |) in the XY, XZ and YZ

planes respectively
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Figure 8.20 Orthogonal views of Rice husk biochars: unactivated control biochar (a, e, i), HNO3 activated
(b, f, j), ZnCl2 activated (c, g, k) and KMnO4 activated (d, h, 1) in the XY, XZ and YZ planes respectively
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8.4.2 Quantitative analysis

Results of the quantitative pore space analysis are presented for each feedstock
type, then considered jointly (Section 8.4.2.4). Overall macro pore volume, pore
size distribution, pore circularity and related characteristics were determined
using the machine learning algorithm llastik>38, and ImageJ?®® inbuilt tools.
Tortuosity was investigated using an automated tortuosity calculation method>42.
Results for all three feedstock types are summarised jointly in Section 8.4.2.4.
Further discussion of these results are presented in Section 8.5. Precursor
biomass feedstocks (Oak, spent coffee grounds and rice husk) overall pore
volume values are included in Figure 7-19, , Figure 7-21 and Figure 7-22 for
confirmation that pyro processing increases macro porosity, but are otherwise
excluded from more detailed analysis as they are not the focus of this study.

8.4.2.1 Oak wood
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Figure 8-21 Macro pore volume of oak wood biochars and the
biomass precursor. Representative XCT images of each material are
displayed above for comparative purposes
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Overall percent macro pore space in oak wood biochars varied significantly with
activation. Figure 7-19 displays these values for the OAK feedstock sub-set,
indicating that both HNO3 and ZnCl2 activation increases oak wood biochar
macro pore volume (65.6 % and 52.6 % respectively) with respect to the
unactivated control biochar (43.8 %). In contrast, KMnO4 activation shows a slight
decrease in macro pore volume (39.8 %). Table 8-2 displays further macro pore
space data. The unactivated biochar displays the smallest average pore area
(263.9 um?), smallest average Feret diameter (23.7 ym) and largest number of
pores per image (471). These data suggest that activation in general creates a
material with a fewer number of larger macro pores, as is indicated by increased
values for macro pore volume, average pore area, averaged number of pores per
slice and Feret diameter in all three activated oak biochars. The presence of
larger macro pores is rationally congruent with a higher overall percent macro
porosity in HNO3 and ZnCl; activated oak wood biochars. However, the slightly
lower overall percent macro porosity of KMnOg4 activated oak wood biochar does
not fully follow this trend with its slightly reduced overall macro pore volume. This
is discussed in more detail in Section 8.4.2.6.

8.4.2.2 Spent coffee grounds

While spent coffee ground biomass precursor shows very low macro porosity,
creating biochars via pyro processing dramatically increases macro porosity ()
from around 16.7 % to 75.6 %. Consistent with the observed trend in Section
8.4.1.2, activation via HNO3 and KMnOa4 results in little difference in macro pore
volume with respect to the unactivated control. Both HNO3 activated and KMnO4
activated show slightly reduced macro pore volume, 73.8 % and 69.5 %
respectively. ZnClz activation shows the most dramaitc change to macro pore
volume, reduced to 41.9 %, almost half that of unactivated biochar control.
Comparison of the feedstock, unactivated biochar and ZnCl2 activated biochar
macro pore volumes with those derived in the preliminary data set demonstrate
excellent agreeement (Section8.3). Table 8-2 displays further SCG pore space
characteristics. These data are, on the whole more self-consistent than oak wood
biochars (Figure 7-19) for example, average pore area data shows larger
average pore area for all biochars, indicating that the feedstock, SCG has an
important role in macro pore architecture, and suggests that SCG macro pore
space is less susceptible to modification through activation than oak wood as a
feedstock.
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Figure 8.22 Macro pore volume of spent coffee ground biochars and
the biomass precursor. Representative XCT images of each material
are displayed above for comparative purposes
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8.4.2.3 Rice husk

Figure 7-21 shows the macro pore space variation in RH samples, showing
overall lower macro pore volume than OAK and SCG materials, even after
activation. In contrast to SCG, pyro processing only confers a modest increase in
macro pore volume (21.1 %) over the biomass precursor (15.4 %), suggesting
pore development during the pyrolysis treatment is far less significant in RH.
HNOs and KMnOs activation is observed to enhance macro porosity to 35.0 %
and 40 .3% respectively, an increase of 66 % and 91 % to the macro porosity
respectively. ZnCl: also increases macro porosity to 31.6 %, almost a 50 %
increase to macro pore space. Uncertainty in this data set is higher than other
feedstocks, due to the thin, lamellar like nature of the rice husks. This made pore
space analysis more challenging and also reduced the volume of sample
available for analysis.
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Figure 8-23 Macro pore volume of rice husk biochars and the biomass
precursor. Representative XCT images of each material are displayed
above for comparative purposes

Figure 7-21 shows that RH biochars on the whole display less variation due to
activation than the other two feedstocks. Average Feret diameter values are all
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low and fall within a narrow range of 5.2 um. Average pore circularity values all
also lie within a very narrow range with the exception of KMnO4 activated RH
biochar.

8.4.2.4 Combined data set

Figure 7-22 combines Figure 7-19, and Figure 7-21 to display an overall
comparison of macro pore space, with respect to both feedstock and activation
procedure. The effect of activation on macro pore space appears to interact with
feedstock effects in final macro pore characteristics. HNO3 activation of SCG has
little effect or perhaps even causes a slight decrease in macro pore volume.pyro
processing produces in SCG an unactivated biochar with a macro pore space
that is already remarkably well developed around 76 % pore space. Without
formation of lager voids, this leaves little room for activation-induced increases to
overall macro porosity. SCG biomass has an extremely low ash contentin
addition, meaning that HNO3 assisted removal of inorganic phases during the
activation process will be minimal. This suggests that the primary mode of SCG
activation via HNOs treatment is on surface chemistry modification and micro and
meso pore formation, not macro pore space modification. The opposite trend is
observed for HNOs activation in RH and OAK: it increases macroporosity. RH
feedstock has a high silica content, while oakwood contains appreciable
guantities of calcium (in the form of calcium oxalate)®*3, both of which will be
rendered soluble in the highly acidic HNOs treatment, and thus removed from the
biochar to a significant extent. While removal of inorganic species alone is
unlikely to account for all of the increased macro porosity in RH and OAK, its
dissolution may create access to high energy sites within the biochar structure
which can then be more easily attacked and degreded by the HNOz acid.

