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Abstract

Humankind heavilyrely on electrical and electronic devices which require precious metals
and energy, the latter typically derived from fossil fuels. Increasing concern for the
environment has led to the search for renewable sources of energy (i.e. solar, wind) and
sustainable ways to utilise metals. Porous carbons have been widely used as adsorbents
to recover metals from waste streams, and as electrodes for energy storage devices (i.e.

electrochemical double layer capacitors).

Starbon® are mesoporous carbonaceous materials derived from starch. A method for the
preparation of Starbon® monoliths has been developed. In turn, the potential of Starbon®
for the adsorption and recovery of precious metals from solution was investigated.
Starbon® were capable of adsorbing Pd, Pt and Au, reaching adsorption capacities of up
to 600 mg-g* for Au. The adsorption was very rapid (equilibrium reached after 10 min)
and led to the formation of Au nanoparticles. The application of Starbon® to complex
mixtures of metal waste showed preferential adsorption of Au, leaving the other metals
(i.e. Cu, Fe, Ni) in solution. In addition, monoliths allowed for the adsorption of gold in

flow regimes.

A method for the preparation of Starbon®-graphite composites was also developed.
These materials combined the good porosity of Starbon® and the high conductivity of
graphite. These composites were shaped as small discs which allowed them to be tested
as electrochemical double layer capacitors. The electrochemical characterisation showed
the good performance of these Starbon®-graphite composite capacitors, reaching
capacitance values of 205.4 F-gl. Graphite concentrations of ~ 1% led to an optimal
porous and conductive structure which enhanced the diffusion properties and thus, the
performance of the devices. The composites were shaped as discs without the need of a

binder, which can negatively affect the properties of the material.
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Introduction

Chapter 1



1 Introduction

1.1 Scopeof the project

The aim of the present work is to develop a method for the preparation of monolithic
carbons that avoids the use of binding agents, which generally weaken some material’s

properties (i.e. conductivity) (Chapter 2).

The ability of such materials to adsorb and recover precious metals from solution is also

investigated through batch experimentation (Chapter 2) and in flow regime (Chapter 3).

Chapter 4 describes a method to produce conductive monoliths by combining bio-derived
porous carbon (Starbon®) with a good electrical conductor (i.e. graphite) in order to
prepare electrodes for electrochemical double-layer capacitors which serve as energy

storage devices (Chapter 5).

The overall aim of this project is to develop sustainable materials that contribute towards
the creation of efficient and innovative pathways to drive our economy, overcoming the

current environmental challenges.

1.2 GreenChemistry

Green chemistry was first defined by Paul Anastas as “the design of chemical products
and processes to reduce the use and generation of hazardous substances”.! A series of
twelve principles were stablished as guiding rules to achieve sustainability in a process or

product.? 3 The Twelve Principles of Green Chemistry are:

1. Waste prevention. Avoiding the production of waste is preferred to subsequent

treatment and cleaning.
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10.

11.

12.

Atom economy. The product includes asmany atoms from the reactantas possible
to optimise the use of raw materials.

Synthesis of less hazardous chemicals. The hazards of all raw materials, products
and reaction pathways need to be considered and assessed.

Design of safer chemicals. Modelling the properties and potential toxicity of a
product is strongly advised before its synthesis.

Safer solvents and auxiliaries. If the use of solvent cannot be avoided, non-
hazardous options need to be used (i.e. water or supercritical fluids).

Design for energy efficiency. This involves the reduction of the energy barrier
associated with a reaction, and the creation of devices capable of retrieving and
storing energy from renewable sources.

Use of renewable feedstocks. The substitution of fossil fuels for renewable
feedstocks to produce chemicals and fuel is required.

Reduction of derivatives. Minimisation of the number of chemical transformations
involved in process.

Catalysis. The use of catalyticcompounds maylead to lower energyand feedstock
requirements as well as the reduction of waste generation.

Design for degradation. Substitution of persistent functional groups such as
amines or halogenated moieties for more bio-degradable groups (i.e. esters or
amides) when possible.

Real-time analysis for pollution prevention. Developing analytical techniques that
allow real-time control of processes that produce hazardous substances.
Inherently safer chemistry for accident prevention. Addressing a wide spectrum of

hazards to preventindustrial accidents.

The development of bio-based carbons and their application for metal recovery and
energy storage applies the criteria established by the Green Chemistry Principles. The
carbons described in this thesis were prepared from starch which agrees well with the
‘renewable feedstock’ principle, as well as the ‘waste prevention’ principle as starch can

be obtained from waste sources such as potato peelings.* The preparation method
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avoided the utilisation of templates to create the porous structure, and hazardous
chemicals, enhancing the atom economy and safety of the process as suggested by the
twelve principles. In addition, the application of these bio-based carbons for metal
recovery to purify contaminated streams, yielded recovered metals that can be used as a
starting material in other processes. The utilisation of Starbon® as energy storage devices

also agrees well with the ‘design for energy’ principle.

1.3 Recovery of precious metals

1.3.1 Importanceof precious metals

Precious metals (PMs) such as gold, palladium and platinum have become essential to
sustain the 215t century lifestyle, as they are present in electronic gadgets, used as
catalysts by the chemical industry and within active compounds in medical treatments

(Figure 1.1).>7

1.3.1.1 Catalysis

In catalysis, PMs play a key role in gas purification and in the formation of commodity
compounds, including plastics, synthetic fibres and bulk chemicals.® The ability of PMs to
actasactive sitesin catalystsisin part due to their ability to adsorb and dissociate H2 and
02 molecules, good acid and thermal stability and resistance to oxidation.® Palladium
catalysts are used in the preparation of several polymers, including polyvinyl chloride
(PVC) used to fabricate pipes, electric wires and housing material, and methyl
methacrylate (MMA) employed as glass substitute.® As an example, during production of
vinyl chloride, catalytic amounts of supported palladium are required to remove
acetylene impurities from the hydrogen chloride stream.®° In addition, a range of
platinum catalysts are widely used in petroleum refineries, to obtain high quality
gasoline.10 11 Both palladium and platinum are also used as catalysts in the preparation of
synthetic fibres and the purification of gases.® For example, Pd and Pt supported on

carbonaceous surfacesare involved in the preparation of Nylon-6, a well-known synthetic
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fabric used to manufacture clothing.® Pd and Pt-based catalyst are also used to purify, Ha,
N2 and CO; streams.?? 13 This ability to purify gas streams is also applied in the arguably,
best-known application of PM catalysts, in autocatalytic convertersfor automobiles which
are capable of transforming hydrocarbons, carbon monoxide (CO) and nitrogen oxides
(NOy) from the exhaust gases into innocuous water vapour, nitrogen (N2) and carbon
dioxide (CO2).1* Gold is used industrially as a catalyst in the formation of the monomer
vinyl acetate, a precursor of common polymers, such as polyvinyl acetate that is widely
used as glue.’> A variety of gold catalysed processes have been patented recently with
applications in gas purification, fuel cells and olefin and polymer production.'® As an
example, Johnson Matthey recently developed a supported gold catalyst for the
hydrochlorination of acetylene, a key process for the preparation of the vinyl chloride

monomer (VCM), precursor of PVC.1/

Main applications of precious metals

Metal Catalysis Medical care Electronics
. Production of VCM, Drug delivery, including | Contacts, connectors
( / \ polymer precursor. gene therapy
\ /’ Wire bonding
S Patented for many Bio-sensing
Gold other reactions (monitoring tumours) Prevent heat damage
Production of Internal radiation Control flow of electric
% polymers (PVC, MMA)  |source (radiotherapy) current
_/ Preparation of Anticancer Plating to yield
Palladium synthetic fibres treatment conductive connectors
Gas purification Electrode in
"” h (catalytic converters) | glucose-meters Adding thermal stability
N to magnetic storage
PI;{i;um Petroleum refineries to | !mplantable devices layer of hard disks
obtain gasoline (pacemakers)

Figure 1.1 Selected applications of gold, palladium and platinum in the fields of catalysis, medicine and electronics.>- 8 14,
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1.3.1.2 Electronics

Currently, a large fraction of PMs is set aside for the fabrication of electronic devices.
Phones, personal computers (PCs), laptops and tablets require PMs in their circuit
boards.® Gold is employed to produce bonding wires that connect the circuit board with
the lead-frame.*® Gold is also used in contacts and connectors due to its high electrical
conductivity and resistance to corrosion.'® The good thermal conductivity of gold
prevents damage in silicon chips that generate large amounts of heat.18 Platinum is used
to improve the stability of the magnetic storage layer in hard disks.'* Ceramic capacitors
incorporate palladium to control the electric current flow, and to stabilise metallic silver
in hybrid integrated circuits.' Aswith gold, palladium coatings are used in the production

of conductive connectors.*

Although only very small amounts of precious metalsare used in electronicdevices(Table
1.1), consumption is counted by the tonne, due to the high demand of electronic
gadgets.® 1° For instance, the number of mobile phones produced worldwide was just
below the 1000 million mark in 2008.2° The same year, 300 million PCs and laptops were
also manufactured. The production of mobile phones, PCs and laptops in 2008 resulted

inthe consumption of 100 tonnes of gold and 36 tonnes of palladium.?!

Table 1.1 Content (mg) of precious metals in electronic devices.5

Amount of precious metals (mg)

Metal
Phones PCs Flat screens
Au 26.1 169 161
Pd 11.6 399 42.2

Some medical applications for PMs are mentioned in Figure 1.1. However, a more in-
depth discussion of the role of PMs for such applicationsis out of the scope of the present

project.
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1.3.2 Challenges associated to precious metals

The number of electronic devices produced worldwide has increased dramatically over
the last two decades (10 times more sellsin 2009 compared to 1997).2° In addition, low-
carbon technologies are being built around the outstanding properties displayed by
PMs.22 As a result, demand for PMs has done nothing but increase, triggering an
escalation of prices and putting huge pressure on natural ores.'* Overexploitation of
metal reserves has caused serious environmental damage.?3 Additionally, the relatively
short life span of electronic devices is causing enormous amounts of waste electrical and

electronic equipment (WEEE).%*

1.3.2.1 Problems derived fromthe extraction process

Mine waste includes a complex mixture of discarded rock, processing chemicals and
ashes.?® It represents one of the world’s largest streams of waste.2> The major footprint
is derived from discarded rock, as only small fractions of metals are extracted per tonne

of excavated rock.2®

Extraction from metal ores generally involves hydrometallurgical processing (leaching
metalsfrom the rock) and cyanides were traditionally used asleaching agents.?’ Although
cyanides have since been substituted for non-toxic compounds, there arestill many tailing
ponds containing high concentrations of cyanides around the world that present a threat
to the environment.?> Particularly worrying is the ability of cyanides to form very soluble
complexes with some heavy metals, as these keep the toxic elements in solution for

longer periods of time, expanding their damaging area.?®

Some tailing sludges are highly acidic, which could be harmful if accidentally released to
soils and water streams.?? Inaddition, leaching processes may mobilise other metalsfrom
the rock. As an example, arsenic can be released from gold deposits during weathering,

posing a serious threatin the environment due to the toxicity of arsenic.??
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1.3.2.2 Problems derived from usage of precious metals

Discarded electronic devices are grouped under the name of WEEE.3? This category
includes any discarded equipment that uses electricity.?! On the other hand, the term E-
waste only includes electronic devices such as mobile phones or computers.3! If not
disposed of appropriately, some of WEEE and E-waste components could be released to
the environment (i.e. heavy metals), seriously threating entire ecosystems.3% Burning
WEEE to obtain metal-containing ashes is not an optimal solution either, as compounds
toxic to humans and harmful for the environment may be generated (i.e. dioxins,
polyaromatic hydrocarbons).3! Dealing with WEEE is especially problematic due to the
volumes generated yearly; as mentioned above, the demand of electronic devices has
exponentially increased in the last two decades, leading to the production of almost 1000
million phones in 2008 alone.?? In turn, life span of electronic devices has significantly
shortened.3! The life span of mobile phones and flat screens have been estimated as 3
and 6 years respectively.® However, these values are optimistic, short innovation cycles
and advertising from manufacturers encouragessociety to replace electronic devicesever
more often.?* 31 This has resulted in the production of enormous amounts of E-waste,
mainly from Europe and the United States. Estimated at 20-50 million tonnes a year
worldwide in 2006, E-waste production rates were expected to increase during the
present decade, as Latin America, China and Eastern Europe start to significantly

contribute to it.3!

1.3.3 Elemental sustainability

If extraction rates follow the current growing trend, global reserves of gold and platinum
will be depleted in the next 50 years (100 yearsin the case of palladium).22 Clearly, current
consumption rates are not driven by the ‘elemental sustainability’ concept which
classifies a metal as sustainable if its use by the present generation does not compromise
the ability of future generations to exploit this element.?? Thus, the recycling of PMs has

become crucial to sustain humanity’s existing lifestyle without compromising future
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generations. Currently, only 60% of PMs are recycled.3? While metals from jewellery and
supported catalyst are mostly recovered, large amounts of PMs from electronic devices
and autocatalytic converters are still not recycled.?® Recovery and recycling can be
encouraged by raising awareness among the population through advertisements,
outreach events and social media. In addition, legislation can play a key role instimulating
the recovery and recycling WEEE.3* As an example, the European Union put in place a

Directive in 2003 to create free of charge collection schemes for electronic devices.3°

Non-recycled PMs are not destroyed, but dispersed as part of landfill.3>> Both recovered
WEEE and disseminated PMs present potential as secondary metal ores due to their

relatively large amounts of PMs overall.

1.3.3.1 Secondary oresfor precious metals

Recovering metals from different types of waste can be more energetically and
economically efficient and present lower environmental impact than extraction from
natural ores.?2 33 As a result, a variety of waste systems have been assessed as potential

secondary sources of PMs (Figure 1.2).36

- Mine waste. Over a tonne of waste (even more in some cases) is produced per
tonne of metal extracted from primary ores.?® In the surrounding areas of a mine
it is possible to find waste rock that has been discarded after metal leaching, and
waste ponds containing liquid waste with metal concentrations below historical
economicallyviable threshold (ppm range).?> However, the increasing demandfor
PMs, and associated price rise, has forced the reconsideration of the potential
value of such waste as a secondary source of PMs.3’

- Municipal solid waste (MSW). This combines a wide variety of components,
including plastics, glass, organic matter and electronics.3® The presence of electric
and electronic devices combined with the vast production of MSW, over 255

million tonnes in Europe every year,3° turns MSW into a potential secondary
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source of PMs. As an example, it has been shown that the MSW/underground
reserves ratio of platinum group metalsis 3.6%.4% The percentage increases up to
16.3% in the case of gold.%? Clearly, pre-separation of WEEE to avoid its
combination with MSW is essential and can offer an enriched secondary source of
PMs. However, pre-separationstill needs to be further encouraged, as the amount
of WEEE in MSW can be as high as 8% in developed countries.*!

WEEE. This includes different types of discarded electric devices.3! Nevertheless,
electronic devices such as mobile phones and computers are main contributors to
WEEE.3! Enormous amounts of WEEE have been generated in the last decades;
Europe alone was set for disposal of 8.3-9.1 million tonnes of electronic devices
in 2005.42 These values are expected to reach 12.3 milliontonnes a yearin 2020.4
Globally, the estimation is 40-50 million tonnes of WEEE generated every year.?®
Concentrations of PMs in WEEE well exceed those in natural ores. For example, a
tonne of motherboard scrap contains 25 times more gold than a tonne of natural
ore.?* These values increase up to 35 times for mobile phone handsets.3* The
exorbitant production of electronic waste combined with its high concentration

of PMs make WEEE a vast and potentially attractive secondary source for PMs.
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Secondary sources of precious metals

WEEE and E-waste

Municipal solid waste

Mine waste

40-50 million 1600 million Over 1 tonne of
@ tonnes/year tonnes/year waste per tonne of
o°° & metal generated in
&0 e .
v 4’3’& 14 kg of E-waste per 8% of which is primary ores
? person/year in electronic waste in
European countries western countries
S Higher Ashes show higher Low concentration —
@‘L\° concentration than concentration than economically
0&' natural ores natural ores unviable for
(,°°° exploitation in the
past

Figure 1.2 Major secondary sources of precious metals, their availability (green) and concentration (yellow).36

1.3.3.2 Techniques to recover precious metals from secondary ores

Several techniques can be employed to obtain PMs from secondary sources:

Pyrometallurgical operations. Waste containing PMs is crushed and smelted in a
high temperature furnace to yield metals.?” 43 However, pyrometallurgy requires
large amounts of energy due to the high temperatures used in the process.** In
addition, burning certain types of metal-containing waste may release toxic
compounds such as dioxins and polycyclic aromatic hydrocarbons from plastics.3!
Hydrometallurgical/leaching operations. Thisinvolves the dissolution of all soluble
metals to produce a metal-containing liquor.2’- 3 Cyanide was traditionally used
as leaching agent.*> However, as explained in Section 1.3.2.1, it presented a
serious threatto the environment if accidentally released from the storing pools.?®
Cyanides have been substituted by Cl; and aqua regia (3:1 mixture of
concentrated HCl and HNOs), addressing the environmental risk embodied by
cyanides.*> Environmental concerns settled, hydrometallurgy has become a

popular method to extract metals from secondary ores, due to its low cost and
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simplicity of operation.*> After solubilisation, metals can be then recovered from
solution using different techniques, including chemical precipitation, ion
exchange, electrochemical processes and adsorption.*3 Despite their ease of
operation, these techniques present some drawbacks. For example, chemical
precipitation is not efficient for low concentration solutions and produce large
amounts of sludge.*® lon exchange, although selective, presents low adsorption
capacity and is expensive.*® Electrochemical techniques are also quite costly.*’
Activated carbons (AC) have been widely used as adsorbents due to their high
efficiency, even at very low concentrations of metals.*® However, commercial AC
are expensive and difficult to regenerate.*® Bio-adsorbents present similar

adsorption capabilities and are in turn inexpensive and reusable.*8

1.3.4 Bio-adsorbents

Non-living, bio-derived materials capable of removing substances from solution are
known as bio-adsorbents.®® The advantages of bio-adsorbents are many, including
renewability, minimal production of sludge, ease of handling, high adsorption capacities
and potential for regeneration and reusability.>* The term bio-adsorbent encloses a wide
range of materials, from fungi to bacteria and agricultural waste, among many others.>®
As the focus of the present work is starch-based materials for PM adsorption,
polysaccharide-derived materials usedfor the adsorption of gold, platinum and palladium

are the main topic of the following sections.