KMnOg4 activation likely results in an activated SCG biochar with a slightly
reduced macro pore space due to the combination of i) some MnOx dopant
deposition withing the pore space which could slightly reduce overall
macroporosity and ii) due to the high initial macro porosity of the unactivated
SCG biochar which leaves little room for further increases without degredation of
the biochar particle itself. The opposite trend is again observed for RH: an
increase macroporosity with applivcation of KMnOg4 activation. While for OAK,
KMnO4 appears to have little overall effect on macro porosity. However, pore
space images (Figure 8.18) confirm that significant changes have occurred to the
KMnO4 activated OAK biochar macro pore structure, with some clear pore
widening. Any changes to overall macro porosity seems to be conterbalanced
with the pore filling noted for KMnO4 activated biochar (Figure 7-15).
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ZnCl2 activation increases macroporosity in RH and OAK feedstocks, however for
SCG feedstock, this nearly halves macro pore volume from 76 % to 42 %, which
is relatively consistent with the preliminary results obtained in Section 8.3, despite
a difference in pyrolysis temperature. Unlike both HNOs and KMnO4 activation,
which are both post-pyorlysis treatments, ZnCl2 activation is present during
pyrolysis, and as such any chemical interaction between the feedstock/biochar
and activator chemcial is subject to very different regimes of activation energy
due to the elevated pyrolysis teperatures involved. It is therefore not unexpected
that the most drastic differences are observed in images of ZnCl: activated
biochars, as compared with their precursor feedstocks and unactivated biochars.
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Figure 8-24 Percent macro pore volume for biochars, activated
biochars and precursor feedstocks.

Explanations of the interplay between feedstocks and resulting macro porosity
requires further investigation, in order to understand the different responses of
SCG, RH and OAK feedstocks.

Figure 7-23 displays the maximum Feret diameter distributions for all biochar
samples. The maximum Feret diameter is a measure of the longest dimension of
a pore and as such can provide pore size distribution data for these samples.
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Note that y-scales, showing total pore count with respect to Feret diameter are
identical across each feedstock type but vary per feedstock set for ease of
viewing. X-axis are all identical.
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Figure 8-25 Feret diameter distributions for all biochar samples for the
range 0 — 200 ym. Axes are common for all

Pore size distributions show clear differences depending on both feedstock and
activation. SCG biochars as a set show a far wider macro pore size distribution
than OAK or RH biochars in general, with unactivated SCG biochar displaying a
very flat distribution between 0.325 — 200 ym. HNOs3 activated SCG follows a
similar trend with a slightly higher distribution of smallest macro pores, while the
skew to smaller macro pores is much more prominent in both ZnCl2 and KMnOg4
activated SCG. KMnOg activation also appears to increase the distribution of
larger (100-200 pym) macro pores. Activation of OAK via HNO3 and ZnCl2 has
significantly flattened the macro pore distribution in these biochars. Both show a
skew towards the smaller macro pores but a smaller number of pores per
histogram bin, than the unactivated OAK biochar. KMnO4 exhibits a relatively
unaltered macro pore distribution over this control biochar however, with a similar
number of smaller pore sizes. Perhaps the most self-consistent or unaltered by
activation, in terms of the macro pore size distribution is the RH set. This is
consistent with observed data from both RH qualitative images and pore volume
data, which show only mild observable differences with activation and the
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smallest variation in macro pore volume across a feedstock set. All four RH
biochars display narrow pore size distributions towards the lower macro pore size
range. ZnClz and KMnOg activation both increase the contribution of smaller
macro pores.

Pore Circularity

Pore circularity is also modified by activation, as shown in Figure 7-24, which
displays pore circularity distribution diagrams as calculated via equation 19.
Values approaching unity indicate more circular pores, while those approaching O
indicate poor circularity. The general trend in all samples is fairly wide pore
circularity distributions, indicating a range of pore shapes present in all samples.
This is not unexpected for amorphous materials such as biochar. The effect of
HNOs and KMnO4 activation on OAK biochars both follow a similar trend. A
noticeable skew in the distribution is visible, with large shoulder appearing at
around 0.3 and 0.4 respectively, indicating that these activation protocols result in
an increased fraction of less-circular pores and a wider pore circularity
distribution. SCG biochars activated with HNO3 and KMnO4 also show a
noticeable albeit smaller skew to lower circularity values. The trend in RH
biochars appears to show a narrower pore circularity distribution for HNOz and

Control biochar HNO; activated  ZnCl, activated KMnO, activated

Count

0.5
Spent coffee

AN 1
AN L I A |
¢ 1

0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1

Rice husle- Pore Circularity

Figure 8-26 Pore circularity distributions for all biochar samples where 1
indicates a perfect circle and approaching O indicates low circularity (x-
axis). Oak wood biochar (top), spent coffee ground biochar (middle) and
rice husk biochar (bottom)

KMnOgs activated samples, without a skew to low circularity. Thus, pores are
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typically more circular in these activated biochars. The trend observed in ZnCl2
activation is a little more complex, which reflects the more comprehensive
alterations to the pore architecture observed in Figure 8.15. While in SCG
circularity distribution is shifted to slightly higher, more circular values, the trend
with RH and OAK appears to be a wider pore circularity distribution.