1.3.4.1 Non-polysaccharide derived bio-adsorbents for the adsorption of
precious metals

A class of non-polysaccharide bio-adsorbent compounds that perform well in the
recovery of PMs are polyphenols.>? Polyphenols are secondary metabolites in plants and
can be found in many food products including fruits, vegetables and beverages.>3
Polyphenolic compounds such as tannins displayed PM adsorption capacities of 1500

mg-g1.>2 Despite this excellent performance as bio-adsorbents, the future for large scale
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PM adsorption using bio-derived polyphenols is not as promising as that of
polysaccharides because their concentrations in agricultural and food waste arerelatively

low, in the order of mg polyphenol per kg of waste.>3

1.3.4.2 Polysaccharide-derived bio-adsorbents for the adsorption of precious
metals

Polysaccharide-derived bio-adsorbents have previously been used to investigate the
adsorption of heavy metals.>*°® However, the number of studies focused on PMs
adsorption is limited. Table 1.2 lists the available literature on polysaccharide-based
materials for the bio-adsorption of Au, Pt and Pd and Figure 1.3 summarises this
information in a graphical way. In all cases, the number of studies on Au adsorption
surpasses those for Pd and Pt, due to the high value of this metal (Pt 974 S/oz, Au 1319
S/oz and Pd 1099 $/o0z).>7 %8

Table 1.2 Polysaccharide-derived bio-adsorbents for the recovery of gold, palladium and platinum described on the
literature.

Polysaccharide Description of adsorbent cas:c?fy r;(J:];ng_l) Ref.
Glutaraldehyde crosslinked chitosan (Au®*) 590 59
Sy:ifi;nnked hexamethylenedi-isocyanate (AU*) 720 <
Sulphurderived chitosan (Au?*) 620 59
Zﬁlztsgsae;iev(:eﬁtcc)rs;slinked hexamethylene (AU*) 600 <
Chemically modified chitosan resin (Au*) 709 60

Chitosan L-lysine crossedlinked modified chitosan (Au®*) 70.3 61
Glycine modified crosslinked chitosan resin (Au?*) 170 62
4-amino,4’-nitro azobencene chitosan (Au®*) 70.0 63
Unmodified chitosan (Au®*) 650 64
Glutaraldehyde crosslinked chitosan (Pt**) 300 65
Glutaraldehyde crosslinked chitosan (Pt*) 351 66
Polyethyleneimine modied chitosan (Pt*) 585 66
Thiourea modified chitosan (Pt*) 507 66
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Glutaraldehyde crosslinked chitosan

(Pd?*) 260

67

Thiourea modified chitosan (Pd?*) 270 &7
Rubeanic acid derived chitosan (Pd?*) 345 67
4-amino,4’-nitro azobencene chitosan (Pd?*) 58.6 63
Glutaraldehyde crosslinked chitosan (Pd?*) 213 66
Polyethyleneimine modied chitosan (Pd?*) 372 66
Thiourea modified chitosan (Pd?*) 362 66
Chllorella vulgaris (Au?*) 98.5 68
Ascophyllum nodosum (Au**) 30.0 69
Alginic acid Sargassumnatans (Au®*) 420 69
Fucus vesiculosus (Au®*) 74.8 70
Crosslinked alginic acid (Au*) 1100 71
Calcium alginate beads (Au®*) 290 72
De-alginated seaweed waste (Au?*) 197 73
Crosslinked cellulose (Au?*) 1490 71
Crosslinked cotton cellulose (Au?*) 1223 74
Crosslinked paper gel (Au?*) 994 s
N-aminoguanidine crosslinked cellulose (Au?*) 1813 76
p-aminobenzoic paper gel (Au?*) 1004 ”
Medicago sativa (alfalfa) shoots (Au®*) 36.0 78
Lemmon peel (Au®*) 1280 79
Buckwheat hulls (Au?*) 297 80
Durio Zibthinus husk (Au3*) 339 81
Cellulose
Banana peel carbon (Au3*) 802 82
Rice husk carbon (Au?*) 150 83
Barley straw carbon (Au3*) 289 8
Apricot stone carbon (Au**) 6.4 84
Bagasse ashes (Au*) 324 8
N-aminoguanidine crosslinked cellulose (Pt*) 123 76
p-aminobenzoic paper gel (Pt**) 98 7
N-aminoguanidine crosslinked cellulose (Pd?*) 119 76
p-aminobenzoic papergel (Pd?*) 160 7
Racomitrium lanuginosum (moss) (Pd?*) 37.2 86
Pectin Crosslinked pectin (Au3*) 945 71
Starch-based hydrothermal carbon spherules (Au?*) 591 87
Carbonised expanded starch (Au?*) 600
Starch Present
Carbonised expanded starch (Pt?*) 21.5 work
Carbonised expanded starch (Pd?*) 73.2
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Polysaccharide-derived bio-adsorbents Number of studies

Chitosan Cellulose Per type of polysaccharide
Require crosslinking to improve Require crosslinking to improve

acid and thermal stabilities physical stability

N-groups active role in Reduction of metal ions to form Cellulose Chitosan
adsorption nanoparticles and oxidation of 39% 39%

. . the bio-adsorbent surface Pectin
Adsorption mechanisms: 12% 29
electrostatic attraction, ion lon exchange mechanism if N- Alginic acid
exchange or chelation groups were added Starch

8%
Alginic acid Pectin Per type of precious metal

Reduction of metal ions and

Including non-living algae and g :
oxidation of the bio-adsorbent

alginate derivates
Reduction of metal ions to form Very limited literature

nanoparticles Starch i

65%
Reduction of metal ions and

oxidation of the bio-adsorbent
Limited literature (includes
present work)

Oxidation of the bio-adsorbent
surface (hydroxyl and carboxylic
groups)

Figure 1.3 Characteristics of polysaccharide-derived bio-adsorbents and the number of studies per type of metal and
polysaccharide.56: 5962, 6485, &7, 88

1.3.4.2.1Cellulose

Cellulose is formed by repeating B-D-glucopyranose units, with every second anhydrous
glucose unit rotated 180 °© (Figure 1.4).8% Cellulose is a major constituent of plant cell
walls, which makes it the most abundant polysaccharide in the world. Its natural
generation rate (through photosynthesis) is estimated at 10 billion tonnes a year.8? Its
renewable character, wide availability and low-cost make cellulose an attractive bio-
adsorbent.?® In contrast, cellulose requires chemical treatment before being used for
adsorption applications to improve its physical properties (thermal resistance,
hydrophobic and hydrophilic character, elasticity).®8 Crosslinking and conversion to AC
canimprove the physical properties of cellulose.®® 91 Cellulosic agricultural waste offers a
renewable source of AC, opposite to its fossil derived counterpart produced from coal.*?

Additionally, conversion to AC adds economic value to the cellulosic waste.??
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1.3.4.2.2 Chitosan

Chitin and chitosan are random co-polymers of 2-acetamide-2deoxy-p-D-glucose and 2-
amino-2-deoxy-B-D-glucose (Figure 1.4).%3 Chitosan is obtained by deacetylation of chitin,
one of the most abundant polysaccharides, which canbe found in the shell of crustaceans
and is, therefore, a waste product of the seafood processing industry.*° 6 It has been
shown that untreated chitosan may dissolve in acidic media.*® Therefore, it requires pre-
treatment (generally crosslinking) to overcome its low acidand thermal stability, and poor

porosity.>®

1.3.4.2.3 Alginicacid

Alginicacidisformedby non-regular repetitions of 1,4-B-D-mannuronicand a-L-guluronic
acid units (Figure 1.4).°% Alginic acid can be obtained from brown algae in which this
polysaccharide accounts for 10-40% of its dry weight®>. 1.6 million tonnes of algae were
harvested in 2015 alone, making alginic acid a widely available polysaccharide.’® De-
alginated seaweed is a by-product of alginate production and the main component is
cellulose,’’ therefore, de-alginated bio-adsorbents have been grouped with cellulosic

materials.

1.3.4.2.4Pectin

Pectin is constituted by D-galacturonic acid units, with a minor presence of a neutral
sugar, rhamnose (Figure 1.4).°8 Commercial pectin is extracted from fruit peels, mainly
apple and citrus, that are by-products of the food industry (juice and cider production).®®
It can also be extracted from sugar beet pulp which is a by-product of the sugar industry
and presents high pectin content.1%® Wide availability and waste valorisation through its
application as bio-adsorbent make pectin a potentially good candidate for PM recovery.

However, very limited studies have been carried out in this area.
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Figure 1.4 Chemical structures of a) cellulose, b) chitosan, c) alginic acid and d) pectin.

1.3.4.2.5Starch

Starch is an energy storing polysaccharide in plants, and the major source of
carbohydrates in the human diet.101 Plants use starch to store the glucose produced

during photosynthesis.02

23.6 million tonnes of agricultural crops were used to produced 10.7 million tonnes of
starch in 2016 in the European Union alone.1%3 Worldwide, it was estimated that 71
milliontonnes of starchwere used in2011.194 Besides the traditional commercial sources,
starch can be recovered from waste streams, which could be potentially used as starting
material for the preparation of chemicals.1%> This not only adds economic value to the
waste stream, but help reducing the environmental impact of the starch processing. As
an example, industrial potato peeling generates significant amount of waste: 90 kg per

tonne of raw material processed, a third of which is starch.*
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Starch is formed by two types of glucan chains, amylose and amylopectin (Figure 1.5).%
Both consist of glucose molecules connected by a (1-4) glycosidic linkages.'% The key
differences between them are in the degree of branching in the polymer; whereas
amylose is linear, amylopectin presents a (1-6) glycosidic linkages.1%¢ ‘Cooking’ starch in
an excess of water is known as gelation or gelatinisation.%6 During this process, starch
loses its crystallinity and amylose leaches out the granules which irreversibly swell,
yielding a porous gel.1% Whenthe resulting gel is cooled down, it hardens to form a three-
dimensional network due to partial recovery of crystallinity. It is noteworthy that amylose
is responsible for recrystallization in the short term, however, the crystalline regions in

the original starch granules were formed by amylopectin chains.10®
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CH,0H CH,0H CH,0H CH,OH
(0] 0 (0} 0
OH OH OH OH
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OH OH OH OH
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Figure 1.5 Chemical structure of a) amylopectin and b) amylose.

The relative content of amylose and amylopectin varies within botanical sources from
waxy starches with less than 2% of amylose to amylo-starches, with over 70% of
amylose.'%” Variation of the ratio of amylose to amylopectin strongly affects the
properties of starchand its potential uses.1%8 High-amylose starches contain over 50% and

sometimes up to 70% of amylose, and are commercially used for candies and as coatings
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for deep friedfoods due to strong gel formationon heatinginwater.1%? Asmention above,
the recovery of crystallinity during retrogradation primarily involved amylose.® Thus,
high-amylose starches retrograde to a greater extend generating stronger gels. Hylon VI
is one of the commercially available high-amylose starches and it has been used for the

preparation of Starbon®.110 These materials will be described in detail in Section 1.3.5.

Research about the utilisation of starch-derived materials as bio-adsorbents is limited
despite of being one of the most abundant polysaccharide produced by plants (after
cellulose).*? In addition, it has been recently shown that modified starch (gelled and
subsequently carbonised) is highly porous and has been successfully employed in the
adsorption of organic compounds.1'l 112 Therefore, modified starch can potentially

become a good bio-adsorbent for the recovery of PMs.

1.3.4.3 Adsorption mechanism of polysaccharide-based bio-adsorbents

PMs can be adsorbed onto bio-adsorbents through different mechanisms which can be

classified into:113

- Chemical mechanismsincluding chelation, complexation and reduction.

- Physical mechanisms which include electrostatic interactions and ion exchange.

Chemical mechanisms include donation or exchange of electrons. The mechanism of
complexation involves the donation of an electron pair from a ligand to a metal centre.14
Chelationis a type of complexation in which the ligand is polydentate and can form a ring
with the metal asthe closing element.''> Inthe reduction mechanism, metalsget reduced

to their metallic form while the adsorbent oxidises.116

On the other hand, physical mechanisms do not involve electron movements, instead
they rely on electrostatic forces. In the ion exchange mechanism, anionis removed from
solution and is replaced by a similar ion originating from the adsorbent material, whereas

inan electrostatic mechanism there is no exchange of ions.’
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The adsorption mechanism changes with the characteristics of bio-adsorbents (i.e.
functional groups present) and solution conditions (i.e. pH), suggesting that the
mechanism is heavily dependent on the biomass properties and case-by-case studies are
required.1® Nevertheless, general trends can be observed. For example, most of the
studies on PM adsorption by chitosan showed that electrostatic interactions were
responsible for the adsorption atlow pH.6% 61,66 On the other hand, PMs where chelated
if the adsorption took place at neutral pH.>° This phenomenon can be explained by the
protonation of amine groups under acidic conditions. Protonated groups are positively
charged and are capable of electrostatically binding PM anions (Precious metalsin acidic
HClI solution form the following complexes: AuCls", PdCls and PtCls’). At neutral pH, amine
groups have a lone pare of electrons that can be used to chelate cations in solution.* As
most of the studies were carried atlow pH due to better solubility of PMs, the favoured
mechanism for chitosan was electrostatic interactions. Some studies showed the
reduction of PMions to its metallicform when other bio-adsorbents such as cellulose and
alginic acid were used.’% 7L 74 75 pectin and starch-derived materials also showed

evidence of reduction, however there is only a small number of studies available.’*-87

1.3.4.4 Recovering metals frombio-adsorbents

Retrieving the metals from the bio-adsorbent surface after the adsorption process is
essential for reusability and recycling.”® Two methods have been widely studied to

recover metals from adsorbents:

- Desorption. A series of compounds are used to leach the metals back into
solution.11® Several organic and inorganic solvents have been tested in metal
desorption, including acetone, ethanol, hydrochloric acid and thiourea among
others.®1 84 Solvents need to efficiently solubilise metals without damaging the
structure of the bio-adsorbent (to allow for reusability), as well as not be harmful
for the environment and cost efficient.129 Research commonly focuses on the first

two premises.®284 However, the environmental impact and price rise derived from
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mining activities, and high metal demand were the primary reason the
exploitation of secondary sources and therefore need to be considered.
Desorption allows the recovery and re-use of the bio-adsorbent, reducing the
dependency upon the biomass supply.12°

- Incineration. The metal-loaded bio-adsorbent is burnt, yielding ashes rich in a
specific metal and silica.3 Ashes are usually treated to remove silica in order to
purify the obtained metal.83 However, the bio-adsorbent cannot be re-used

because itis lost during the process.>°

Both methods have been used to recover precious metals from metal-loaded bio-
adsorbents.b1. 75,83, 8 |nterestingly, a correlation between the adsorption mechanism and
the recovery method employed can be observed; when PMs were adsorbed in their ionic
forms (i.e. chelation and ion exchange mechanisms) metals were retrieved by solvent
desorption.®% 62,66 |n contrast, PM nanoparticles (NPs) formed as a result of a reduction

mechanism were mostly recovered by incineration.”> 8385

Recently, a third option is being considered: in-situ use of metal-loaded bio-adsorbent for
different applications.”® This pathway avoids consuming significant amounts of solvent
and energy to free the metals and contributes to close the loop of circular economy.®
Only a few examples have been described in the literature, and all focus on heavy metals
(the literature considers heavy metalsthose elements with densities over 5 g-cm3).121 For
example, the metal-loaded compound, formed when Ni was recovered by sawdust bio-
adsorbents, was used to catalyse the decomposition of phenolic toxic compounds in
water streams.?22 Fir sawdust was also used to adsorb Cu and the metal-loaded complex
was subsequently used as a catalyst in the fast pyrolysis process to convert the bio-

adsorbent into bio-oil.123

The applications of carbon supported PMs are broad, especially in the field of catalysis
where carbon supported PMs can be used to catalyse many reactions including

hydrogenations,'24 oxidations,2> 126 reductions!?’ and polymerizations.??® Thus, PM-
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loaded polysaccharide-derived bio-adsorbents are good candidates to catalyse a wide

range of industrial reactions.

1.3.5 Starbon®

Starbon® are starch-based mesoporous carbonaceous materials that were developed at

the Green Chemistry Centre of Excellence in York.110,129

1.3.5.1 Starbon® properties

Starbon® materials are prepared by a simple 4-step methodology that includes gelation,
solvent exchange, drying and carbonisation.!1° The physical and chemical properties

displayed by Starbon® can be tuned to perform well in a broad range of applications.110

- Porosity. Starbon® are highly mesoporous materials, with significantly less
micropores than other commercially available porous carbons (i.e. activated
carbon).’0 The presence of mesopores can be advantageous for some
applications. For example, in contrast to micropores, mesopores can lead to
reversible adsorption of different compounds.’3°  Applications like
chromatography or substance recovery usually require materials able to
eventually desorb the targeted compounds.’30 Energy storage devices such as
supercapacitors also benefit from the presence of mesopores, as they enable
better dispersion of the electrolyte.!3?

The preparation of Starbon® do not require the use mesoporous templates or
hazardous chemicals to create the porous network because Starbon® porosity
arises from the gelation of polysaccharides.10

- Chemical functionalities. Starbon® surface can display a wide range of functional
moieties, from polysaccharide-like (i.e. hydroxyl and ether groups) to graphitic
(i.e.aromaticgroups).219 The surface chemistry of Starbon® can be easily modified
by varying the carbonisation temperature during preparation; while low

temperatures yield hydrophilic materials, carbonisation at high temperatures
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leadsto more hydrophobic structures.110.132 Asthe graphite layers’ presentin high
temperature Starbon® are not fully organised, Starbon® are well described as
turbostratic materials.'33

- Shape. Starbon® have been traditionally prepared as a powder.11% However, as a
result of the present work, Starbon® monoliths have been developed, which

significantly expands the range of potential applications for these materials.13*

1.3.5.2 Starbon®applications

Since its creation a decade ago, Starbon® have been used in a wide variety of applications

including catalysts, nanoparticle support, adsorption and isomer separation (Figure 1.6).