Table 8-2 Macro pore dimension values for oak wood, spent coffee ground
and rice husk biochars

Average Largest Average Average Feret
9 individual | number of 9 diameter
Sample pore area pore
I pm? pore area | pores per circularity average /
/ mm? image Mm
Control 264 0.014 471 0.69 23.7
unactivated
HNOs 1033 0.099 201 0.52 50.9
activated
OAK ZnCl
ntl 1386 0.075 50.3 0.71 41.6
activated
KMnO, 539 0.062 414 0.66 33.2
activated
Control 3503 0.019 103 0.63 76.3
unactivated
HNOs 5187 0.209 113 0.59 848
activated
SCE ZnCl
L2 2068 0.355 138 0.64 315
activated
KMnOs, 4075 0.081 208 0.59 78.8
activated
Control 164 0.015 199 0.69 17.4
unactivated
HNOs 187 0.013 460 0.66 19.6
RH activated
ZnCl 383 0.020 273 0.66 21.7
activated
KMnO4 298 0.040 340 0.75 226
activated
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8.4.2.5 Tortuosity

The tortuosity of the biochar pore space was probed using a geodesic
reconstruction (GR) algorithm, which returns a value for pore space tortuosity in
each respective direction (x, y, z) through a 3-dimentional sample®#. This is
based upon equation 2 in Section 2.4.1.5. Values equal to unity describe a
perfectly straight pore path with no tortuosity. In other words, the path length
through the pore is not longer than to the point-to-point (Euclidian) distance e.g. a
straight, hollow cylinder. Values for tortuosity > 1 indicate the path length through
the pore is greater than the Euclidian distance, indicating increasing tortuosity.
Residence time of a fluid in such a tortuous pore structure will be longer. When r
is treated in x, y and z separately, samples with no difference in directional 7
would appear on Figure 7-25 as an equilateral triangle, with each apex
representing an equal value for rin each respective (X, y, z) direction. Samples
with a large extent of anisotropy in r appear as irregular triangles, with each
directional value of r unequal. Figure 7-25 displays the results for SCG (top) and
OAK (bottom), showing significant anisotropy in directional tortuosity through the
pore network. Note that the spider diagrams scale of 1 values is larger for the
OAK set than SCG in Figure 7-25.

Oak wood

All samples appear to reveal an underlying feedstock effect which governs
directional isotropy in 7. This is observed by each OAK sample in Figure 7-25
possessing a similarity in shape on the spider diagram, characterised by a higher
r value in y- and z-directions than in x. The largest deviation from control values
is observed in the ZnCl2 activated sample, where 1 values have increased
significantly. HNO3 activated biochar also increases 7in y and z. The reason for
this is not fully understood, since it would be expected that nitric acid activation
would increase macro pore diameter and thus decrease tortuosity. This does
however appear to happen in the x-direction (Figure 8.18b), whereby larger voids
are clearly present.
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Spent coffee grounds

All samples show a greater degree of anisotropy of rin the x-direction, with
values of 1.3 £ 0.4, compared with the y- and z-directions, in which most values
fall below 1.2. Since all SCG samples follow this trend, it suggests an underlying
anisotropy in r originating from the feedstock. The differences in r across this
sample set are notable in that they are not apparent from visual inspection of the
tomographic images alone. The most isotropic of SCG biochars is KMnOg4
activated biochar, with similar values in all three domains. In common with the
OAK, the largest deviation from control is observed in the ZnCl: activated
sample. However, in this case ZnCl2 activation appears to have increased
anisotropy by decreasing tortuosity in the y- and z-directions relative to the
control unactivated biochar. A very similar value to control in maintained the x-
direction. Little difference is observed between the control unactivated biochar
and HNOs activated biochar.

Rice husk

Due to the relatively thin sample thickness of rice husk biochars, tortuosity values
for these samples were excluded on the basis of unacceptable error introduced
by this feature.
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8.4.2.6 Scanning Electron Microscopy Energy Dispersive X-ray
spectroscopy (SEM-EDX)

In order to probe the nature of the apparent pore filling substance in the KMnO4
activated sample, SEM-EDX was used to examine both the form and elemental
composition. Several formations similar to those observed via XCT were found as
part of surface features. These are displayed in Figure 7-26 and Figure and can
be described as series of angular structures, apparently distinct but typically in a
close packed, linear formation which most closely resemble inorganic crystal
structures. Their sizes conform roughly to those of the macro pore sizes present
in the biochar phase and their lamellar-like formation also mirrors that of the
macro pore structure of biochar, with larger elongated pores running throughout
the biochar structure. EDX confirms that that calcium is a major component of
these formations, with evidence that oxygen is also present in similar
concentrations. Calcite (CaCOs) is one of the most common crystalline inorganic
phases present in biochar, especially biochars derived from tree feedstocks such
as oak wood?. Another Common crystalline inorganic in biochar is Whewellite
(Ca(C204)H20) which is derived from abundant calcium oxalate phytoliths within
bark and wood>*3, Since these formations are not observed in the control
unactivated oakwood biochar, it is possible that some degree of synergistic
interaction is occurring between calcium and manganese during the manganese
activation procedure. High levels of CaO (33 %) in oak wood biochars are
reported in literature®4°,

There is also evidence in the EDX mapping of a degree of interaction between
these calcium phases and manganese, which is otherwise distributed uniformly
across the biochar surface, as slightly elevated manganese levels are co-located
with the calcium phases. Evidence of interaction between manganese and
calcium exists in plant biology®*’:°*¢ where they are known to occupy each other’s
binding domains or to cooperate in various biological functions such as in the
oxygen evolving complex, a sub-section of photosynthesis. Further, Mn?* is
known to readily adsorb to calcite>*°, where it can act as a nucleation point for
newly formed Mn(CO3)5%0.

Although this technique cannot provide elemental mapping for the formations
obverted via XCT which are located within the internal pore structure, the shape
and size (on the order of 10s pm) of these calcium-bearing phases closely
resemble the unknown pore filling phase observed in Figure 7-15.
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Figure 8-28 SEM-EDX spectroscopy of KMnOg activated oak wood biochar
site 1. Top panel showing backscattering electron SEM image at 15 keV &
x1000 magnification (top left) and 2D elemental maps for calcium,
manganese and oxygen. Bottom panel shows aline spectrum through the
formation showing elemental compaosition 2



Mn-Oak site 2

Mn K series

50pm
O K series Ca K series

K K series C K series

| T —— |

J ' 50pm

50pm

Figure 8-29SEM-EDX spectroscopy of KMnOg4 activated oak wood biochar
site 2, showing backscattering electron (BSE) SEM image at 15 keV &
x1000 magnification (top left) and 2D elemental maps for calcium,

manganese and oxygen
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8.5 Discussion

Biochar pore diameters span some five orders of magnitude?®®, and fully
analysing the porous structure across this wide range of dimensions is
challenging requiring a combination of techniques. This is summarised in which
displays pore sizes and the working ranges of the most common pore space
analysis techniques. Optical techniques cover a wide range of pore sizes but
are surface specific and cannot penetrate the internal pore structure to
ascertain detail of inner porosity, interconnectivity, internal pore shape or
tortuosity. Gas adsorption techniques cover the lower range of pores — meso
and micro pores — and have been a crucial tool for pore space analysis of all
types of porous media. Their strength is as a comparative tool for various
porous media. However, they are underpinned by theoretical assumptions
which do not hold well for amorphous and varied materials such as biochar.
This then also diminishes the confidence in conducting ‘like-for-like’ comparison
of gas adsorption micro pore analysis of biochar with different classes of porous
media. Other techniques such as mercury porosimetry are also subject to
underpinning theoretical assumptions. X-ray Computed Tomography, as a term
that encompasses a cluster of similar techniques including X-ray py-tomography
and X-ray nano tomography (ptychography). XCT is capable of imaging the
internal pore structure of materials from meter scale to well into the nano meter
range. It is capable of not only imaging and three dimensional reconstructions of
the pore architecture in a porous media, but also of quantitation of the entire
macro porous range. Parameters such as pore size distribution, pore shape and
tortuosity modulate are relevant to performance, across a range of applications,
and therefore should be investigated. XCT is an unrivalled pore space
measurement tool for the macro pore range and is capable of more in-depth
analysis that previously possible. This, when paired with performance data,
enhances understanding of the structure-function relationship of macro pore
space and will create further opportunity for rational optimisation.

The development of XCT as such a tool has advanced rapidly in the last
decade, largely overcoming to key limiting factors of computing power and
availability of image analysis tools. This is reflected in the very small number of
works that have employed XCT to analyse biochar pore space. Fewer still use
thresholding or segmentation to quantify pore spaces. And none yet attempt to
examine either the effect of activation on pore space or the tortuosity of the
biochar macro pore space. This is in part due to the additional difficulties
presented by image contrast in a loss atomic mass material such as biochar,
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but now which can be overcome with machine learning and/or automated
contrast enhancement filters.

Activation has clear and wide ranging effects on the macro pore space of
biochar, as described in three feedstock types: oak wood, spent coffee grounds
and rice husks. This is somewhat modulated by biochar precursor type,
meaning that each biochar + activator combination produces a distinct pore
structure.

Oakwood biochar possesses reasonably high SSA, as well as reasonable
macro pore volume, conferring excellent hierarchical porosity prior to any
activation. ZnCl2 has been shown to enhance SSA and micro/meso porosity
(Table A-2) while also increasing the macro pore volume (Figure 7-19), while
also significantly altering the macro pore structure (Figure 8.18) and increasing
tortuosity (Figure 7-25). This yields a highly tortuous, hierarchical biochar which
would be most suited to applications where residence time of a target phase in
pore structure needs to be lengthened, e.g. if kinetics of catalysis are slow. A
different picture emerges for HNOs activated OAK. SSA and micro/meso
porosity decrease somewhat, while macro pore volume increases by almost
one third, and average pore area more than doubles, indicating significant
macro pore widening and hinting pore widening is a major factor in lower
SSAs’2150, Tortuosity increases to an intermediate value. While increases in
SSA is often positively correlated with contaminant uptake, HNOs3 activation (of
all biochars) bucks this trend, as it is often successfully used to enhance
contaminant uptake capacity of a biochar since oxygen content is known to
increase (Table 5-1). Thus, HNOs activated biochar, as a moderately tortuous,
and still reasonably hierarchical porous material, is well suited to contaminant
uptake, especially where uptake kinetics are slow. KMnO4 activated OAK has
unusual macro pore features indicating extensive macro pore filling (Figure
7-15) of CaO and/or CaCOs phases (Figure 7-26 and Figure 7-27). MnOx
appears to be evenly distributed across external surfaces, with evidence of
some association between Ca?* and Mn**. Macro pore volume is similar to that
of unactivated OAK biochar (Figure 7-19) but there is some evidence of
moderate macro pore widening, both visually (Figure 8.18) and via pore
analysis (), in agreement with previous wisdom for KMnOa-treated micro and
meso pores.