- Catalysis. It has been shown that Starbon® perform well as a catalyst in several

organic reactions that are key for industrial processes. As an example, sulfonated
Starbon® were up to ten times more active than other porous carbon in the
esterification of succinic acid.?®>13’ The resulting esters can be used as solvents or
as intermediates for other chemical compounds.138
The formation of amide bonds is essential in the pharmaceutical industry.3°
Sulfonated Starbon® were successfully used as a catalyst in the N-acylation
reaction between amines and carboxylic acids to obtain amides.14% Similarly, good
performance was also observed when sulfonated Starbon® were used to catalyse
the Ritter reaction between nitriles and epoxides to vyield substituted amide
groups.t4?
Starbon®-derived materials also performed well in the alkylation of phenol with
cyclohexane and the acetylation of 5-acetyl methyl salicylate with acetic
anhydride.2 Both types of reactions are intermediates in the preparation of fine
chemical and pharmaceutical products.143

- Support for nanoparticles. Metal NPs are demanded for many applications
because of their large surface to volume ratio.** Adding a support surface to the

nanoparticles aids the control of NP size and clustering.1#> Starbon® have been
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successfully employed to support platinum group metal NPs (i.e. Ru, Rh, Pt and
Pd) which were subsequently used as catalysts for the hydrogenation of succinic
acid.1® This type of reaction traditionally involved high energies and pressures.'*’
However, metal-supported Starbon® catalyst allowed this reaction to proceed in
an aqueous media and under mild conditions.?*® Hydrogenation reactions are
widely used at an industrial level by food and petrochemical companies.® These
materials were also used in the hydrogenation of levulinic acid to eventually yield
2-methyl tetrahydrofuran, a potential biofuel and sustainable solvent. 148150
Sulfonated Starbon® with attached Pd NPs also showed improved conversion and
selectivity in different reactions using glycerol as starting material.’>! Glycerol
transformation into products with high-added value has become of interest
because glycerol is currently obtained in large amounts as by-product of biodiesel
preparation.’! The resulting products can be employed as fuel additives,*? and
emulsifiers in food, pharmaceutical and personal care products.1°3 134

Transition metal-containing Starbon® aerogels have also been synthesised by
simply adding the metal salts during the preparation process.'>>

Adsorption. Starbon® have shown higher and more selective adsorption of CO;
than other commercial activated carbon.1°® Therefore, Starbon® materials
present potential for gas purification.

Starbon® have also been applied to the recovery of various organic substances
from solution.111 112 For example, Starbon® perform well in the adsorption of a
range of phenols, displaying adsorption capacities over 100 mg-g™, comparable to
other available adsorbents.'1? Recovery of phenols from the waste streams of
many industries (i.e. steel, herbicides) is of vital importance, as they are toxic and
carcinogenic.112

Starbon® also showed improved adsorption capacity in comparison to NORIT®, a
commercially available AC, for the adsorption of the dye methylene blue.**! Dyes

are found in the waste streams of many industries, including textile and paper
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companies.’>’ As phenols, dyes need to be recovered due to their toxicity,
persistence in the environment and negative health effects.1>8

Starbon® have not been used previously to recover metals from waste waters.
However, the ability of Starbon® to support metal nanoparticles and its good
adsorption capabilities for organic compounds suggested that Starbon® could be

a potentially good bio-adsorbent for PMs, asis exploredin this Thesis.

Applications of starch-based Starbon®

Adsorption Catalysis Metal support
Selective adsorption of CO, Esterification Support for precious metals
nanoparticles
- Purification of natural and Acetylation and alkylation
factory gas streams Support for transition metals
Amide formation Catalysis
Recovery of organic pollutants
Hydrogenation Other applications
* Phenols ! ) )
. Dyes Separation and analysis of bio-

—> Large-scale reactions in active compounds

-> Purification of waste water many industries

Kinetic resolution of isomers

streams pharmaceutical, chemicals)

Figure 1.6 Range of applications in which of starch-based Starbon® have been tested.111. 112, 135137, 142,151, 156
1.4 Carbonmaterialsforenergy storage

1.4.1 Energyintoday’sworld

Primary energy is the energy contained in coal, natural gas, crude oil, nuclear and bio-
renewable sources which has not been subjected to any transformation. 73% of Europe’s
primary energy relies on fossil fuels and nuclear resources which generate greenhouse
gases (GHGs) and radioactive waste respectively.1>° This value increases up to 91% in the
USA.180 The consumption of fossil fuels entails the release of billions of tonnes of CO: to
the atmosphere every year, which has already caused an increase of 1 °C in the

temperature of the planet, with dramatic consequences to entire ecosystems.161162 |n
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addition, the energy demand increases every year worldwide, despite the decrease
observed in Europe for the last decade.'®3 The increasing concern for the environment
and the realisation that fossil fuel reserves are depleting has enhanced the interest in

renewable sources of energy.

1.4.2 Renewable sources of energy

A source of energy is considered renewable when is constantly replenished by nature.1
The most common renewable energies are: hydroelectricity, solar power, wind power,
geothermal heat and biomass (Figure 1.7).16> Renewable sources of energy contribute to
the reduction of GHG and waste, and are widely available.1®* Nevertheless, it is
noteworthy that the ‘sustainability’ of hydroelectricity has been questioned, as some
studies showed that the organic matter covered by the water eventually decays. Such

decomposition generates GHGs.66

Theoretically, renewable energy sources can provide over 3000 times the current global
demands and their use has significantly grown in the last few years with a net increase of
14% on its use for power generation in 2016.1%7. 168 However, renewable energies are still
far from leading the primary energy production, with a current share of 25.5% in
Europe.®® One of their major limitations is the lack of stability in production rates which
significantly vary throughout a day or a season.®° Storing energy to be used upon demand

later is essential for the success of renewable sources of energy.17°
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Renewable sources of energy

Hydroelectricity Solar power Biomass

Conversion of mechanical Capture sun light for heat and Heat, electricity and liquid fuels
energy of water into electricity electricity generation from plant-based organic matter
Efficient, can be stored and ) No impact in the environment, _ No net GHG increment, can be
adjust well to flow changes. no generation of waste or GHG stored, waste valorisation.
Impact on the environment, ’. Highly dependent of sunlight ,. Low energy density, high

initial cost, season dependent. and time of the day demand of resources.

Wind power . Geothermal power T Europe’s use of renewable
— energysources  Geothermal
Conversion of mechanical Underground hot water and 3%, 0.8%

energy of wind into electricity steam to generate electricity. Solar
6%
Relatively inexpensive, land Constant source, no waste or 1.5%
shared for other uses, no waste. GHG generated. Biomass Wind
63% 11%

Impact on bird ecosystems, high ,. Limited location, steam may 2.8%

initial cost, weather dependent. drag toxic compounds.

Figure 1.7 Strengths and weaknesses of most significant sources of renewable energy and its share in the European
renewable market. Highlighted in blue is the contribution to the total primary energy generated in Europe .159. 160, 164

1.4.3 Energy storage (ES)

Storing the excess of energy produced overnight or during off-peak times is extremely
important to deal with daily minute-hour peaks and other short-term fluctuations in
electrical demand.1®® Storing technologies can also provide energy during brief power
outages and contribute to the reduction of sags and surges.®? ES commonly refers to
storing electricity, which cannot be stored directly and therefore requires its
transformation to other forms of energy.1’! A variety of techniques and devices for ES
have been developed, each of which presents different characteristics and of these
energy or power density are the most important.16° 172-174 Energy density refers to the
amount of energy that can be stored, and power density reflects how fast such energy
can be released.’’> The representation of energy vs power density is known as a Ragone

plot and this offers a clear summary of the state of the art of ES (Figure 1.8).174
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Figure 1.8 Ragone plot including a wide range of energy storage technologies, and fuels for comparative purposes. The
diagonal lines indicate the time required to release the energy stored in the device .173.174 176

ES technologies can be classified by the type of energy used for storage into five main
categories: thermal, mechanical, electromagnetic, chemical and electrochemical storing
(Figure 1.9).169. 172 However, the first four are outside the scope of the present work and
are not discussed in detail. Electrochemical energy storage systems are described in the

following sections.
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Types of energy storage

Thermal @‘) Mechanical @
Transformation of energy into heat Transformation into kinetic or potential energy
Sensible heat Pump hydro-storage

Heating up a substance with high specific heat (i.e. Water is pumped up at low-peak times and release
water) back down to move a turbine when energy is needed
Latent heat Compressed air

Heating up a substance that undergoes a phase Energy is applied to compress air, which moves a
change (i.e. inorganic salts) turbine during depressurisation.

Thermochemical energy Flywheel

Energy is applied to endothermic reactions that can Energy is used to accelerate a rotor which produce
be reversed with a catalyst energy during deceleration

Electrochemical Chemical <o Electromagnetic (@)
Energy is store inan Energy is applied to the Energy is stored in an
electrochemical cell and energy preparation of a compound (H,, electromagnetic field created by
is retrieve when the electric MeOH, EtOH) which is burned to direct current flowing through a
circuit is closed retrieve the energy superconductive coil

Figure 1.9 Classification and brief description of most relevant types of energy storage.177:178
1.4.3.1 Batteries

A battery is an electrochemical device capable of storing electricity as chemical energy
which can be released upon demand.’3 Batteries are a succession of one or more
electrochemical cells formed by two electrodes that are connected through an external
electric circuit and an electrolyte.1’3 It is possible to distinguish two types of batteries:

primary batteries which cannot be recharged and secondary or rechargeable batteries.?”

Batteriescanbe used ina widerange of applications, including asregulatorsinthe electric
grid, in hybrid electric vehicles, portable electronic devices and wireless network

systems. 171,180

In rechargeable batteries, the reaction between the anode and the cathode generatesa

flow of electrons through the external circuit that discharge the battery.1’3 During this
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process, the anode oxidises, causing the reduction of the cathode.l’3 To recharge the

battery, an external voltage is applied to reverse the chemical reaction (Figure 1.10).
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Figure 1.10 Schematic representation of the charge-discharge process occurring in a secondary battery.173

Batteries present relatively high energy density. Storage is derived from their ability to
store energy in the bulk of a substance.'®! On the other hand, the charge-discharge
process is slow.181 On average, the efficiency of batteries ranges between 60 and 80%. 82
However, a wide range of batteries are available commercially, which differ from each
other in the composition of the electrodes and therefore their properties.80 183186 | ead-
acid batteries have been widely used in automobiles during the 20" century.2’4 Despite
being mature devices with long-life cycles, lead-acid batteries are being replaced by
others with larger energy density such as Ni-Cd batteries.’®” The cost, and the concerns
about using heavy metals have encouraged their substitution.1’4 Li-ion batteries have
received much attention in the last years because they are light, small and powerful.17&
188 They are currently used in some hybrid and electric vehicles and portable electronic
devices, and demand is rapidly increasing.18% 182190 As 3 result, concerns about over-
exploitation and depletion of Liores, as well as cost, have promoted research into sodium
batteries.’®0 In addition, high energy densities displayed by Li-ion batteries can result in
overcharging for which they require a protection circuit.1°! Sodium has a very similar

reduction potential to lithium, but is a significantly more abundant element.180,1%0
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1.4.3.2 Supercapacitors

Capacitors are energy storage devices that are formed by two conducting surfaces
separated by an insulator.’®! In opposition to batteries, energy is accumulated by a
physical process that does not involve chemical reactions.®! During the charging process,
a voltage is applied and electric charges separate and accumulate in opposite sides of the

insulator (Figure 1.11).181

Supercapacitors are a particular type of capacitor that have received much attention in
the last years as they can store more energy than traditional capacitors and release it
faster than batteries.12 193 |n supercapacitors the insulating material is replaced by an
electrolyte.'®! Supercapacitors can be subsequently categorised as electrochemical
double-layer capacitors (EDLCs) or faradaic supercapacitors.1* In EDLCs the charge is
stored between the electrode and the electrolyte due to the formation of the so called
‘double-layer’ (capacitive behaviour).18 As shown in Figure 1.11, when voltage is applied,
the ions inthe electrolyte are attracted to the charged surface of the electrode, charging
the supercapacitor.'®! 194 On the other hand, Faradaic supercapacitors combine the
double-layer mechanism with highly reversible and rapid redox reactions occurring at the
surface of the electrodes (pseudo-capacitive behaviour).1°>
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Figure 1.11 Schematic representation of the charge-discharge process occurring inan EDLC supercapacitor.181
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Supercapacitors have found applications in specialised markets when short duration
storage isrequired.1’? 1% For example, they are used for a rapid release of energy during
power outage to feed back-up systems and avoid losing data.®? Supercapacitors are also
installed to protect adjustable-speed drivers for voltage sags that can otherwise stop
entire production lines.2®7 Supercapacitors can also be used in association with batteries
to complement the latter. For instance, in electric vehicles peak energy demands required
to go up a hill or accelerate are covered by supercapacitors.’®® They are particularly
successful in trash hauling vehicles that need to break every few meters, as
supercapacitors can store the energy released during breaking.®® In hybrid vehicles
supercapacitors extend the life of the battery and ease starting under cold weather.1%
Supercapacitors are also used to relieve batteries from high-power and pulsed currents
which can damage the battery.2%° Nevertheless, it has been suggested that the
breakthrough of supercapacitorsinthe broader marketrequirescompeting with batteries

interms of applications.1”?

EDLCs present many advantages over batteries, such us rapid release of energy (Table
1.3). As the process is not limited by the kinetics of a chemical reaction, energy can be
released rapidly.® In addition, the physical storing mechanism employed by
supercapacitors results in better reversibility and lower energy losses, allowing for
thousands of extra cycles to be completed.’® The human and environmental risk
associated to supercapacitors is negligible compared to batteries that used toxic heavy
metals (Pd-acid and Ni-Cd) or can be overloaded (Li-ion).1°1 On the other hand, batteries
present significantly larger energy densities, which can be explained by the ‘location’ of
energy in both cases; whereas batteries stored energy in the bulk of the chemical

compounds, supercapacitors are only able to use the surface of the electrodes.8!

60



Table 1.3 Comparison of the properties of Li-ion batteries and EDLC supercapacitors.¥73. 174, 178,181, 201

Properties Supercapacitors Batteries
Power density 1-10 kW-kg? 0.15 kW-kg?
Release energyinseconds Release energyinhours
Energy density 5 Wh-kg?(3-4in > 50 Wh-kg™
commercial devices)
Efficiency 95% 60-80%
Life expectancy 1 million cycles 1000-10000 cycles
30 years 5-10 years

Self-dischargerate
Shelflife

10-40% per day

No degradation over time

5% per month

Degrade over time

Temperature of operation  -40 to 70 °C Close to RT

Cost 300-2000 $-kwWht 600-2500 S-kWwh1
Effects on environment Non-toxic Li mining

Safety Not known Li-ion batteries can

overload

1.4.3.2.1 Materials for supercapacitor electrodes

In the last years, much research has focused on the search of optimal materials for
supercapacitors.1°4 202203 Three groups of materials are widely used in the production of

electrodes for supercapacitors: carbons, metal oxides and conductive polymers.202

Carbon is the sixth element of the periodic table and it can be organised in different
allotropes.?93 Allotropy is not exclusive for carbon, as it is also observed in other elements
of the p group.?%* However, the number of allotropes in carbon is unusual and leads to a
wide range of materials and properties.?°> Diamond and graphite are the two natural
crystalline allotropes of graphite;?%3 in diamond, the carbon atoms present sp3
hybridization and are laid in tetrahedral conformation.?%4 In graphite, the carbon atoms
shoe a sp? hybridisation and are arranged forming hexagonal rings within a planar
sheet.204 205 These sheets are parallelly orientated and linked to each other by weak

bonds.?%* There are also carbon materials, usually known as engineered carbons, that
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present two or three types of hybridisation such as carbon nanotubes (CNTs) and
amorphous carbons respectively and these constitute the majority of commercial
carbons.?03 204 A significant fraction of engineered carbons are developed by heat
treatment in inert atmosphere (carbonisation) of carbon-rich precursors.?%3 During
carbonisation, the precursor decomposes leading to the formation of the highly
carbonaceous material, and water, CO, and CO that are lost as part of dehydration,
decarboxylation and decarbonylation reactions.?%¢ The carbonisation process is generally
followed by an activation step. T overall process yields highly porous materials.293 This
activation step consists on thermal activation (controlled gasification in the presence of
oxidising gases to modify the carbon) or chemical activation (heating at lower
temperatures in the presence of dehydrating agents). Carbons present several
advantages including relatively low cost, wide availability and non-toxicity.1®* 1°°> High
surface area and good conductivity is what makes a carbon ideal for EDLC applications.?%”
As mentioned above, the charge is stored in the surface of the supercapacitor’s electrode
which indicates that the surface area of an electrode plays an important role in ES.18!
Nevertheless, it is noteworthy that the relation between surface area and capacitance is

not linear and very much depends on the accessibility of the pores.13% 198

A wide range of carbon materials have been used to prepare EDLC electrodes. 9> 202 203

- Activatedcarbon. Their highsurface area andrelativelylow cost make AC the most
widely used materials for EDLC applications,?°’ and AC-based supercapacitors
have been reviewed by several authors.2> 202 The capacitance of these electrode
can reach 120 and 300 F-g! in organic and aqueous electrolytes respectively.??”
The major drawback of AC is the difficulty to control the pore structure and pore
size distribution during preparation.1®>

- Carbon nanotubes. Despite their unique pore structure that favours ion
transportation,1®> and excellentelectric, thermaland mechanical properties, CNTs
show a relatively poor performance as EDLCs (20-80 F-g) due to their reduced

surface area.203 208
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Graphene. As with CNTs, graphene presents good electric, thermal and
mechanical properties.?%° The combination of these properties with the large
surface area makes graphene an excellent candidate for EDLC applications.?®
Unfortunately, research on graphene-based supercapacitors is very recent and
some drawbacks have not yet been overcome. The major problem is its tendency
to re-stack, which significantly decreases the capacitance of the material.2%
Templated carbons. The use of a template such as mesoporous silica allows one
to tailor the number and size of the pores, which usuallyinclude a large proportion
of mesopores as it has been shown that this type of pore facilitates the mobility
of the electrolyte, increasing the material’s capacitance.'®®> However, the
preparation is relatively costly and requires hazardous chemicals to eliminate the
template.?10

Carbon aerogels. These mesoporous materials do not require binding agents to
be shaped as electrodes, which canincrease the internal resistance of the carbon,
as they can be produced as monoliths.19> 203, 211 Nevertheless, the lack of
micropores significantly reduces its capacitance.19?

Activated carbon fibres (ACFs). These materials present high surface area and
allow for good control of the pore characteristics.?2%> However, ACFs are more
expensive than ACs.19° 203

Carbide-derived carbons (CDCs). Carbon produced by extraction of metals from
metal carbides is known as carbide-derived carbon. Chlorination of carbides
results in the formation of a highly porous carbon structure.?!? The pore size
distribution can be accurately controlled by adjusting the chlorination
temperature.?!® These characteristics make carbides good candidates for

supercapacitor applications.214

Metal oxides have received much attention in the last years for the preparation of

faradaic supercapacitors, as it has been shown that these materials offer 10 times higher

capacitance compared to EDLCs due to most of the energy being stored in rapid redox

reactions (up to 1000 F-g! for RuOy).?1> RuO; has been extensively studied due to its
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favourable properties including three oxidation states within a 1.2 V window that can be
interchanged through highly reversible redox reactions, good metallic and proton
conductivity and long cycle life.207.216 However, the high economic and environmental
costs of RuO;-derived electrodes have limited their use to military and aerospace
applications.292 215 Other metal oxides with similar electrochemical performance but
more cost effective and with environmentally friendly properties that are under

investigation include MnOz, NiO, Fe30s and V205,194

Conductive polymers can also be used to prepare faradaic supercapacitors as they
present high electric conductivity in a doped state, a wide voltage window and high
storage capacitance.?1”.218 |n addition, these materials tend to be low cost, with minimal
environmental impact. However, conductive polymers display swelling and shrinking
during charge discharge cycles which decreases their electrochemical performance and

accelerates their degradation so they cannot achieve thousands of cycles.1%*

1.4.3.2.2 The need for composite materials

As mention above, ACs are the most widely used materials to produce EDLC electrodes
due to high porosity, availability and relatively low cost.?%” However, high porosity
generally implies poor high internal resistance or poor conductivity that can reduce the
capacitance of the device.2%3 One of the strategies followed to improve the conductivity
of the electrode is the preparation of composites materials.21%22> The resulting materials
present enhanced electrochemical properties (i.e. capacitance). For example, highly
dispersed CNTs were added to ACs to yielda composite with enhanced energy and power

density compared to the untreated AC.21°

CNTs have also been used to improve the conductivity of carbon aerogels 229221 and
graphene electrodes, where CNTs are applied to reduce the characteristic re-stacking of
graphene.?22224 Graphene was in turn used to enhance conductivity and capacitance of

AC.22> Although the application of high-tech carbons such as CNTs and graphene improve
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the capacitance of the electrodes, it is important to consider that the production of these

materials is expensive and therefore may increase the overall cost of the device.

The aim of the present work is to develop alternative and cost-effective carbon-carbon
composites that combine the advantageous porosity of ACs or carbon aerogels with high
conductivity. Thus, it is believed that the addition of the non-expensive and highly
conductive graphite to mesoporous Starbon® can result in porous conductive carbons

with the potential to be used for EDLC.

1.5 Conclusion

Our current lifestyle significantly relies in the production and consumption of energy.
Humankind has traditionally entirely relied on fossil fuels to produce such energy.

However, an increasing concern for the environment has led to:

- A need for renewable sources of energy (i.e. solar, wind) that reduce or avoid the
GHGs emissions. However, it is not possible to obtain a constant supply of energy
from these sources which emphasise the importance of energy storage
techniques that allow to keep the energy generated and use it upon demand.

- Alternative ‘low-carbon’ technologies which heavily rely on precious metals. This
place huge pressure on metal natural ores and significantly raise the prices of the
elements. As a result, the need for metal recovery and recycling has been
emphasised, especially from sources such as WEEE, which amounts increase

yearly, and contains significant amounts of valuable metals.

The aim of the present work is the preparation of monolithic carbon materials that can
be used to recover precious metalsfrom waste streams, and to store energy aselectrodes
in supercapacitor devices. These materials are prepared under the guidelines of the 12
Green Chemistry Principles defined by Anastas, including the utilisation of renewable and

non-hazardous materials.
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Starbon® monoliths and their
application in precious metal adsorption
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2 Preparation and characterisation of
Starbon® monoliths and their
application in precious metal
adsorption

2.1 Introduction

Precious metals (i.e. gold, platinum and palladium) are used in many applications: from
electronics to chemical catalysts, including jewellery and medical treatments, among
others.>” Their use in printed circuit boards (PCBs) of electronic devices has increased
greatly the demand of these metals and, in turn, their prices.* 12226 Fast consumption
rates of PMs (in electronics, chemical reactions or medicine) are causing depletion of
natural ores and generation of thousands of million tonnes of environmentally
threatening mine waste.™ 23 Efforts are currently focused on secondary metal sources,
including mine tailings and WEEE.3® Using secondary metal ores reduces the rate of
exploitation of natural sources and not only minimises the amount of waste generated

but also re-uses the current waste.22 33

Chitosan, cellulosic materials and ACs, have gained much attention in the last few years
as potential bio-adsorbents, because of their low cost, wide availability, ease of action,
biodegradability and benignity to the environment.”® ACs have been widely used as
adsorbents by industry to recover heavy metals from waste streams due to their high
efficiency even at very low concentrations.*® However, the majority of the pores found in
AC are micropores which present high surface energy that can lead to irreversible
adsorption, making desorption more challenging.13® Alternatively, mesoporous
carbonaceous materials can selectively and reversibly adsorb different metals, although

the cost of preparation has limited their applicability.?2’
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Starbon® are carbonaceous mesoporous materials derived from polysaccharides (i.e.
starch) that can be prepared in a low-cost process that does not require hazardous
chemicals or templates to create the pores.0 Starbon® have previously been used for
the recovery of dyes from aqueous solutions and as support surface for metal NPs.111, 146
The good adsorption properties combined with its ability to support NPs make Starbon®
a potentially good candidate for the adsorption of metals. As its surface can be easily
tuned during preparation, Starbon® present a range of functionalities that can be tailored

to achieve selective adsorption.110, 111

Starbon® can be shaped as monoliths during the preparation process without the use of
binding agents that may affect the properties of the material.’3* Monolithic shape allows
to carry out work in flow regimes, including the recovery of metals from waste streams,

faster and more efficiently than batch experiments.

2.1.1 Aimsofthework

- Developing a method for the preparation of Starbon® monoliths and subsequent
characterisation of the materials.

- To determine optimal Starbon® properties for the adsorption of precious metals.

- Toestablish the adsorption mechanism by which platinum, palladium and gold get

adsorbed onto the Starbon® surface.

2.2 ResultsandDiscussion

2.2.1 Preparation of Starbon® monoliths

A new method to prepare Starbon® monoliths, was developed by adjusting the process
described by Budarin et al.11° The method consists of five steps: 1) gelation, 2) solvent
exchange, 3) drying, 4) addition of acid catalyst and 5) final carbonisation.® An
exhaustive description of the preparation of Starbon® has been detailed in the PhD thesis

of Parker etal. and, and therefore itis out the scope of this work.10>
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The variations introduced in the process consisted on minor changes to obtain and
preserve the monolithic shape. First, after gelation the gel was poured into a cylindrical
mould. Second, the p-toluenesulfonic acid (p-TSA) was applied by adding the monolith to
an acetone solution containing the p-TSA. Two separated compartments were designed
inorder to separate the stir bar and the monolith, to prevent the monolith from breaking
due to the constant impact of the stir bar (Figure 2.1). Finally, the carbonisation
programme was adapted to avoid fast heating ramps that could cause fractures on the

structure of the monolith (see experimental description in Chapter 6).

Figure 2.1 System used to apply the p-TSA solution to the Starbon® aerogel.

2.2.2 Physical characterisation of Starbon® monoliths

2.2.2.1 Appearance of Starbon® monoliths

The appearance of the Starbon® monolith significantly changed during the process (i.e.
density, colour, texture). Along with appearance, the size and mass of the monolith

changed throughout the preparation process.

Starch powder was initially mixed with water prior gelation. This mixture was a very runny
and white suspension. Such solution turned very viscous during gelation due to the
leaching of the amylose out of the granules.1% This viscous gel hardened during

retrogradation and adopted the shape of the container (in this case, cylindrical, to yield a
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monolith). Such material was flexible and heavy due to the presence of water within its
structure. During drying, the solvent was evaporated, and the material becamerigid. Such
material was very light (displaying a density of 0.33 g-cm3) and resembled chalk. Finally,
carbonisation turned the material black, denser (0.45 g-cm=3) and rigid, but brittle (Figure
2.2). In spite of these changes in appearance throughout the process, the monolithic

structure was retained, and no fractures nor fissures were observed.

B,

Retrograded gel Dried aerogel S300 S800

Figure 2.2 Appearance of Starbon® monoliths at different stages of the preparation process. From left toright:
retrograded gel (after retrogradation), dried aerogel (after supercritical CO; drying), S300 and S800 (after carbonisation
at 300 and 800 °C respectively)

The initial monolithic diameter, 14.2 mm, corresponded to the width of the cylindrical
mould employed and was reduced during the process (yielding 8.0 mm after
carbonisation at 800 °C). Reduction was mainly caused by two steps: drying and

carbonisation.

Two methods of drying were tested. The contraction occurred during drying was
significantly less pronounced using supercritical carbon dioxide (scCO2) (9.2%) compared
to vacuum drying (51%), as shown in Figure 2.3. Using scCO2 contributed to preserve the

monolithic structure, which significantly and irreversibly contracted during vacuum
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drying. In addition, scCO; drying contributed to improve the textural properties, as shown

by White etal. ina previous study.??8

Figure 2.3 Starbon® aerogel dried under vacuum (left) and using scCO; (right).

Carbonisation was responsible for the other 34% reduction in diameter that was
observed. In order to determine the temperature at which diameter reduction was most
significant, width was measured at different stages of carbonisation. At 300 and 450 °C
diameter was 31 and 41% lower respectively, reaching a maximum reduction of 44% at
800 °C. Reduction was, therefore, non-linear as it showed a plateau at high temperature
indicating that width reduction mainly occurred at low carbonisation temperatures (see
Figure 2.4). Other AC monoliths described in the literature displayed lower diameter
reduction during the preparation process suggesting that the shrinkage depended on the

nature of the original material.?%°

The mass of a monolith also decreased during preparation. In this case, mass of the dried
aerogel was used as reference to calculate mass loss during carbonisation because the
presence of solvent impeded the use of the gel mass as a reference point. After
carbonisation at 300 °C and 450 °C, 50 and 65% of the mass was lost respectively. On

further heating to 800 °C 71% of the mass was lost. As for the diameter reduction, a
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plateau was also observed as for the mass loss (Figure 2.4). This plateau is a consequence
of the chemical processes taking place during carbonisation; major mass loss occurred
below 500 °C (> 65%) as H20, CO2 and CO are lost as part of dehydration, decarboxylation
and decarbonylation reactions.?® At higher temperatures, most processes taking place

were rearrangement reactions that did not produce net mass loss (only 6% reduction

observed from 450 to 800 °C).132.206
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Figure 2.4 Relation between diameter (red) and mass reduction (black) of Starbon® monoliths with increasing
carbonisation temperature.

2.2.2.2 Scanning Electron Microscopy (SEM)

Images of the surface and the bulk of the monoliths were generated by SEM. The lateral
surface of the monolith presented a very different texture compared to the inner section
for both the aerogel and carbonised monoliths (Figure 2.5). The surface was flat, smooth,
and non-porous. This smooth surface was also observed during preparation of powder

Starbon® after the retrogradation stage, however it has never been analysed before.
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Some pores were observed in the external film of the carbonised material, probably
formed during carbonisation (Figure 2.5 (c-d)). In contrast, the inner material presented
high degree of porosity, as shown in Figure 2.5 (e). The aerogel presented a highly porous
and fibrous structure, consistent with the data obtained in previous work.19> 230 Thjs
material showed wide pores and channels (Figure 2.5 (b)) whilst carbonised material
offered a denser and more compact structure with narrower pores (Figure 2.5 (e)), in

agreement with porosimetry results detailed in the following section.

Starbon® monoliths were ground to a powder to enable certain analytical techniques to
be applied (i.e. N2 adsorption porosimetry, infrared spectroscopy) and the batch metal
adsorption experiments. Figure 2.5 (f) shows that the porous structure of Starbon®
changed from fibrous to more sponge-like after grinding. SEM analysis was conducted in
collaboration with Ms Meg Stark at the Technology Facility in the Department of Biology
of the University of York, UK.
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Figure 2.5 SEM images of a) aerogel surface, b) aerogel inner core, c) surface of S800, d) boundary between core and
surface of S800, and e) core of S800 and f) S800 powder after grinding.

2.2.2.3 N, adsorption analysis

N2 adsorption porosimetry was employed to measure textural properties of both aerogel
and carbonised samples of Starbon®. Figure 2.6 shows the N2 adsorption isotherms, and

all four curves can be grouped as type IV isotherms. Type IV is characteristic of
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mesoporous compounds (i.e. Starbon®) and presents a hysteresis loop due to capillary
condensation (the strength of the adsorbate-adsorbate interactions increases during the
adsorption process, making desorption slower).?31 Type IV isotherms can present four
kinds of hysteresis loops depending on the pore shape.?32 Both aerogel and carbonised
Starbon® presented type H3 hysteresis loop indicative of slit-shaped pores which was in
agreement with previous work involving Starbon®.1%> The point at which the hysteresis
loop closes is generally determined by the gas used for analysis.?3? Nevertheless, some
authors have suggested that an onset of capillary condensation shifted to larger relative
pressures was indicative of larger mesopores.?28 In agreement with this hypothesis, the
relative pressure at which the onset appeared for Starbon® decreased with increasing
carbonisation temperature indicating smaller mesopores. It is also possible to observe
that the hysteresis loop for S300 did not close completely. This has been attributed to the
swelling of non-rigid porous.?32 Such types of pores may be found in S300 as this was a
key temperature for the transformations occurring during carbonisation and therefore
could suffer swelling during the porosimetry analysis. Another plausible explanation for
this phenomenon is the presence of small micropores;?32 the diffusion rate of N2 in those
pores is very slow, increasing the time required to reach the equilibrium pressure. If such
equilibrium pressure is not reached, the resulting isotherm can present an open

hysteresis loop.

At low relative pressures, the inflexion point known as point B marked the moment at

which monolayer adsorption was complete and multilayer adsorption started.?3?
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Figure 2.6 N, adsorption isotherms of a) Starbon® aerogel, b) S300, c) S450 and d) S800.

Textural properties are summarised in Table 2.1. Data obtained for the aerogel compares
well with previous studies of Starbon®.228 The pore volume was larger than that observed
for starch aerogels produced by a similar methodology but using an autoclave instead of
microwave heating.?33 In both cases, these variations can be caused by the different

starch/water ratios employed to prepare the materials.

For the carbonised materials, surface area increased with carbonisation temperature.
This was relatedto micropore formation, which first appeared at 300 °C.132 Consequently,
the microporevolume was alsolarger for hightemperature Starbon®, and became ashigh

as 25% of the total pore volume at 800 °C. On the other hand, changes in total pore
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volume were almost negligible. Some carbonaceous monoliths described in the literature
presented similar or larger surface areas, which could be related to their high degree of
microporosity (91%).234 Other carbonaceous monoliths presented a higher fraction of
mesopores but required two heating processes at high temperatures, for carbonisation

and subsequent activation, which increased significantly the cost of the process.?3>

As shown previously, surface energy is usually higher for highly microporous materials
due to the small distance between pore walls in such pores.9 130 Starbon® displayed
larger values of surface energy at increasing carbonisation temperatures in good

agreement with the increasing microporosity of the material.

The effect of carbonisation temperature in the textural properties is in good agreement

with previous work carried out by Shuttleworth et al. and Budarin et al.132, 210

Table 2.1 Textural properties of Starbon® materials, analysed by Nz adsorption porosimetry. BET model was applied to
obtain the surface area. Total and mesopore volumes were calculated from the BJH model. D-R model was used to
obtain the micropore volumes.

Material SBET Viot Vmeso Vmicro Micro E
(m2g?1)  (cm3gl) (cm3g?) (cm3gl) porosity (%) (kJ-mol?)
Aerogel 177 0.68 0.62 0.06 8.8 12.4
S300 175 1.20 1.13 0.07 5.8 11.5
S450 363 1.07 0.81 0.25 23.4 26.4
S800 706 1.20 0.90 0.30 25.0 28.0

Pore size distribution (PSD) showed that the majority of pores were contained within the
mesopore and low macropore domains for carbonised materials, with an average pore
radius (APR) of 40 nm (Figure 2.7). In contrast, Starbon® aerogel showed larger
macropores with an average radius for meso- and macropores of 30 and 110 nm
respectively. APR values were larger than those described in previous Starbon® work. 210
This could be relatedto the amount of starch inwater employed to prepare the monoliths

as White et al. showed that increasing concentration of starch led to larger number of

78



macropores that appeared as a result of foaming during gelation.2?8 The presence of

water dissipated the microwave energy; therefore, low concentrations of water favoured

the heating of the bulk of starch, which promoted foaming and large macropores. 228236

Even though the presence of micropores was expected for S450 and S800, as shown in

Table 2.1, it was not possible to observe them in the PSD as the analysis did not include

the microporous region.
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Figure 2.7 Pore size distribution of Starbon® materials at different temperatures of carbonisation.