Unactivated SCG biochar already possesses a higher macro pore volume than
any oakwood or rice husk activated biochars. In addition, unactivated spent
coffee ground biochar also displays extremely low SSAs (Table A-2). Thus,

SCG biochar is clearly already a highly macro porous material with little micro or
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meso porosity without activation. While HNO3 activation typically increases
macro pore volume, the exception to this is the spent coffee ground HNO3
activated biochar. HNOs activation typically induces a slight decrease in SSA.
Therefore HNO3 activation of SCG creates a highly microporous, sparingly
micro/meso porous material, with enhanced oxygen surface functionality. ZnCl2
is known to greatly enhance micro and meso porosity, therefore combining the
highly microporous nature of SCG with ZnCl: likely creates a hierarchical pore
structure. KOH is another such activator that is known to greatly increase micro
porosity in SCG®51:552 and will likely have a similar outcome, since the macro
pore structure of SCG seems stable to all three activators in this study. The
effect of KMnOa activation is known to vary with wt% ratio biochar to KMnOa4. An
intermediate ratio of 17.4 wt% KMnO4 was used in this study and similar studies
suggest a small decrease in SSA (and micro pore volume) with a slight increase
in meso pore width’”178, SCG biochars - activated or not - may lend
themselves particularly well to soil amendment applications, where macro pores
can confer high water retention capacity and extensive microbial habitats.
Another point to note is that it is known that the composition of the aqueous
mobile phase passing through the pore space can affect diffusivity?®, with more
complex ground waters possessing lower diffusivity coefficients due to
dissolved organics, sparingly soluble sediments and dissolved inorganics. In
such cases, fouling would be a higher risk and so more macroporous biochars
could be a wise choice.

Rice husk unactivated biochar possesses moderate — but not exceptional —
micro and meso porosity, with little macro porosity. It could be described as
somewhat converse to SCG biochar in this regard, which is much more a macro
porous and sparingly micro and meso porous material. Typically, HNOs3
activation slightly decreases SSA and moderately increases macro porosity,
creating a material with increased macro pore fraction. ZnCl2 activation
increases macro porosity slightly and significantly increases SSA, creating a
more hierarchical, highly microporous material. KMnOg, similarly to HNOs,
slightly increase macro pore volume and decreases SSA. Tortuosity values for
RH biochars were subject to unacceptable error due to the thin, lamellar nature
of the particles. However, from visual inspection of orthogonal views (Figure
8.20) shows a clear directional anisotropy in pore tortuosity which isn’t dissimilar
to the structure observed on OAK biochars — one orientation possess clear
linear and straight pores while the remaining two orientations suggest higher
tortuosity values. Thus, it is theorised that RH biochars will also be more highly
tortuous (in at least two of three orientations) than SCG.
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Table 8-3 Summary of tuneable hierarchical pore space differences
observed using XCT and literature BET micro pore analysis data

Unactivated HNO3 ZnCl2 KMnOg4
Somewhat ] _
_ ) Hierarchical, Somewhat
Somewhat hierarchical, ) ] )
OAK _ _ _ high hierarchical,
hierarchical medium ) .
) tortuosity pore filling
tortuosity
Highly macro
Highly macro | Highly macro POrous,
SCG gnly gnly Hierarchical | decrease in
porous porous ,
micro
porosity
) Hierarchical,
Micro/meso Somewhat i Somewhat
. . highly . .
RH porous, hierarchical, _ hierarchical,
microporous,
tortuous tortuous tortuous

tortuous

Knowledge of macro pore architecture, e.g. pore volume, circularity size
distributions and tortuosity is useful for a number of reasons. Transport kinetics
of a solution through a porous adsorbent material is dependent on the pore
network architecture. Sparingly macro porous materials can also be susceptible
to fouling or pore blocking particularly for complex solutions, such as
groundwater in remediation applications, or in heterogeneous catalysis.

Fluid dynamics through a porous material is often modelled to gain insight28
due to the complexity of conducting micron or sub-micron scale measurements.
However, models more often than not rely of theoretical assumptions and pore
geometry simplifications. Perfectly circular pores are one such geometry
simplification often assumed. Inner pore diameter is also often assumed to be
equal to pore mouth diameter. Both of these assumptions are especially weak
for a material such as biochar, which can possess such a wide range of pore

geometries.

Differences in directional tortuosity also affect flow kinetics3%. It is clear that
certain feedstocks - notably from the data presented here oak wood and rice
husk - tend to result in biochar particles which favourably cleave in a specific
dimension according to the structural properties of the biomass precursor and
yielding particles with anisotropic tortuosity. It could be argued that for a bulk
quantity of biochar particles, random orientation of particles should likely negate

207



much of this anisotropy. However, this cannot be assumed, as the biochar
particles are likely to pack in certain orientations over others due to their
irregular shapes. Therefore, understanding the anisotropy is crucial for
accurately predicting bulk properties.

Detailed quantitative pore space data not only provide direct insight into the
pore space architecture but can be used for both validifying and optimising pore
space fluid dynamics modelling. Future models could look to include real three-
dimensional data from such pore space reconstructions in order to investigate
flow dynamics.

8.6 Conclusions

Concluding remarks and implications of this work are treated in Chapter 9. In
brief, X-ray Computed Tomography paired with automated image analysis tools
were explored to examine porosity in porous biochars and the effect of chemical
activators on the porosity, specifically the macro porosity. Results demonstrate
that macro pores in biochar are highly developed and distinct in biochar of
different feedstocks. Activation clearly alters the macro pore structure and the
alteration is distinct depending on the choice of activator.
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Chapter 9 Concluding Remarks

A summary of findings of the work presented in this thesis is divided into two
components:

1. Investigation of the chemical features pertinent to the binding of
strontium, using uptake experiments and XAS (Chapter 5 and Chapter 7)

2. Investigation of the physical features, specifically macro pore space, of
biochar which are pertinent to the binding of radionuclides, using XCT
(Chapter 8)

9.1 Binding mechanism of strontium to biopolymer

composites

9.1.1 Bulk uptake experiments

Oak wood and rice husk derived biochars were activated using two common
activation protocols: HNOs and MnOx. HNOs. Activated biochars were
encapsulated into alginate hydrogel composite adsorbents. While both
activation and hydrogel encapsulation have both been previously reported in
separate works, no work to our knowledge has yet to combine these treatment
steps. Both of these steps separately enhanced strontium uptake; thus, this
work further optimises both processes. Rice husk biochar consistently
outperformed oak wood biochar, with a maximal uptake value of 241 mg g for
HNOs activated rice husk hydrogel, and a DF value of 9.5 at 5 mg L™ initial
strontium concentration. This is almost an 8-fold increase over control
unmodified rice husk biochar. In addition to increasing strontium uptake,
encapsulation of activated biochar in alginate hydrogel creates an easy to
separate adsorbent material, since it is easy to separate from decontaminated
waters.