2.2.3 Chemical properties of Starbon®

The chemical composition of Starbon® underwent significant changes during
carbonisation. The nature of these changes has been investigated by analytical

techniques such as thermal gravimetricanalysis (TGA), infrared spectroscopy (IR) and X-

ray photoelectron spectroscopy (XPS).
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2.2.3.1 Thermal gravimetricanalysis (TGA)

Thermal decomposition of polysaccharides has been previously described in depth by
Moldoveanu et al.?%¢ In addition, the thermal decomposition of starch to yield Starbon®

has also been studied in previous work.13?

TGA measures the mass loss occurring during carbonisation and the first derivate of this
curve highlights the critical temperatures at which decomposition and chemical
transformations took place. The largest mass drops were observed at 140 and 280 °C
(Figure 2.8). Mass loss at low temperature (small peak at ~80 °C) was caused by the loss
of adsorbed water and was not considered part of the carbonisation. Below 200 °C the
first chemical transformations are known to occur, these are crosslinking or dehydration
of the hydroxyl groups.'3? Such elimination reactions lead to the formation of C=C and
C=0 bonds.?%® These transformations were therefore related to the peak observed at 140
°C. Decarboxylation occurs at later stages of carbonisation, at temperatures between
200-400 °C, when some oxygen functional groups ‘leave’ as CO2, causing the peak
observed at 280 °C.237 The relatively small peak observed at 430 °C could be caused by
the decomposition of weak acidic functionalities such as lactones or anhydrides .23’ The
mass loss observed at higher temperatures was less significant and is attributed to
decarbonylation of groups such as phenols or hydroquinones.?3” Aromatisation also
occurred at hightemperatures.2%® Aromatisation was not associated with significant mass
loss, as it primarily involves rearrangement of the remaining functionalities into aromatic
groups 2%¢ The observations made by TGA were in good agreement with the results of IR
and XPS results. In addition, the main decomposition peak observed at ~140 °C agreed
well with the observations made by Budarin et al. in previous work with Starbon®, where
the decomposition peak of acid-doped starch was alsoobserved around that temperature
(~180 °C).110 |n the earlier study, Budarin et al showed that the decomposition peak
appearedat higher temperatures (310°C) when starch was not doped with acid. The small

peak observed in Figure 2.8 around that temperature could also be due to the p-TSA not
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reaching the inner core of the monolith and therefore, part of the material presented a

delayed decomposition.
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Figure 2.8 Thermal gravimetric decomposition pattern (black) of Starbon® aerogel at a heating rate of 1 °C:min and the
first derivate of the decomposition pattern (red) highlighting the temperatures at which the mass loss was most
prominent.

2.2.3.2 Infrared spectroscopy

IR shows the functional groups present in a specific sample. Figure 2.9 displays the IR
spectra for starch aerogel, S300 and S450. Unfortunately, data for S800 could not be

obtained due to its high absorbance, which made impossible to resolve the spectra.

Starbon® aerogel showed the characteristic functional groups of starch: a broad band
between 3658 and 3009 cm™ represented hydroxyl groups (-CH20H), the peak at 2938

cm was caused by sp3 carbons (-CH3) and C-O-C groups were characterised by a strong
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peak at 1018 c¢cm™.23%8 Upon carbonisation, hydroxyl groups were transformed into
carbonyl groups (-C=0) denoted by a sharp peakat 1718 cm™, and double bonds (-CH=CH)
(peak at 1618 cm™).132 This was in good agreement with the observations made in
previous studies with Starbon®.11% The peak for carbon double bonds usually appears
between 1650-1690 cm?, however, conjugated systems reduce the wavenumber of this
peak.23® Low intensity bands seen in S300 and S450 between 1300 and 1200 cm™ may be

related to C(sp2)-O-C(sps) groups, that could be formed during carbonisation.2%®
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Figure 2.9 Infrared spectra of a) Starbon® aerogel, b) S300and c) S450.
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2.2.3.3 X-ray photoelectron spectroscopy

XPS can measure the atomic composition and chemical state of the elements present at
the surface of a solid. The elemental composition of carbonised Starbon® included C, O
and S and has been summarised in Table 2.2. The XPS analysis shown throughout this
chapter was carried by the team of the National EPSRC XPS Users’ Service facility at
Newcastle University (UK). The analysis of the data was carried out by the author. The
traces of sulphur detected werethe residue of the p-TSA added to catalyse carbonisation.
The concentration is lower in S450 and S800 compared S300 showing that the p-TSA
decompose at increasing temperatures. The slight increase in sulphur concentration
observed for S800 was probably caused by the small amounts present, which prevented

precise analysis.

Table 2.2 Elemental composition and C/O ratio of carbonised Starbon® as obtained by XPS analysis.

. C (%) 0 (%) S (%) .
M aterial C/Oratio
Mean SD Mean SD Mean SD
S300 80.9 0.2 18.6 0.1 0.5 0.1 4.3
S450 86.8 0.0 13.1 0.1 0.1 0.1 6.6
S800 94.9 0.1 4.8 0.1 0.2 0.0 19.8

The C/Oratioincreased in correlation with the carbonisation temperature. The initial 1.2
ratio expected for starch aerogel (Figure 2.10) increased up to 4.3, 6.6 and 19.8 upon
carbonisation at 300, 450 and 800 °C respectively. These values were in good agreement
with the data obtained by Budarin et al.,’*9 and with the IR results shown above, where
decreasing number of oxygen-containing functionalities (i.e. hydroxyl groups) were

observed.
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Figure 2.10 a) Diagram representing a starch chain, b) the C/O ratio of the starch chain and c) the types of carbon bonds
contained inthe starch chain.

Every type of bond appears at a specific binding energy in the XPS spectra which allows
identification and quantification of the different functional groups present in a sample

through deconvolution of the main peaks (i.e. C1ls and O1s).

Deconvolution of Cls spectra of Starbon® exhibited six peaks corresponding to: double
bonds between sp? carbons (C=C), single bonds between sp> carbons (C-C) and B carbons,
hydroxyl groups (C-OH), ether groups (C-O-C), carbonyl functionalities (C=0) and
carboxylic-type groups (0-C=0), as shown in Figure 2.11 and Table 2.3.23° The number of
double/aromatic bonds increased with the carbonisation temperature, reaching almost
20% at 800 °C, whilst aliphatic C-C bonds became less significant. This was in good

agreement with previous work with Starbon®.10>

The number of hydroxyl bonds at 300 °C was lower than the valuesfor starch (27%, Figure
2.10) because of the dehydration reactions taking place at low carbonisation
temperatures, where E; elimination of -OH groups results in the formation of C=C double
bonds or its tautomeric ketones, with subsequent elimination of water.2% This was
consistent with the presence of C=C double bonds and carbonyl groups in the S300
spectra. Hydroxyl functionalities increased for S450, which may be the result of chain

scission reactions occurring between 300 and 450 °C during carbonisation.?°® Chain
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scissions were consistent with the decrease in number of ether groups observed at S450.
In close vicinity to hydroxyl or carboxyl groups, carbonyl functionalities may condense to
lactone groups, which could explain the minor increase in carboxylic-type groups

observed for S800.240

Deconvolution of O1s presented five peaks corresponding to: carbonyl groups (C=0), the
carbonyl groups in esters, anhydrides or single carbon-oxygen bonds (C-0O) in hydroxyl
and ether groups, ether bonds in esters and anhydrides (O-C=0), carboxylic acid groups
(-COOH) and O adsorbed in the porous surface.?3” Theoretically, starch aerogels only
contain the hydroxyl and ether groups. In contrast, S300 and S450 showed ketone groups,
resulting from the E; reactions occurring at low carbonisation temperatures. Peaks
showing O-C=0 and C-O bonds were significantly smaller for S800 because of the
decreasing number of hydroxyl and ether groups at high temperatures of carbonisation.
These observations were in good agreement with the deconvolution of Cls spectra

discussed above.
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Figure 2.11 Deconvolution of the carbon Cls and oxygen O1s spectra for a-b) S300, c-d) S450 and e-f) S800.
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Table 2.3 Quantification of the functional groups present in Starbon® at different temperatures of carbonisation, carried
out by XPS.

Elements Peaks BE (eV) Functional Fraction (%)
group S300 S450 S800

C1 284.3+0.3 C=C 8 10 18

Carbon C2 284.8+0.2 C-C 45 43 37
C3 286.1+0.2 C-OH 15 21 12
C4 286.6 £ 0.3 C-0O-C 23 15 11
C5 287.4+0.2 C=0 5 6 12
Cé 289.0+1.0 0O-C=0 4 5 10

Oxygen 01  5315%05 C=0 11 8 13
02 5325+03 C-O 56 59 48
03 533.4+04 0O-C=0 13 18 13
04 5349+0.5 HO-C=0 10 11 10
05 536.3+0.3 adsO2 10 5 15

2.2.3.4 Point of zero charge (pzc)

The point of zero charge is the specific pH at which the surface of a material is neither
positive nor negatively charged.?*! In acidic aqueous solutions (pH < pzc) the surface of a
solid gets positively charged, whereas basic conditions (pH > pzc) yield negatively charged

surfaces.?42

Pzc has become an essential parameter for adsorption studies, as positively charged
surfaces attract negative ions and vice versa. Pzc of carbonised Starbon® were quantified
applying the experimental work described in Section 7.1.8, and are summarised in Table

2.4.

Table 2.4 Point of zero charge values of carbonised Starbon®.

M aterial S300 S450 S800
pzc 5.1 5.8 5.3
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The presence of acidic functionalities (i.e. certain oxygen-containing groups such as
anhydrides, carboxylic acid or lactones) have been associated to lower pzc.240, 241,243 On
the other hand, basic functionalities like pyrones and resonating n-electrons from carbon
aromatic rings are capable of attracting protons and therefore, have been related to
higher values of pzc.241 243,244 According to this, it was expected to obtain increasing pzc
at higher carbonisation temperature. However, S800 presented lower pzc. This
phenomenon can be explained by the condensation of basic carbonyl and hydroxyl- type

functionalitiesto yield acidic lactones, occurring athigh temperatures of carbonisation.?4°

The characterisation of carbonised Starbon® showed that materials with varying surface
chemistry and textural properties were obtained by changing preparation temperature.
Low temperatures yielded materials with relatively high oxygen content, rich in oxygen
functionalities and with low fraction of microporosity. In contrast, carbonisation at high
temperatures offered highly microporous materials with low oxygen content in which
aromatic groups were more abundant. Understanding these variations was key to finding

the optimal type of Starbon® for the adsorption of precious metals.

2.2.4 Metal adsorption

To investigate the ability of Starbon® to adsorb precious metals, carbonised Starbon®
(S300, S450 and S800) were used to adsorb gold, palladium and platinum from acidic
(pH=0) single-metal solutions. Experiments were carried out atvery low pH to tryto mimic
real waste conditions?>. Monoliths were ground to obtain a homogenous powder, with
particle size < 300 um, that could be applied to batch experiments. The amount of metal
in solution was measured by ICP-MS and ICP-OES. Some of the samples were analysed by

Dr. Lorna Eades at the School of Chemistry of the University of Edinburgh.

Allthree materials showed higher adsorption of gold comparedto palladium and platinum
(see Figure 2.12 and Table 2.5). Interestingly, Starbon® adsorption capacity significantly

improved with the temperature of carbonisation, with S800 being the best adsorbent for
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all three precious metals. The superior affinity for gold was directly related to the

adsorption mechanism, which will be discussed in detail in the following sections.
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Figure 2.12 Comparison of the adsorption capacities displayed by three types of Starbon® for the adsorption of gold,
palladium and platinum after 24 h of constant stirring at room temperature and pH 0.

Table 2.5 Adsorption capacity presented by S300, S450 and S800 for gold, palladium and platinum after 24 h of constant
stirring at room temperature and pH 0.

M aterial Adsorption capacity (mg-g?)

Au Pd Pt
S300 181.0£ 8.2 24.4 +£13.3 125+2.1
S450 3324 +£22.1 29.6+17.4 89+1.1
S800 597.2 £ 31.0 73.2+£12.5 21.5£3.5

89



A few examples of polysaccharide-derived carbon materials used for the adsorption of
gold could be found in the literature.®2.838 Asshown in Table 2.6, the adsorption capacity
of Starbon®, and in particular S800, compares well with other bio-adsorbents. A more
detailed list of polysaccharide derived adsorbents for precious metals can be found in

Table 1.2 of Chapter 1.

Table 2.6 Adsorption capacity of gold displayed by other polysaccharide derived carbonaceous materials described in
the literature.

Material Adsor(pr':]lc;.r:gt_:lz;pauty Reference
Banana peel carbon 802 82
Rice husk carbon 150 83
Barley straw carbon 289 83
Starch-based hydrothermal carbon spherules 591 87

2.2.4.1 Mechanism for gold adsorption

The adsorption mechanism of gold involved a chemisorption process comprising the
adsorption and subsequent reduction of Au3*ions to its metallic form yielding gold NPs.
Many authors in previous studies have suggested this redox mechanism, and it responds
to the relatively high reduction potential displayed by AuCls’, the predominant anionic
species of Au3* in acidic solution.”® 8> 24> The reduction potential for Au3*to metallic gold
is higher than those for the conversion of PtCls> and PdCls? to their metallic forms

(Scheme 2.1-3).246

Scheme 2.1 AuCl; +3e” - Au® + 4Cl~ (1.00 V)
Scheme 2.2 PACI> +2¢~ — Pd® +4Cl-  (0.62V)
Scheme 2.3 PtCla~ + 2e~ - Pt 4+ 4Cl™ (0.78 V)
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The reduction potential for the conversion of Au3* to Au* and subsequent reduction of
Au* to metallic gold are also higher than the above-mentioned for Pd and Pt, revealing a

more favourable reaction between gold species and the carbonaceous surface.?4®

Scheme 2.4 AuCl, + 2e~ » AuCl™ +3Cl™ (0.93V)

Scheme 2.5 AuCl™ + e~ - Au® +Cl™ (1.15V)

The reduction of Au3*ions to metallic gold was confirmed through Transmission Electron
Microscopy (TEM) and XPS analysis. Figure 2.13 shows TEM micrographs of the S800
surface before and after the adsorption of gold. TEM analysis was conducted in
collaboration with Ms Meg Stark at the Technology Facility in the Department of Biology
of the University of York, UK.

Figure 2.13 TEM micrographs of Starbon® carbonised at 800 °C a) before and b) after adsorption of gold.

Spherical and hexagonal gold nanoparticles can clearly be observed after adsorption. The
nanoparticles present had a large size (100-400 nm). A plausible explanation for such
large nanoparticles was the formation of nanoshells, which consist of the aggregation of
small nanoparticles around a core atom or molecule.?4’ These nanoshells are usually
formed using silica as core.?4’ However, Shi et al. described the formation of nanoshells

around a core of sulfur modified polystyrene.2*® Therefore, the traces of sulfur from p-
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TSA may act as a core for the formation of nanoshells in Starbon®. Other studies showed
that the formation of nanoshells was dependent on the concentration of gold in solution
249 This was in good agreement with the results observed in Chapter 3, where the
concentration of goldin solution was significantly lower and unfinished nanoshells were

observed.

XPS clearly showed the presence of gold at the material’s surface (see Figure 2.14). The
Au4f spectra could be deconvoluted into three sets of doublets. In agreement with the
literature describing XPS analysis of Au, the two peaks within the doublet were 3.7 eV
apart, presented identical full width at half maximum (FWHM) and the relative intensity
was 4:3 for the 7/2 and 5/2 spin orbits respectively. The main doublet was found at 84.6
eV (7/2) which corresponds to the characteristic binding energy of Au® confirming the
reduction of AuCls™.2°% 2°1 The other two doublets at 86.1 and 86.6 eV corresponded to
the characteristic binding energies of Au* and Au3* respectively?°!. Such peaks indicated
that small fractions of gold were only partially reduced or electrostatically adsorbed onto
the material’s surface. Interestingly, the amount of reduced gold varied with the

carbonisation temperature; this will be discussed in detail in Section 2.2.4.4.
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Figure 2.14 Deconvolution of gold Au4f XPS spectra for a) Starbon ® before adsorption and b) S300, c¢) S450 and d) S800
after adsorption from a gold solution subjected to constant stirring for 24 h, at room temperature and pH 0.

Reduction of goldions unavoidably caused an oxidation reaction on the surface. Several
functional groups present on the Starbon® surface can be potentially oxidised (i.e.
hydroxyl groups, carbonyl groups). Three possible mechanisms for surface oxidation have
been suggested in the literature and are described below.’1 87,252,253 Data from the
characterisation of Starbon® after adsorption was compared against these three

hypotheses to try to determine the mechanism taking place during the adsorption of gold.

- Oxidation of hydroxyl groups to carbonyl groups. Several authors described an
adsorption-reduction mechanism in which AuCls™ was first adsorbed onto the
material by forming a chelating complex with oxygen atoms of hydroxyl an ether

groups.’t 87 Hydroxyl groups were then reduced to ketones, as described in Figure
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2.15. As the number of hydroxyl groups decreased, the concentration of C=0
groups rises. This hypothetical transformation suggest that the C/O ratio does not

change after adsorption.
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Figure 2.15 Scheme showing the adsorption of gold onto crosslinked cellulose.”t

Decomposition of the carbon surface. Bystrzejewski et al. suggested the oxidation
of carboxylic groups to form CO2, with the subsequent decomposition of the
surface.?°? As a result, the C/O ratio was expected to increase after adsorption.

Formation of carboxylate groups. Cox et al. suggested a similar oxidation-
decomposition mechanism when studying the adsorption of Hg?* onto
carbonaceous flax shive.2>3 However, the amount of CO; produced was lower than
the fraction of mercury reduced. Consequently, it was suggested that the
adsorption mechanism also involved transformation of other functional groups
present in the surface, such as carbonyl into carboxylic groups.?°3 The formation
of carboxylate functionalities was expected to lower the C/O ratio after
adsorption. In addition, oxidation of carbonyl groups to form carboxylic

functionalities presented a standard reduction potential of -0.5 V.2>* This was

94



lower than those for the equivalent processes to form carbonyl and hydroxyl
groups from hydroxyl (-0.2 V) and hydrocarbon groups (0.1 V) respectively, being

therefore the most favourable option for oxidation.2>*

The elemental analysis carried out by XPS after adsorption showed lower C/O ratios for
all three materials (Table 2.7). This phenomenon could only be caused by the formation
of new carboxylic groups, as suggested by Cox et al.2>®> Whereas, for S300 and S450 the
reduction of C/O was low (< 1.3%), a significant drop could be observed for S800 (7.5%).
The small variations of C/O observed for S300 and S450 could be the result of a combined
oxidation where not only carbonyl groups were involved, and hydroxyl functionalities
were also oxidised to carbonyl groups, as these transformations would not alter the

amount of oxygen in the sample but contribute to the adsorption.

Table 2.7 Comparison of Starbon® C/O ratio before and after adsorption of gold from a solution subjected to constant
stirring for 24 h, at room temperature and pH O.

C/Oratio (%)

Material —
Before adsorption After adsorption Variation

S300 4.3 3.6 -0.7

S450 6.6 53 -1.3

S800 19.8 12.3 -7.5

Deconvolution of Cls spectra after adsorption, according to the peaks described in
Section 2.2.3.3, showed that carbonyl peak had significantly decreased for S800 (see
Figure 2.16 and Table 2.8). This reduction was accompanied by analogous growth of the
carboxylate peak. Even though, similar patterns could be observed for S300 and S450,
decreasing hydroxyl groups were detected inthese cases too, which is consistent with the
hypothesis that multiple functional groups contribute to the oxidation of S300 and S450

surface.
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Figure 2.16 Deconvolution of C1s XPS spectra for a) S300, b) S450 and c) S800 and of O1s XPS spectra for d) S300, e)
S450 and f) S800 after the adsorption of gold from a solution subjected to constant stirring for 24 h, at room

temperature at pH O.
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Table 2.8 Quantification of functional groups present in Starbon® at different temperatures of carbonisation after
adsorption of gold from a solution subjected to constant stirring for 24 h, at room temperature and pH 0.

Element Peaks BE (V) Functional Fraction (%)
group S300 S450 S800

Ci1 284.3+0.3 C=C 8 12 17

C C2 284.8+0.2 c-C 45 51 39
C3 286.1+0.2 C-OH 9 13 12

C4 286.6%0.3 C-0-C 26 14 12

C5 287.4+0.2 C=0 0 4 0

Cé 289.0+1.0 CO0O 12 7 19

0 01 531.5+0.5 C=0 2 10 2
02 532.540.3 C-O0 53 48 41

03 533.4+0.4 0-C=0 22 27 25

04 534.940.5 HO-C-0 15 13 11

05 536.3+0.3 ads O 8 3 20

Au® 84.2+0.4 Au°(7/2) 33 42 48

Au® 87.9+0.4 Au°(5/2) 25 32 35

Au Au* 85.8+0.4 Au*(7/2) 12 7 2
Au* 86.2+0.4 Au*(5/2) 9 5 1

AU 86.4+0.2 Au3*(7/2) 12 8 8

Au3+ 90.1+0.2 Au3*(5/2) 9 6 6

Data from the Cls spectra was in good agreement with the deconvolution of the oxygen
O1s spectra which, according to the peaks described in Section 2.2.3.3, indicated a
decreasing number of carbonyl groups, and substantial increased in carboxylate groups
for all three materials. As expected from Cls, lower number of hydroxyl groups were

detected in S300 and S450 after deconvolution of Ols spectra.

S300 and S450 were also analysed by IR after adsorption to verify the observations made
by XPS. As seen in Figure 2.17, the -OH band was significantly broader after adsorption.
Broader bands have been associated to carboxylic compounds instead of hydroxyl
groups.?38 The presence of carboxylic groups is in good agreement with the hypothesised

oxidation of carbonyl to carboxylic groups as a result of the adsorption process. Before
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adsorption, a C=0 band appeared at 1716 and 1718 cm™ for S300 and S450 respectively,
a wavelength characteristic of ketones. These peaks were shifted to lower wavelengths

after adsorption (1711 and 1706 cm™ respectively), which was typical of carboxylic

acids.238
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Figure 2.17 Infrared spectra of S300 a) before and b) after adsorption of gold; and IR spectra of S450 c) before and d)
afteradsorption of gold.

Results of XPS and IR were consistent with the formation of carboxylate groups as the
mechanism for the surface oxidation. Therefore, adsorption of gold by Starbon® occurs
via reduction of Au* to AuP yielding nanoparticles and subsequent oxidation of the
carbonyl groups to form carboxylic-type functionalities. S300 and S450 displayed
evidence for both carbonyl and hydroxyl oxidation to carboxylic and carbonyl groups,

respectively.
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It has been suggested that the adsorption of gold onto carbonaceous surfaces occurs in
three consecutive steps: adsorption, reduction and aggregation.>? Initially, AuCla™ gets
electrostatically attractedtothe positively charged surface of the material. Asthe working
pH<pzc, metal ions are reduced due to electron-donor groups in the surface, which
ultimately oxidise. Finally, nanoparticles were released from the surface and agglomerate
to form clusters of gold nanoparticles, leaving free active sites for further adsorption. This
three-stage mechanism fits the data obtained by XPS and IR and is also consistent with
the agglomeration of nanoparticles observed by TEM. However, in the present work,
nanoparticles were not released to solution, but stayed onto the porous network (as
shown by TEM). Therefore, itis possible to suggest that Starbon® chemically adsorb gold
onto its surface in a three-step process including electrostatic adsorption, reduction and

agglomeration.

2.2.4.2 Palladiumand platinumadsorption mechanism

The lower selectivity observed for platinum and palladium may be related to their
standard reduction potentials (Scheme 2.2 and Scheme 2.3).24> 246 The reduction
potential of the carbonaceous solid varies from one material to another; however, the
approximate value is close to those for Pd?* and Pt?* and therefore, it can significantly
affect the adsorption mechanism.?*% 2>> Different authors suggested different

mechanisms for the adsorption of PdCla2-and PtCls2:72 245 256

- Adsorption by ion exchange. Zalupski et al. and Parajuli et al. suggested that the
adsorption of PdCl4? occurred entirely via ion exchange because the reduction
potential of the adsorbent was higher than those for PdCla?- and PtCla%", making
the redox reaction non-favourable.”® 24

- Combined adsorption and reduction. Simonov proposed that the adsorption of
PdCls?" occurred through two parallel mechanisms; reduction of Pd?* and
subsequent oxidation of the surface, and formation of stable m-complexes of PdCl

with the carbon double bonds present in the solid.?*® According tothis hypothesis,
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palladium nanoparticles resulting from reduction were found in the exterior
surface of the carbonaceous material. On the other hand, m-complexes were

formed on the whole surface of the material.2%

Deconvolution of the Pd3d spectra after adsorption of PdCl42- exhibited two doublets of
peaks where the two peaks within the doublet were 5.3 eV apart, presented identical
FWHM and the relative intensity was 2:1 for the 5/2 and 3/2 spin orbits respectively. The
characteristic doublet for Pd® at 335 eV (5/2) was present (see Figure 2.18).2°” However,
the main doublet was observed at 337 eV which has been assigned to Pd?* ions.?>’ The
presence of both palladium specieswas in good agreementwith the combined adsorption
reduction mechanism. The fraction of Pd® was 20%, consistent with Simonov’s

observation that only a small portion of the Pd was reduced.?>®

S300 and S450 were not analysed by XPS after adsorption of PdCl42-and PtCls?" due to the
very low values of adsorption capacities displayed (Figure 2.12). Furthermore, the
presence of nanoparticles was not expected for those materials, as Simonov et al.
observed that large fractions of oxygen-containing functionalities did not lead to Pd

nanoparticles.2>®

As shown in Figure 2.18, deconvolution of Pt4f spectra showed three doublets at 71.4 eV
(7/2), corresponding to Pt°, 72.2 eV related to Pt° coordinated to C-O groups, and 73.6 eV
assignedto Pt?* with Cl-ligands.?82°°The two peaks within the doublet were 3.4 eV apart,
presented identical FWHM and the relative intensity was 4:3 for the 7/2 and 5/2 spin
orbits respectively. The doublet at 72.2 eV may be the result of metallic platinum formed
by a reductive process that was still complexed to oxygen-containing groups.2>8 Similar to
palladium, only 20% of Pt?* was reduced to Pt° also suggesting a combined adsorption-

reduction mechanism for this element.
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Figure 2.18 Deconvolution of Pd3d XPS spectra of S800 a) before and b) after adsorption of palladium; and
deconvolution of Pt4f XPS spectra of S800 c) before and d) after adsorption of platinum. The experimental conditions
were constant stirring for 24 h, room temperature and pH 0.

As for gold, the formation Pt® and Pd® caused the oxidation of the adsorbent surface. C/O

ratio decreased after adsorption (Table 2.9). Nevertheless, this reduction was less

pronounced than for gold, which is consistent with the lower amount of reduced

palladium and platinum observed.

Table 2.9 Comparison of S800 C/O ratio before and after adsorption of platinum and palladium from respective
solutions subjected to constant stirring for 24 h, at room temperature and pH 0.

C/OQratio (%)

Material Metal —
Before ads. After ads. Variation

S800 Pd 19.8 15.5 -4.3

S800 Pt 19.8 16.2 -3.6
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The deconvolution of Cls spectra showed larger number of carboxylic groups to the
detriment of carbonyl functionalities (Figure 2.19). As for the C/O ratio, the variationsin
these functional groups were not as noticeable as they were for gold. Deconvoluted O1s
spectra showed lower fraction of C=0 groups and increasing portions of carboxylic and

carboxylate groups, which was in good agreement with the observations made for C1s.

a) b)
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Figure 2.19 Deconvolution of XPS Cls and O1s spectra of S800 after adsorption of a-b) palladium and c-d) platinum. The
experimental conditions were constant stirring for 24 h, room temperature andpH 0.
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Table 2.10 Quantification of functional groups present in S800 after adsorption of palladium and platinum from
respective solutions subjected to constant stirring for 24 h, at room temperature and at pH O.

Fraction (%)

Element Peak BE (eV) Chem.
S800-Pd S800-Pt
c1 284.3+0.3 c=C 18 20
C c2 284.8+0.2 c-C 38 38
c3 286.1+0.2 C-OH 11 13
C4 286.6+0.3 C-0-C 14 11
c5 287.440.2 C=0 8 7
C6 289.0+1.0 COO 12 11
0 01 531.5+0.5 C=0 6 3
02 532.5+0.3 C-0 50 59
03 533.4+0.4 0-C=0 19 14
04 534.9 +0.5 COOH 9 17
05 536.3+0.3 ads 0, 16 8
Pt0 71.1+0.4 Pt0 (7/2) - 5
Pt0 74.4 +0.4 Pt0 (5/2) -
Pto/CO 72.8+0.8  Pt%/CO(7/2) - 46
Pt
Pto/CO 76.1+0.8  Pt°/CO(5/2) - 34
Pt2+ 72.0+0.4 Pt2+ (7/2) -
pt2* 75.3+0.4 Pt2* (5/2) -
Pd° 335.6+0.3 Pd° (5/2) 8 -
Pd Pd° 3409 +0.3 Pd° (3/2) 12 -
Pd2* 337.9+0.4 Pd2* (5/2) 32 -
pd2+ 343.2 0.4 Pd2* (3/2) 48 -

2.2.4.3 Therole of chlorine atoms

The presence of Au3*, Au*, Pd?* and Pt>* on the surface of Starbon® was in good
agreement with the appearance of chlorine in the elemental analysis done by XPS, as Cl-
were ligands in the complex species AuCla”, AuCl, PdCls? and PtClsa?-in acidic solutions. As
seenin Table 2.11, the amount of chlorine was within the range 0.3-0.6% of the total for
Pt and Pd. The larger fraction of chlorine detected after adsorption of palladium

compared to platinum was consistent with the higher uptake observed for this metal.
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The deconvolution of Au4f discussed above, showed that S300 and S450 presented larger
amounts of electrostatically adsorbed gold ions (Au3*). Such adsorbed gold ions have CI-
as ligands and therefore, it was expected that S300 and S450 presented larger
concentrations of Cl™in the surface. However, the highest fraction of chloride ions was
detected in S800-Au. Further work is therefore needed to understand the role of chloride
ions in the adsorption of precious metals onto Starbon®, however, this was out of the
scope of the present work and it will be briefly discussed in the future work section

(Chapter 6).

Table 2.11 Elemental composition of Starbon® materials after adsorption of precious metals from metal solutions
subjected to constant stirring for 24 h, at room temperature and at pH 0.

Elemental analysis (%)

M aterial

0 S Cl Pt Pd Au
S800- Pd 93.1 6.0 0.2 0.6 - 0.1 -
S800- Pt 93.7 5.8 0.1 0.4 - - -
S300-Au 78.0 21.4 0.1 0.4 - 0.1
S450-Au 83.8 15.8 - 0.3 - 0.1
S800-Au 91.3 7.4 0.2 0.7 - 0.2 0.2

Figure 2.20 shows deconvolution of Cl2p spectra, which exhibited two doublets at 198.2
and 200.7 eV, that were assigned to Cl- and chlorine atoms bonded to carbon atoms
respectively (C-Cl).2°0 The two peaks within the doublet were 1.6 eV apart, presented
identical FWHM and the relative intensity was 2:1 for the 5/2 and 3/2 spin orbits
respectively.?®0 Deconvolution of Cl2p spectra showed very low fraction of Cl- groups in
favour of the alleged C-Cl bonds.?>% Thus, further work is needed to understand whether
some chlorine atoms may have been incorporated into the carbon backbone or were just

adsorbed onto the surface during adsorption.
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Figure 2.20 Deconvolution of Cl2p XPS spectra for a) S300, b) $450 and c) S800 after adsorption of gold; S800 after
adsorption of d) palladium and e) platinum; f) S800 before adsorption. The experimental conditions of the adsorption
experiments were constant stirring for 24 h, room temperature and pH 0.

Some studies have shown that low pH and therefore, higher concentrations of Cl- (when

HCl (aq) used to acidify), lower the adsorption of precious metals in favour of Cl-.7% 767/
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This agrees with the results of this study, where experiments conducted at pH=3 led to
significantly higher adsorption (over 3000 mg-g™) of gold than at pH=0 (600 mg-g*).3*
Nevertheless, mechanistic and kinetic studies concerning the adsorption of precious
metals onto Starbon® were carried out at low pH (i.e. pH=0) to mimic the conditions of
real metal waste streams (i.e. metal leaching solutions from discarded devices), which are

generally highly acidic.”®

2.2.4.4 The effect of carbonisation temperature in adsorption

S800 offered the highest adsorption efficiency for all three precious metals, displaying
adsorption capacities at least twice or three times larger than the other two adsorbents
(see Figure 2.12 and Table 2.5). Such significant differences may be caused by variations

inthe adsorption mechanism occurring with each material.

As shown in Figure 2.14, deconvolution of Au4f spectra showed three doublets
corresponding to different oxidation states of gold. The fractions of gold species varied
with the preparation temperature of Starbon®. Interestingly, the fraction of Au® was
significantly lower for S300 (58%) and S450 (74%) compared to S800 (83%). This trend
was similar tothat displayed by adsorption capacities which suggested a directcorrelation
between adsorption capacity and adsorption mechanism, where the latter is, in turn,
closely related to the surface characteristics of the solid. Some of the surface

characteristics that can affect the adsorption of metals are detailed below:

- Aromaticity. Aromatic groups were twice as abundant in S800 compared to the
other two adsorbents. As aromatic rings are rich in electrons, S800 had the ability
to reduce higher number of Au3* to its metallic form, and therefore removing
larger amounts of gold from solution. Conductivity measurements showed that
S800 presents some degree of conductivity (7 mS-:cm™1). Thus, electrons from
aromatic rings could be transported to the adsorption sites, where metals were

reduced.2°®
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Microporosity and surface energy. The presence of micropores has been related
to higher values of surface energy, due to the proximity of pore walls.'3° High
surface energies have, in turn, been associated to stronger adsorption processes
in which the adsorbate can be adsorbed but cannot be desorbed.*3° As observed
in Table 2.1, microporosity and surface energy increased with the carbonisation
temperature of Starbon®. Thus, S800, with the largest number of micropores and
the highest surface energy, presented the best characteristics to achieve the
greatest adsorption capacity. Additionally, S800 showed the largest surface area
and therefore, had more available surface for adsorption.

Point of zero charge. Pzc for S300, S450 and S800 was 5.1, 5.8 and 5.3 respectively,
confirming that all three materials displayed positively charged surface under the
acidic working conditions. In contrast, precious metals were present as negatively
chargedions in acidic solutions: AuCla7, PdCla?-and PtCla%".”1 7/ Thus, the positive
surface of Starbon® initially attracted the negative ions close to its surface and
later reduced these ions to their elemental form.’1 8> Interestingly, as stated by
Asad 2015 et al., low pzc may have detrimental effect for adsorption of metals, as

the active sites suffer a dissociative reaction becoming negatively charged:8>

RC-H + H20 = RC + H30*

Therefore, the lower pzc displayed by S300 compared to S450 and S800 may be

related to its lower adsorption capacity for gold.

2.2.4.5 Adsorptionisotherms

The curve describing the retention of a substrate onto a solid surface within a range of

concentrations is known as adsorption isotherm.?®? These curves are extremely

informative and key to understand the adsorption mechanism of certain substances onto

solid surfaces. Giles et al. classified adsorption isotherms into four categories, depending

on their shape:2°?
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- C type’ isotherm. Represented by a straight line passing through the origin,
symbolises the constant relation between the adsorbed solute and the sorbate
still in solution. It has been commonly applied to low or narrow ranges of
concentration.