MnOx activated oak wood hydrogel yielded a maximal uptake value 51 mg g*
and a DF of 7.6, also performing particularly well at lower concentration. At very
high strontium concentration, the MnOx biochar outperformed its hydrogel
analogue, suggesting that the MnOx biochar possesses a larger number of
lower affinity sites.

Higher uptake observed in the hydrogels at lower concentration indicates that
the alginate component likely provides some higher affinity binding sites. Its
native properties as an anionic biopolymer make it ideal for complexing strongly
to group Il cations such as calcium, which has a very similar ionic radius and
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charge density to strontium. The trade-off for this appears to be some degree of
biochar pore blocking by alginate gel.

The role of biochar feedstock in maximal uptake capacity is a little less clear,
since uncertainty in the Langmuir modelled maximal uptake capacity is high for
all oak wood-derived adsorbents and perhaps warrants further investigation.
The speciation and relative abundance of oxygen-containing surface functional
groups in particular may aid with understanding the concentration-dependent
uptake behaviour of biochars.

9.1.2 X-ray spectroscopic studies

EXAFS was used to examine the binding mechanism of strontium to biopolymer
composites. Binding to biochar (rice husk and oak wood), HNO3 activated
biochar, as well as hydrogel analogues were all examined. Evidence of second
shell backscattering was found in biochars as well as hydrogels which is most
accurately described in fits by a second shell Sr-C. This would indicate inner
sphere binding of strontium to the adsorbents at neutral pH, in contrast with
almost all other EXAFS studies of strontium binding. Second shell
backscattering signal was slightly higher in hydrogels, indicating a higher
degree of inner sphere binding relative to biochar. Activation had little effect on
binding environment.

EXAFS fitting of MnOx activated biochar and hydrogel revealed evidence of two
distinct binding environments, the first consistent with biochar/alginate phase,
the second with a MnOx phase. Linear combination fitting of manganese K-
edge XANES was not able to resolve the component manganese oxide
speciation present, indicating poorly crystalline manganese oxide, and
consistent with a non-stoichiometric, amorphous birnessite, with mixed
manganese oxidation states present.

9.1.3 Implications and possible application areas

Materials of biosynthetic origin such as biochar and alginate are economic,
sustainable and even carbon-negative. They are readily available and can be
prepared and deployed rapidly. Both biochar and alginate possess surface
functionality suitable for metal complexation and immobilisation and biochar can
be functionalised easily. Hydrogel composites of these biopolymers have high
uptake capacities of strontium, and spectroscopic studies indicate that binding
IS strong, inner sphere in nature (although it is important to note that further
work is necessary to confirm these results, and to exclude other possible
causes of the second shell signal). This makes such biopolymers an attractive
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prospect for radionuclide remediation, especially where traditional ion-
exchangers may fail, such as in-situ applications.

Owing to the facile synthesis method of ionotropic gelation, it may also be
possible to utilise such composites as an injectable permeable reactive barrier
which can be formed by the mixing of its two precursor solutions in-situ. Such a
method was employed at the US Department of Energy site Hanford, where an
injectable hydroxyapatite permeable reactive barrier was successfully created
in-situ by the injection of two precursor solutions into sub-surface soils. The
PRB successfully immobilised a large quantity of °°Sr which had leaked from
storage tanks which had been migrating towards the Columbia river'®. Biochar,
as a highly recalcitrant material is also well suited to such an end use.

9.1.4 Future work

As previously mentioned, it is important to repeat EXAFS studies under a range
of sample preparation and uptake regimes in order to confirm second shell
carbon and exclude other possibilities, such as precipitated chloride. Using a
number of distinct precursor strontium salts (nitrate, sulfate etc.) to make
simulant solutions for uptake combined with careful EXAFS analysis should
achieve this.

Understanding the speciation and abundance of surface groups responsible for
the inner sphere complexation of strontium would represent a step forward in
understanding. Potentiometric titration coupled with modelling of the
complexation process would achieve this.

The issue of selectivity must also be addressed, as a known issue in
radionuclide remediation, and particularly for group | and Il cations such a
strontium. Selectivity experiments to test performance under a range of different
ionic regimes would achieve this.

In the MNnOx composites, the role the precursor KMnO4 and its effect on
oxidation of the biochar surface is still largely unknown. Therefore it isn’t known
whether immobilisation can be attributed to MnOx phases or oxidised biochar
surface groups.

In the bigger picture, functionalised biopolymers show potential for
immobilisation of many radionuclides and this is fortuitous since contamination
rarely consists of one element. Further work should focus on a ‘universal’
radionuclide biopolymer adsorbent which perhaps comprises several
functionalisation types, each targeted at a distinct radionuclide.
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9.1.5 Limitations

As a bulk technique, EXAFS provides an averaged signal. Biochar is known to
be heterogeneous with a likely wide distribution of binding site energies. Thus, it
possible that an appreciable proportion of sites fall at the lower binding energy
range of the distribution, potentially not being strongly enough to radionuclides.
Further work to identify the functional groups responsible in more depth would
address this limitation.

Simultaneous EXAFS fitting of MnOx biochar and hydrogels did not result in a
fully resolved fit, with certain parameters necessitating constraint. Therefore,
such results require repeat measurement to confirm the results. Such work
would also address another limitation, namely the lack of precise manganese
phase identification. Repeat EXAFS experiments of strontium bound to a range
of known manganese oxide phases should provide more information. Work on
precise synthesis of manganese oxides is very much an active area of
research, especially in biochar composites.