- L type’ isotherm. Characterised by a concave curve in which the ratio between
the solute adsorbed and the remaining in solution decreased at increasing initial
concentrations. It can generally be found in metal adsorption studies.”® 24> ‘|
isotherm can be sub-categorised depending on the presence or lack of plateau.
The latter could indicate no apparent limit on the adsorption capacity of the solid
or it could also be related to the orientation of the ions adsorbed.

- 'Htype’isotherm. It can be considered as a particular case of ‘L type’ isotherms,
as their shapes are almost identical. However, ‘H” displays a nearly vertical line at
low concentrations, suggesting high affinity between the solute and the
adsorbent.

- ‘Stype’isotherm. Represented by a sigmoidal curved is caused by two opposite

mechanism having place during the adsorption.

Figure 2.21 shows the adsorption isotherms for carbonised Starbon® obtained at room
temperature. Adsorption of gold was well-represented by the ‘H’ indicating high affinity
between Starbon® and gold. This was in good agreement with the redox mechanism
suggested in previous sections and with other gold adsorption studies found in the
literature.”t On the other hand, platinum adsorption gave a straight line, ‘C-type’,
isotherm at low initial concentrations. The limited solubility of platinum chloride in
aqueous media required the usage of a narrow range of low concentrations to study
adsorption isotherms, conditions that can lead to ‘C type’ isotherms.?61 Palladium
adsorption displayed the characteristic ‘L’ isotherm, some of which presented a clear

plateau, and therefore limited adsorption capacity, such as S300-Pd and S800-Pd.
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Figure 2.21 Adsorption isotherms for a) S300, b) S450 and c¢) S800 after the adsorption of gold; adsorption isotherms for
d) S300, e) S450 and f) S800 after the adsorption of palladium; adsorption isotherms for g) S300, h) S450 and i) S800
afterthe adsorption of platinum. The experimental conditions were constant stirring for 24 h at room temperature and

pH O

As showed by XPS in the Section 2.2.4.1, the mechanism of Starbon® to adsorb gold
included both oxidation/reduction to yield NPs, and electrostatic interactions between
the ions and the material’s surface. The formation of nanoparticles can be considered as
an irreversible process as the NPs cannot be re-dissolved under the experimental
conditions. On the other hand, the electrostatic interactions are a reversible process.
Adsorption isotherm modelscan only be appliedto reversible adsorption processes. Thus,
the following section, which discuss some of these models in detail, will use the data

related to the reversible adsorption only. Irreversible adsorption can be observed in the
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adsorption isotherms plots (Figure 2.21), as it was represented by a vertical line at low
concentrations which quickly flattens to yield a rectangular isotherm. A few points in the
gold isotherms displayed a vertical line and therefore, those will be disregarded when
applying the adsorption models. Nevertheless, the isotherm does not flatten following
that vertical line, but keep increasing, which was indicative of certain degree of
physisorption. The vertical line could only be observed for Au, as Pd and Pt did not form
a significant number of nanoparticles during adsorption, as were electrostatically

adsorbed instead.

Three different isotherm equations were employed to fit the experimental data shown
above: Langmuir, Freundlich and Dubinin-Radushkevich (D-R), to achieve a better

understanding of the adsorption mechanism (i.e. monolayer vs multilayer adsorption).

- Langmuir isotherm. It assumes that as metal ions get adsorbed the form a
monolayer.2%3 Once this first layer is completed, no more adsorption takes place
and a plateau can be observed.?®4 Langmuir isotherm also presumes adsorption

onto homogenous surfaces.?®4 Its linearized form can be expressed as follow:264

C, 1 c o+ 1
¢ KL'QO

7. Q,

where Ce and ge are the concentration (mg-L) and adsorption capacity (mg-g?)
at equilibrium respectively. Qo represents the adsorption capacity of the

monolayer (mg-g1). 264

By plotting Ce/qge against Cea linear plotis obtained with 1/Ki asintercept and ai/K.
asgradient.
The dimensionless factor RL shows favourable adsorption when falls within the

range 0-1 and can be calculated from the following formula:81 265

1

R,=———
LU1+K, -G,
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Freundlich isotherm. It presumes that adsorption on heterogenous surfaces can
lead to the formation of several layers of adsorbed material.?°6The linearized form

of the Freundlich isotherm is:10°
1

Ing, =Ink; + 1_11n C,
Where ‘n’ is the heterogeneity factor and indicates favourable adsorption at
values close or greater than 1.267 Kr is a Freundlich constant related to the
adsorption capacity of the material.?6®
A straight line with In(ks) as intercept and 1/n as slope is obtained after plotting
In(qge) against In(ce).
Dubinin-Radushkevich (D-R)isotherm. Thisisotherm is based on the postulate that
the mechanism of adsorption in micropores is pore filling rather than layer-by-
layer surface coverage.?®® Through D-R it is possible to calculate the energy of
adsorption if monolayer adsorption is assumed.2% Values within the range of 8-
16 kJ-molT indicate physisorption,?’? whereas energies above 16 kJ-mol™ suggest
chemisorption processes. The linear equation can be expressed as:

Ing,=1Ingq,,—K' - €
where € (Polanyi potential), expressedin J2:mol, can be calculated from:

1
=RT -1 (1 —)
€ n +C

e

gm is the saturation capacity of the monolayer, expressed in mg-g?, R is the gas
constant (J-K1T-mol?), T is the temperature (K) and K’ (mol?:J2)is a D-R constant
related to the adsorption energy (Eads) in ki-mol™?, which can be calculated from

the following formula:?71

1
2K’

E . =

ads

Representation of In(ge) against €2 gives a linear fit with K" as gradient and In(gm)

asintercept.
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Gold experimental data fit well to the Langmuir isotherm, displaying r? values over 0.99
for S300 and S450 and 0.91 for S800 (Figure 2.22, Table 2.12). Interestingly, the
monolayer adsorption capacity represented by Qo, were in good agreement with the
adsorption capacities calculated experimentally (Table 2.5). The concentration range
used to obtain the isotherms was 25-5000 mg-Lt. The Ri values fell within the 0-1 interval
throughout this concentration range for all three Starbon® materials, indicating
favourable adsorption in all cases. Ki, which isrelatedto the rate of adsorption, decreased
with increasing temperatures of carbonisation. Therefore, although S800 was capable of
forming more gold NPs (as shown before in this chapter), physisorption occurred faster
for S300 and S450. This could be explained by the larger number of oxygen-containing
groups in those two materials. Such oxygen groups get positively charged at the low pH

values of the experiments and thus electrostatically adsorbed the PM anions.

Data was also fitted well to Freundlich and D-R isotherms. However, fittings were not as
good as with Langmuir’s model. This indicated that the reversible process of adsorption
occurred via monolayer coverage of the adsorption sites. This results were in good
agreement with some other polysaccharide-derived carbon materials found in the
literature.®3 8 For example, Wang et al., who studied the adsorption of gold onto carbon
porous spherules, also observed good fittings for both Langmuir and Freundlich models.®’
However, Langmuir r? values were superior. On the other hand, Soleimani et al., who used
AC from apricot stones for the adsorption of gold, obtained better fitting with the
Freundlich isotherm .84 This suggested that the mechanism of adsorption strongly depend

on the material’s physical and chemical properties.
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Figure 2.22 Langmuir isotherm fitting graphs for a) S300, b) S450 and c) S800; Freundlich isotherm fitting graph for d)
S300, e) $450 and f) S800; D-R isotherm fitting graphs for g) S300, h) S450 and i) S800 after adsorption of gold.
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Table 2.12 Langmuir, Freundlich and D-R isotherm parameters after adsorption of gold. Fittings with r2 values <0.7 have

not beenincluded in the Table.

S300 S450 S800
Langmuir
Ki (L-mg™) 4.7x1073 4.3x1073 1.5x10°3
Qo (mg-g?) 186.9 3534 613.5
RL 0.89-0.04 0.89-0.05 0.96-0.12
r2 0.9958 0.9951 0.9120
Freundlich
K 54.81 51.25 96.09
n 7.13 4.33 5.014
r2 0.9689 0.9337 0.7127
D-R
gmx103 (mg-g?) 197.0 394.0 650.1
K’ (mol%J2) 2.8x10° 3.2x10° 3.0x107°
Eads (kJ-mol?) 13.3 6.3 6.4
r2 0.7949 0.8676 0.8856

Regarding adsorption of Pd, S300 could not be fit by any of the models adequately, and
further work is required to elucidate the adsorption mechanism. Only S800 could be
adequately fitted to the Langmuir isotherm (Figure 2.23 and Table 2.13). However, this
fitting was poorer than Freundlich. A good fitting was also obtained with the D-R model
for both S450 and S800. However, the monolayer capacities calculated by this model did
not agree well with the experimentally calculated values. This could be due to the fact

that Starbon® are not completely microporous, as assumed by the D-R model.

Both S450 and S800 experimental data fit well to Freundlich isotherm. The equilibrium
constant K, which is related to the adsorption capacity, was much larger for S800 than
for S450, in good agreement with the adsorption capacity values obtained
experimentally.1% The heterogeneity factor indicated favourable adsorption in both

cases.
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These results suggested that the adsorption of Pd led to multilayer adsorption when S450

and S800 were employed.
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Figure 2.23 Langmuir isotherm fitting graphs for a) S300, b) S450 and c) S800; Freundlich isotherm fitting graph for d)
$300, e) $450 and f) S800; D-R isotherm fitting graphs for g) S300, h) S450 and i) S800 after adsorption of palladium.
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Table 2.13 Isotherm parameters after adsorption of palladium. Fittings with r2 values <0.7 have not beenincluded in

the Table.
S300 S450 S800
Langmuir
Ki (L-mg™) - - 6.9x103
Qo (mg-g?) - - 106.6
R - - 0.83-0.36
r - - 0.7948
Freundlich
Kt - 7.4x1072 2.8
n - 1.02 1.75
r2 - 0.8146 0.9432
D-R
gm (mg-g?) - 201.1 260.7
K’ (mol%J2) - 1.2x10® 6.4x10°
Eads (kJ-mol?) - 6.5 8.8
r2 - 0.8168 0.9295

Only S800 could be adequately fitted to the Langmuir isotherm when platinum was

adsorbed. The r? values were 0.99 and the adsorption capacity was very similar to the

experimentally calculated. In addition, RL values showed favourable adsorption of

platinum in the range of concentrations used in the experiment. Although good fittings

were also observed with the Freundlich and D-R models, Langmuir r? value was closer to

1, indicative of monolayer adsorption.

D-R model gave good fittings (r2>0.92) for S300 and S450. However, the monolayer

adsorption capacities obtained by this model disagreed well with those calculated

experimentally. S300 and S450 fit well to the Freundlich model. The heterogeneity factor

indicated non-favourable adsorption for both materials which was in good agreement

with the low platinum adsorption capacities observed for those materials.

116



These results indicated that platinum was adsorbed onto S300 and S450 through a

multilayer mechanism.

The mechanisticdifferences observed between Pd and Pt for S800 are interesting and are
supported by the Pt°(CO) group observed by XPS. The Langmuir model assumes that one
active site can adsorb one molecule. A reduction mechanism requires a reaction between
a metal ion and an active site of the adsorbent. Therefore, the larger fraction of reduced
Pt compared to Pd could explain the monolayer mechanism observed for Pt 800, in
opposition to the multilayer adsorption of Pd by the same material. This is in good
agreement with the reduction potential of Pt, which is higher than that of Pd and thus,

more likeable to be reduced.

To the authors knowledge, no studies with carbonised polysaccharide adsorbents have
been carried out for the adsorption of palladium and platinum. Other polysaccharide-

derived materials describedinthe literature displayed good correlation with the Langmuir

model.”6. 77
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Figure 2.24 Langmuir isotherm fitting graphs for a) S300, b) S450 and c) S800; Freundlich isotherm fitting graph for d)
S300, e) S450 and f) S800; D-R isotherm fitting graphs for g) S300, h) S450 and i) S800 after adsorption of palladium.
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Table 2.14 I1sotherm parameters after adsorption of platinum. Fittings with r2 values < 0.7 have not been included in the

Table.
S300 S450 S800
Langmuir
aL (L'mg?) - - 2.1x107?
Qo (mg-g?) - - 353
R - - 0.94-0.42
r2 - - 0.9952
Freundlich
Kt 2.0x1072 2.3x107? 2.4x1072
n 0.6 0.7 1.4
r2 0.9122 0.9379 0.9575
D-R
am (Mg-gY) 2320.5 963.3 330.5
K’ (mol2J2) 1.4x10°8 1.3x10°8 -5.6x10?
Eads (kJ-mol?) 6.0 6.3 4.7
r2 0.9277 0.9530 0.9801

In summary, Langmuir isotherm fit well data for the adsorption of gold onto the three
materials and platinum onto S800, displaying R values within the favourable adsorption
and Qo similar to the adsorption capacities experimentally calculated, suggesting
monolayer adsorption. On the other hand, S450 was best described by Freundlich
isotherm for the adsorption of both platinum and palladium, indicative of multilayer
coverage. The literature showed examples of good fitting to both Langmuir and
Freundlich depending on the bio-adsorbent employed, which indicated that the

mechanism of adsorption was highly dependent on the material employed.83 8487

2.2.4.6 Kinetic studies of precious metals adsorption onto Starbon® surface.

Kinetic studies help to understand the adsorption process, indicating the rate-limiting

steps and the time after which equilibrium is achieved.?”?

119



In order to study the kinetics of metal adsorption on Starbon®, the reactions were
monitored for 24 h and samples were taken and analysed at regular intervals. By plotting
the fraction of metal removed against time, it was possible to compare the rate of

adsorption of the three types of Starbon® (Figure 2.25).
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Figure 2.25 Rate of gold removal from solution by a) S300, b) S450 and c) S800; d) of palladium by S800and e) of
platinum by S800.

Gold showed the fastest rate of adsorption. Remarkably, equilibrium was reached after
only 10 min of mixing the metal solution with S450 and S800. This phenomenon of rapid
adsorption of gold has also been observed by other authors employing carbonaceous

materials.83 84

Desorption rate was higher than adsorption in the range of 120 and 720 min for S450. It
was not clear why this phenomenon occurred, and further work is needed to elucidate
the causes. Nevertheless, the literature showed that the oxygen containing functionalities
could be modifiedin the presence of oxidative HNO3.273 Asthe gold interacts with oxygen
functional groups during the adsorption, a plausible explanation for the desorption

observed could be the degradation of some of the functional groups of the carbon due to
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the strong acidic media, which would return some of the adsorbed gold ions back into

solution.

S300 showed a very different pattern of adsorption where a pseudo-equilibrium stage
was reachedafter 10 min and lasted up to 240 min. At this point, concentration in solution
progressively decreased until around 800 min, when a second equilibrium was achieved.
These pseudo-equilibrium stage may be related to the different oxidation states of gold
found in Starbon®, as seen previously by XPS (Figure 2.14). Nevertheless, further work is

required to determine the nature of such adsorption rates.

When S800 was used to adsorb palladium, the equilibrium was reached after 360 min.
However, after this time, the percentage of palladium in solution increased by 20% until
the experiment was stopped. This phenomenon could be caused by partial re-dissolution
of the Pd ions due to the strong acidity of the metal solution. This phenomenon was also
observed by Argun et al. and Arrascue et al. who attributed it to instability of the
adsorbent or weak interactions between the metal and the adsorbent, and the saturation
of the material after which adsorption/desorption processes take place.>® 274 In the
present work the instability of the adsorbent was not plausible, as this effect was not
observed during gold or platinum adsorption with S800 and further work is required to

understand this phenomenon.

Regarding platinum, the rate of adsorption decreased significantly after 120 min,

indicating proximity to the equilibrium.

To complete the mechanistic understanding developed throughout this chapter, kinetic
data was fitted to different models that describe the reaction limiting step. A wide variety
of kinetic models have been used in the literature to explain the adsorption of metals
onto bio-adsorbents.?”> These kinetic models can be classified into: 1) adsorption reaction

models and 2) diffusion models.?7>
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2.2.4.6.1 Adsorptionreaction models

Reaction models focuses on the ‘reaction’ between adsorbent and adsorbate,
disregarding previous diffusion stages.?’> In turn, the order of an adsorption reaction can
be described in terms of the concentration of metal in solution, or the material’s
adsorption capacity.?’® Most authors describe the order of adsorption in relation to the
capacity of the material, using Langergren’s or pseudo-first-order equation, pseudo-
second-order-equation and Elovich model. This is also the approach that has been
followed in the present work.2’® Nevertheless, some of the data was also fit using models
based on the metal concentration in solution to corroborate the findings made by the
abovementioned models (Figure A 1 and Figure A 2 of Appendix 1). The results from both

methods were in good agreement.

- Pseudo-first-order model. This model assumes that the adsorption rate is
proportional to the difference between the the adsorption capacity of the
adsorbent and the adsorption capacity at a time ‘t’. It can be described by the

following expression:?76

kl
2.303

Where ge and g:are the adsorption capacities (mg-g™) atequilibriumandata time

log(q, — q,) = — -t +logq,

‘t’ (min) and K1 is the pseudo-first-order rate constant (min™).
- Pseudo-second-order model. This model was first developed to describe the
adsorption of divalent metals onto peat moss.2’” It assumes chemisorption

involving exchange of electrons and can be expressed as follows: 278

t 1 N 1
@ ky 97 4.
Where k; is the pseudo-second-order rate constant (g-mg™*-min)

t

The initial rate of adsorption, h (mg-g*-min?), can be calculated from ge and Kz

using the following expression:
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- Elovich model. This second-order model was initially used to described
chemisorptive adsorption of gasonto solids. Nevertheless, ithas been successfully
applied to metal adsorption. It assumes that the rate of adsorption decreased
exponentially with the amount of adsorbed material. It can be described as
follows:276

q=ca-In(a-a) +a-In(t)
Where a is the initial adsorption rate (mg-gt-min?) and a is the adsorption

constant (g:mg1).