9.2 Physical morphology and pore space analysis of biochar

Biochars from oak wood, spent coffee grounds and rice husk were activated via
three common protocols: ZnClz, HNO3 and KMnOas. Macro pore space was
guantitatively analysed. Both feedstock type and activation protocol altered the
macro pore space characteristics, opening the possibility of rationally designed
pore space. Spent coffee ground biochars yielded very highly macro porous
materials, regardless of activation, with relatively low tortuosity and wide macro
pore size distributions. Such biochars are likely suited to applications requiring
high volume uptake (e.g. water retention) and rapid diffusion kinetics (e.g. for a
rapid catalytic reaction or rapid contaminant binding).

Rice husk biochars displayed a somewhat opposite trend of sparingly macro
porous but highly micro/meso porous biochars with observably higher tortuosity,
narrow macro pore size distributions and greater consistency in pore circularity.
The effect of activation increases macro pore space only moderately. Rice husk
biochars are hierarchical but with more limited macro porous structures and
more extensive micro/meso porous structures.

For oak wood biochar, choice of activator had a clear effect, introducing
increased micro/meso porosity for creation of hierarchical, more circular porous
structures (ZnCl2), reduced micro/meso porosity and less circular pores (HNOs3)
or micro/meso pore blocking and macro pore widening (KMnOa4). Oak wood
biochars therefore are somewhat intermediate between rice husk and spent
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coffee biochars, with larger increases to the macro pore volume upon activation
as well as reasonable micro/meso pore contributions. ZnClz2 and HNOs
increases tortuosity in the macro pore space.

9.2.1 Future work

Conducting laboratory tests to confirm that macro pore space has an effect on
mass transport through the pore network would be a next logical step. This
would validate some of the more tentative conclusions drawn here. Examining
relative contaminant uptake isotherms, flow rate through activated biochars in a
column setup would provide useful information about flow rate. Conducting
uptake in simulant groundwater or seawaters, rich in DOM and dissolved
inorganics would also confirm the reduced fouling effect that others have
reported for macro and meso porous adsorbents. Employing a wider range of
pore space analysis techniques, particularly BET gas adsorption, would also
provide a more complete picture of all pore size ranges. Modelling increasingly
plays a role in predicting biochar’s bulk behaviour. Utilising the pore space
results here in fluid dynamics models through biochar’s pore space will show
whether it is indeed necessary to account for the differing pore architectures
found here.

9.2.2 Implications and possible application areas

Biochars and their composites are versatile porous carbonaceous materials that
are increasingly valued for their hierarchical porosity in applications such as
catalysis, contaminant immobilisation and energy storage capabilities. Porosity
is crucial yet each application has specific requirements for pore architecture.
XCT is an ideal tool to examine the effects of tuning on macro pore space, and
thus selecting the most appropriate starting feedstock and activation protocol.

Metrics such as pore circularity and pore size distribution are useful for
optimising and validating mass transport modelling through the biochar pore
space. This is predicted to be a growing area of research and XCT data can
both aid model development and help validate such models

9.2.3 Limitations

The limit of resolution of X-ray tomographic techniques is one of the main
current limitations. In this study, pixel size = 0.325 pm, which is somewhat
higher than the threshold diameter value for macro pores

Table 2-2). The limiting factor is detector resolution but technological advances

will likely improve this rapidly. Furthermore, the related technique of
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ptychography33* is capable of resolving structures such as pores into the nano
meter range. There are three main sources of error in the pore space
guantification method.

Error in measurement: These relate X-ray exposure and signal acquisition and
include beam artefacts that can appear as a result of several factors. These
include beam stability and vibration in the monochromator crystal. Such errors
are typically not quantified in literature due to the complexities and unique
experimental setup of each synchrotron source, and they are not considered to
significantly alter data. Nonetheless, an additional measure was undertaken
with these data to minimise radial artefacts - images were cropped to a central
region.

Error in reconstruction: Finding the centre of rotation is crucial to accurate
image reconstruction. Again, there is typically little possibility for quantification
of this source of error. However, this is not thought to be a major source of error
provided that care is taken to check and assess the reconstruction.

Error in image processing: Error can result from poor choice of pre-
processing filters, which creates inaccurate binarized images for thresholding.
Although it is not customary to publish any error estimation in literature, it is
possible to estimate error accrued in image segmentation using the llastik
‘uncertainty’ layer. This layer is an expression of uncertainty in the trained
prediction algorithm for separation of pore vs sample. These values was also
manually verified by thresholding portions of sample at high and low extremes
of possible values, similar to that mentioned in Quin et al. 2014331, If anything,
this is likely to be an over-estimation of image binarization error.
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9.3 Conferences Attended & oral presentations

. Green Carbon Webinar series 2021, remote. Oral presentation

. School Internal Research Exchange 2021, remote. Oral presentation
. Bragg Centre Research Exchange 2019, Leeds. Poster

. Diamond Light Source i13 research seminar, March 2021, remote.

Oral presentation

. Asia Oceania Geosciences Society (AOGS) 18th Annual Meeting
2021, remote. Oral presentation

. 19th Radiological Chemistry Conference 15th-20th May 2022,
Marianské Lazné, Czech Republic. Oral presentation

. Student sustainability conference, Leeds 2020, remote. Poster

9.4 Training Courses Attended

. Synchrotron School 2018 at Diamond Light Source, Harwell Science
& Innovation campus (4 days)
. XAS workshop at Diamond Light Source, Harwell Science &

Innovation campus (1.5 days)

9.5 Awards
. Best oral presentation in Advanced Engineering Materials section,
School Internal Research Exchange 2021. £75
. Women of Achievement award 2021 for advancing women in STEM
. Partnership Awards commendation in Equality & Inclusion category
(2021 & 2022)
. Supervised Award winning MSc project - Hargreaves Energy &

Environment MSc Research Project Prize 2021 & Energy &
Environment MSc Prize 2021
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Appendix A.

Appendix

Table A-1 Selected compositional data for common three feedstock types,
expressed in percent dry weight

%

Spent coffee

Rice husk (RH) Oak grounds
composition
(SCG)
26.3, 26.4, 27.4553; 3559; 24504
28557; 25, 17-30, 22.2, 29.6, 29.1, 25,
Lignin 23554 20-25555; 33560; 23561:
22, 26, 27.6, 27.6558, 25,9556
25.255%6 22.155%6
38, 22-50, 40.5,
39.6, 39.0, 39.85%3; 31-37559;
41.1, 46.4, 42, 41,
Cellulose 35554; 35-40555; 12504; 9562,
38, 45.7, 42.4558;
33.1556; 49,8556
38.15%6
68.5557
29, 17-30, 23.3,
17.5, 18.0, 16.7°%3; 39504: 19-42;
Hemi- 22.2,18.9, 28, 30,
33554; 15_20555; 37562; 63560;
cellulose 30, 24.8, 24.85%8;
19.355%6 9.5556
26.15%6
14-18; 17504;
Protein 2.9-3.6563 -
14562
Lipids 8-12563 - 11-17559; 2504
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Table A-2 Selected literature values for BET surface area of activated
biochars versus unactivated control biochars

BET surface area (m?/g)

ZnClz HNO3 KMnO4

Biochar precursor type Una-ctivate activated | activated | activated | Reference
d biochar biochar biochar biochar
Grape stalk 83.7 1411.8 539
Sewage sludge 0.7 490 75
Rice husk 334 1840 130
Rice husk 50 417
Rice husk 90 564
Rice husk 243 518
Spent coffee grounds 1.93 763.7 128
Spent coffee grounds 2.8 205
Spent coffee grounds 1.62 565
Spent coffee grounds 11 209
Oakwood chips 21.4 458.3 566
Oakwood chips 216 633 567
Oakwood sawdust 550 1380 131
Oak tree 288 518
Red cedar wood chips 433 317 150
Tea leaves 1398 524 568
Sunflower seed husks 438 614 569
Weeds 40.5 17.7 113
Rice husk 71.4 87.2 87.8 175
Oak wood 470 576 546
Rice husk 128 93.8 7
Rice husk 223.9 138 570
Corn straw 61 24 159
Rape straw 111 19 177
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Figure B.1 Evidence of formation of a film or coating on Oak wood
hydrogel
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Appendix C.

Sr2* yptake / mg g1

Unactivated HNO, EDTA ZnCl, MnO, FeCl,
biochar activated activated activated activated activated

Figure C-1 Relative strontium uptake for a range of activated
biochars (Initial strontium concentration was 10 mg L*?, mass
adsorbent used was 0.4 g in 50 mL of solution, contact time 1 hr
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Table C-1 Kinetic modelling parameters for biochar and HNO3 activated
biochar

Pseudo first order Pseudo second order
k2
k1 (1/min)  ge (mg/g) R? (9/mg/min  ge (Mg/g) R?
)
Control
_ -3.07x10°3 0.46 0.4345 1.93x10%2 1.16 0.9500
biochar
HNO3

activated  -1.06x1072 1.19 0.8316 2.29x102 7.31 0.9999

biochar

9
: —&— HNQO; activated biochar
8 1 —m— Control biochar
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Figure C-2 The effect of contact time on strontium adsorption to
unactivated and nitric acid activated biochar
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Calibration — ICP-MS
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Figure C-3 ICP-MS control samples. The measured strontium
concentration in a series of blanks (no adsorbent added)
plotted against expected strontium concentration. Full
concentration range (top) and low concentration points
(bottom)
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3.88 mm

Figure C-4 Scaled image of biochar-
alginate hydrogel bead
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Appendix E.

Figure E-1 3D reconstructions of all samples-

Oak wood (OAK)

Spent coffee

I{adalalY

225



Savu

A typical Savu process list comprises several modules such as a dataset

loader, process modules, reconstruction and saver modules. An example of a

process list used is listed below.

1) NxtomolLoader

2) image_key_path : entryl/tomo_entry/instrument/detector/image_key

1) preview : []

3) name : tomo

4) 3d_to_4d: False

5) flat : [None, None, 1]

6) data_path : entryl/tomo_entry/data/data
7) dark : [None, None, 1]

8) angles : None

9) ignore_flats : None

2) DarkFlatFieldCorrection

1) in_datasets : []

2) upper_bound : None

3) out_datasets : []

4) lower_bound : None

5) pattern : PROJECTION

6) warn_proportion : 0.05

3) PaganinFilter

1) Ratio : 250.0

2) in_datasets : []

3) Distance : 1.0

4) Padtopbottom : 10
5) out_datasets : []

6) Padmethod : edge
7) Energy : 53.0

8) increment : 1.0

9) Resolution : 1.28

10) Padleftright : 10

4) CcpiRingArtefactFilter

1) num_series : 1

2) param_r : 0.005
3) in_datasets : []

4) out_datasets : []
5) param_n:0

5) AstraReconGpu
1) init_vol : None
2) preview : []
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3) log : False

4) algorithm : FBP_CUDA

5) n_iterations : 1

6) res_norm : False

7) centre_of rotation :1367.2

8) FBP_filter : ram-lak

9) in_datasets : []

10) ratio : 0.95

11) out_datasets : []

12) centre_pad : False

13) outer_pad : False

14) log_func : np.nan_to_num(-np.log(sino))

15) force_zero : [None, None]
6) TiffSaver

1) in_datasets : []

2) prefix : None

3) pattern : VOLUME_XZ
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