2.2.4.6.2 Diffusion models

These models presume that the process of adsorption includes three main steps: 1) film
diffusion, in which the adsorbate moves through the liquid film wrapping the adsorbent
particles; 2) Intraparticle diffusion, in which the adsorbate moves along the adsorbent
surface towards the active sites; and 3) mass action, including the interactions between
adsorbent and adsorbate.?’> As the step of mass action is disregarded in purely
physisorptive processes, the two main diffusion models have been based on liquid film

and intraparticle diffusion.?’>

- Ligquidfilm diffusion model. This model assumesthat the rate of adsorption isequal
to the rateatwhich the adsorbate moves acrossthe liquid film. It can be expressed

with the following expression:®?

ln( _&): —R'-t
de

Where R’ is the liquid film diffusion rate constant (min™).

- Intraparticle diffusion model (Weber-Morris equation). It assumes that the
amount of adsorbate onto the solid surface is proportional to the square root of
time, as it can be observed in the expression below:?7>

qe = Kine - tY2 +C
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where KNt (mg-gt-min"*/2) represents the constant of intraparticle diffusion and C

gives information about the layer thickness.

Experimental data for the adsorption of gold onto Starbon® wasfit to the above-described

models (Figure 2.26 and Figure 2.27) and constants of adsorption rate were calculated

from the linear adjustment (Table 2.15).
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Figure 2.26 Pseudo-first order fitting graphs for a) S300, b) S450 and c) S800; pseudo-second order fitting graphs for d)
S300, e) S450 and f) S800; Elovich fitting graphs for g) S300, h) S450 and i) S800 after gold adsorption.
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Figure 2.27 Film diffusion model fitting for a) S300, b) S450 and c) S800; Intraparticle diffusion model for d) S300, €)
S450 andf) S800 after adsorption of gold.

The data of S300 fit best to the intraparticle diffusion model. The presence of an intercept
that did not pass through the origin indicated that this model was not the only limiting
step for the adsorption of gold onto S300.27° The experimental data of S300 also fit well
to the pseudo-second-order model. As this model is used to describe processes involving
chemisorption,?’® these results were consistent with the redox mechanism suggested

throughout this chapter.

Regarding S450, the data could only be fit successfully to the pseudo-second-order
model, which is consistent with the redox mechanism of adsorption described earlier on
this chapter. Nevertheless, the results should be taken successfully as the rate of removal

of S450 displayed an unusual trend (Figure 2.25).

The experimental data of S800 fit very well (r?=1) to the pseudo-second-order. This is in

good agreement with the redox adsorption mechanism. However, adsorption occurred
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so rapidly for S800 that more kinetic points within the initial 10 min would be required to

fully understand the rate-limiting step.

Similar polysaccharide-derived carbonaceous materials described in the literature also

displayed rapid adsorption of Au.8% 87 Wang et al., who describe polysaccharide derived

spherules for gold adsorption, also observed good fitting with the pseudo-second order

model.8”

Table 2.15 Kinetic parameters after gold adsorption. Fittings with r2 values < 0.7 have not been included in the Table.

S300 S450 S800
Pseudo-first order
Qe (mg-g?) 61.7 - 14.5
K1 (min-Y) 1.6x103 - 1.5x1073
r2 0.7911 - 0.8757
Pseudo-second-order
Qe (Mg-g?) 86.4 63.6 452.2
Kz (g-mgl-min?) 5.9x10° 1.3x10% 7.x10%
h (mg-g*-min) 0.44 0.53 159.5
r2 0.8596 0.8296 1
Elovich model
a (mg-glmin?) - - 3.0
a (g:mg?) - - 131.9
r2 - - 0.8727
Liquid-film diffusion model
R’ (min) 1.6x1073 - 1.5x1073
r2 0.7911 - 0.8756
Intraparticle-diffusion model
Kint (mg-gt-min¥2)  0.53 - 1.68
r2 0.8789 - 0.8783

Regarding adsorption of Pd with S800, it was only possible to fit the data to pseudo-

second-order and intraparticle diffusion (Figure 2.28, Figure 2.29 and Table 2.16). This

could be due to the unusual trend of removal rate observed on Figure 2.25. Qe values
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obtained from the pseudo-second order were very similar to the experimental results,
showing the validity of the model. The intraparticle diffusion model displayed two linear
sections, which can be attributed to the different pore sizes present in Starbon®; thus,
the first linear section was attributed to diffusion into larger pores while the second

segment was related to smaller pores.

Platinum adsorption data fit well to all reaction models described in Section 2.2.4.6.1 and
Section 2.2.4.6.2 (Figure 2.28 Pseudo-first order fitting graphs for S800 after adsorption
of a) Pd and b) Pt; pseudo-second order fitting graphs for S800 after adsorption of c) Pd
and d) Pt; Elovich fitting graphs for S800 after adsorption of e) Pd and f) Pt.Figure 2.28,
Figure 2.29 and Table 2.16). However, best r? values were obtained for pseudo-second-
order. Comparing the ‘h’ values calculated from the pseudo-second-order model, it was
possible to observe that the initial rate of adsorption was significantly slower than Au.
This is in good agreement with the results displayed in Figure 2.25 where it was shown

that S800 reached equilibrium after only 10 min into the experimentin the case of gold.

The intraparticle diffusion method showed a one stage linear fitting with intercept # O,
indicating that intraparticle diffusion was not the only rate-limiting step, which could

suggest a combination of chemisorption and intraparticle diffusion as rate-limiting steps.

Similar polysaccharide-derived materials described in the literature for the adsorption of
Pd and Pt also showed best fittings for the pseudo-second order model.? 62 Regarding
diffusion models, Fujiwara et al. observed best fittings with liquid film diffusion, opposite
to the observations in the present work.®! This suggested that the type of diffusion and
thereforethe limiting step for the adsorption depend on the structure of the material and
the adsorption mechanism taking place. The rate of adsorption constants calculated from
pseudo-second-order and the intraparticle-diffusion method were comparable to those

shown by similar studies in the literature for all three Starbon®.61. 62
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Table 2.16 Kinetic parameters after adsorption of Pd and Pt. Fittings with r2 below 0.7 are not displayed.

S800-Pd S800-Pt
Pseudo-first order

Qe (Mmg-g?) - 4.1

K1 (min) - 1.8x102

r2 - 0.9264

Pseudo-second-order

Qe (Mmg-g?) 16.3 6.5

K2 (g:-mgl-min?) -1.4x1073 1.6x1073

h (mg-g!-min™) -0.37 0.07

r2 0.9754 0.9723

Elovich model

a (mg-gtmint) - 0.9

a (g'mg?) - 0.8

r2 - 0.9242
Li quid-film diffusion model

R’ (min1) - 1.8x10°3

r2 - 0.9264
Intraparticle-diffusion model

Kint (mg-gt-min"¥2) 5.6;0.5; -0.5 0.12

r2 1; 0.8326; 0.9953 0.9614

In summary, kinetic data generally fit well to pseudo-second-order and intraparticle
diffusion models suggesting a combination of chemisorption and diffusion of the
adsorbate along the material’s surface as rate-limiting steps. Nevertheless, further work

isrequired to corroborate these results, as it was only possible to carry out one repetition

of the experiments due to the cost of metals and analytical techniques.

2.3 Conclusion

A method for the preparation of Starbon® monoliths has been developed. The monolithic
shape could be potentially advantageous, and particularly for adsorption, as the packing

of a column can be avoided. Although the general properties were similar to those of
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powdered Starbon®, interesting differencesin porosity (i.e. total pore volume and PSD)
caused by the modifications in the preparation methods, were noted. Materials with very
different surface chemistry and textural properties were obtained by varying the
preparation temperature; low temperatures yielded materials with relatively high oxygen
content, rich in oxygen functionalities and with a low fraction of microporosity. In
contrast, carbonisation at high temperatures offered highly microporous materials with

low oxygen content in which aromatic groups were more abundant.

The materials were used to adsorb precious metals from acidic environments, where
platinum, palladium and gold were adsorbed to different extents. Starbon® S800 showed
particularly good adsorption of gold. The mechanism of adsorption involved in this
process included reduction of the Au3*to its metallicform with the subsequent formation
of gold NPs, and the oxidation of the carbonyl groups in Starbon®. The formation of gold
NPs is very relevant as they find uses in many applications including catalysis and medical
applications. The adsorption of gold, which led to monolayer coverage, was very rapid as
equilibrium was reached after only 10 min of reaction. Palladium and platinum were
mostly electrostatically adsorbed, with a small fraction being reduced to its metallic form.
The adsorption process in this case was slower and led to multilayer coverage of Starbon®
in the case of palladium and monolayer for platinum. For all three metals, a combination
of chemisorption and intraparticle diffusion of the adsorbate along the material’s surface

were considered the rate-limiting steps.

Starbon®, and in particular S800, showed very good potential to be used for the recovery
of precious metals from aqueous waste streams. Metal recovery from secondary sources
is a hot topic nowadays due to the increasing demand of PMs for applications such as
electronics, which is putting high pressure on the metal ores and leading to price rises.
Further work to prove this potential would need to elucidate the selectivity of Starbon®
towards precious metals when the solution contains a mixture of elements, as it occurs
in real waste solutions. This is discussed in Chapter 3. It would also be interesting to look

at the application of the metal-loaded Starbon® materials as catalyst in relevant organic
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reactions. Alternatively, desorption of metals and reusability of Starbon® for further
adsorption processes needs to be studied in order to determine the lifetime of these

materials when used for metal adsorption.
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Towardsreal life applications of
Starbon®

Chapter 3
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3 Towards real life applications of
Starbon®

3.1 Aimsofthework

The work described in this chapter aims to apply the knowledge about precious metal

adsorption by Starbon® discussed in Chapter 2 to more ‘realistic’ cases, including:

- Recovery from synthetic solutions containing a mixture of metals
- Recovery from a complex ‘real waste’ solution obtained from electronic scrap.

- Recovery from a single metal solution using a continuous system.

The experiments described above provided useful information about the potential

applicability of Starbon® in real-life scenarios.

3.2 Introduction

In order to reduce pressure on metal ores, secondary sources of PMs have been
investigated among which WEEE stands out due to the increasing amounts of such
waste.36 42 Several techniques can be used to retrieve precious metals from WEEE, with
the leaching by strong acids and subsequent adsorption by bio-derived materials the
focus of much research nowadays.*®> 113 Although a significant effort has been made
towards the identification of potential polysaccharide-derived adsorbents for PMs, very
few studies have explored the selective adsorption of a specific metal from a mixture.*>
66, 71 Selectivity during adsorption is important because the treatment of WEEE with
strong acids brings many metals into solution besides PMs.280 Similarly, many studies
suggest potential bio-adsorbents for WEEE treatment, but only a few carried out
experiments with ‘real” waste solutions to determine the actual applicability of these

materials.”%129Flow adsorptionis another key factor that needs to be accounted for when
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assessing applicability since industrial scale processes are generally carried out in
continuous regimes. A limited number of studies regarding the flow adsorption of PMs

have been reported.0 76, 281

Recovering the metals from the bio-adsorbent once the adsorption has been completed
isalmostas important as the adsorption process itself. The utilisation of the metal-loaded
bio-adsorbents as catalysts has been recently suggested.122 123,282,283 Sypported metals
are required to catalyse numerous reactions and several methods have been developed
to support PM NPs onto carbon supports.® 284 Therefore, the in-situ utilization of metal-
loaded bio-adsorbents could be doubly advantageous by saving energy and minimising
waste generation that occur during both the retrieval of metals from the bio-adsorbent

and the supported-catalyst production.

The selectivity and applicability of Starbon® have been assessed in the present chapter by
performing adsorption experiments with synthetic and real E-waste solutions. Starbon®
monoliths were used to assess the potential applicability of these new materialsin the

adsorption of precious metalsinflow regime.

3.3 Resultsanddiscussion

3.3.1 Selectivity of Starbon® towards precious metals

Starbon® were added to an acidic solution (pH 3) containing a mixture of base and
precious metals in order to understand the selectivity of these materials towards PMs.
Cu, Ni, Zn, Pd, Pt and Au were selected as the group of elements for recovery based on
two keyfactors: 1) these elements make up the metal composition of mine tailing samples
from North American Palladium, Lac des Iles mine in Ontario Canada and 2) these
elements are extensively utilized in consumer electronics, and thus end up in significant
concentrations in WEEE.® 31285 Based on findings of the Phytocat project, a model
solution of Cu?*, Ni%*, Zn?*, Pd?*, Pt?* and Au* with an approximate concentration was 100

mg-L7 created (Table 3.1).28> The concentration of Pt>* was significantly lower due to the
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poor solubility of the Pt2* salt at the working pH. This led to lower concentrations of Pt2*
andin the model solution, which is also in good correlation with the concentrations of
these elements in the mine tailings.2%> Starbon® S300, S450 and S800 were added to this

solution and results can be found in Figure 3.1.

Table 3.1 Initial concentration of the metals contained in the solution. The values are expressed in both mass and molar
concentration units.

Metal Initial concentration
mg-L? mmol-L?

Nickel 105.0 1.79
Copper 105.0 1.65
Zinc 105.0 1.61
Palladium 115.0 1.08
Platinum 10 0.05
Gold 132 0.67
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Figure 3.1 Comparison of the mass adsorption capacities (mg-g) for arange of metals of $300 (blue), S450 (red) and S800
(green). The molar adsorption capacities (mmol-L1) are shown by the black dashed columns. The experimental conditions
were constant stirring for 24 h at room temperature and pH 3.

Gold was completely removed from solution by all three Starbon®. On the other hand,

none of the base metals weresignificantly adsorbed (<10%). Palladium and platinum were
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partially removedfrom solution. However, the low concentration of platinum in the initial
solution made it difficult to appreciate this in Figure 3.1. Although the molar
concentrations shown in Table 3.1 were not the exactly the same for all metals due to the
molar weight of each element, the concentration of base metalswas higher and therefore
the results showed that the adsorption of PMs by Starbon® was selective and preferential.
These results were in good agreement with other studies performed in the literature. For
example, Pangeni et al. tested crosslinked cellulose aerogels for the adsorption metals
from a complex solution.”! They observed that gold was selectively adsorbed whereas
base metals were leftin solution, and only traces of palladium were aadsorbed at pH 1.7
Pangeni et al. attributed the selective adsorption of gold to the adsorption-reduction
mechanism involved, which is consistent with the findings of Chapter 2.7 Chassary et al.
used chitosan derivates to adsorb Pd and Pt from solutions containing both metals and
observed higher selectivity towards Pd, in agreement with the results of the present

work.5°

Considering the maximum adsorption capacities obtained in Chapter 2 and the results
displayed in Figure 3.1, S450 was the most selective material towards a single element,
as it removed the gold, leaving all the other metals in solution. Only traces (<10%) of
palladium were also adsorbed, whereas S300 and S800 adsorbed larger concentrations
of this metal. S800 presented the best selectivity towards PMs as a group, taking up all
the gold, 70% of palladium and >50% of platinum, but none of the base metals. S300 did
not display as good adsorption capacity for palladium as the other two Starbon® and it

also adsorbed small amounts of Ni2*, Cu?* and Zn?*.

TEM analysis was undertaken to understand whether the presence of other metalsin
solution affected the mechanism of adsorption and therefore the formation of NPs
discussed in Chapter 2. The TEM images displayed throughout this chapter were taken in
collaboration with Ms Meg Stark at the Technology Facility in the Department of Biology
of the University of York, UK. Interestingly, the NPs observed were not homogeneously

distributed but gatheredin specificregionsforming circularaggregates. These aggregates
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had a similar size to the large particles observed in Chapter 2, which suggested that the
present aggregations were incomplete nanoshells. A plausible reason for the presence of
unfinished nanoshells was the lower concentration of gold in solution, compared to the
experiments in Chapter 2.%4° The size of the individual NPs was 30 nm, similar to those
seen in the literature.?*8 Therefore, the presence of other ions in solution did not affect
the formation of NPs. However, the gold concentration of the initial solution seemed to

be animportant factor in the formation of NPs.

Figure 3.2 TEM of S800 a) before and b) after adsorption from a mixture metal solution containing Ni2*, Cu2*, Zn2*, Pd2+,
Pt2+*and Aud* after 24 h of constant stirring at room temperature and pH 3.

Further studies were conducted in which the mass concentration of precious metals in
solution was lowered 100 times in relation to the base metals, to better represent certain
types of metal waste (i.e. E-waste).?3 Results showed that S800 removed >90% of PMs,
leaving the other metalsin solution despite this vast difference in concentration (Figure
3.3). Small amounts of copper were adsorbed onto the Starbon® surface (10%). Although
the copper adsorbed represented only a small fraction of the total mass of copper in
solution, the amount of copper in Starbon® exceeded that of PMs. Therefore, even
though preferential adsorption of PMs was independent of the initial concentration,
selective adsorption was best achieved when the initial concentration of PMs was similar

to that of the other metalsin solution.
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Figure 3.3 Amount of metals recovered by S800 expressed in percentage (bars) and in mg-g (dashed lines) after 24 h of
constant stirring at room temperature and pH 3.

3.3.2 Casestudy: usingStarbon® to recover precious metals from ‘real’ waste

Taym Ltd, an industrial collaborator specialising in treating a wide variety of wastes,
provided two complex metal solutions after hydrometallurgical treatment of E-waste.28
S300 and S800 were used as adsorbents to recover valuable metals from these solutions,

in order to study the applicability of Starbon® in the treatment of real waste.

Before the adsorption experiments, the metal solutions were characterised by ICP-MS
and results showed that most metalswere present as traces (<10 ppm) with the exception

of cobalt, iron, copper, tin, nickel and gold (Table 3.2).
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Table 3.2 Composition and concentration (mg:L-1) of the E-waste solutions supplied by Tyam Ltd, obtained from ICP-MS
analysis.

Concentration (mg-L™)

Metals
Solution 1 Solution 2
Cr, Mn, Zn, Mo, Ag, Pd <1 <1
Na, Pb, Ti 1-10 1-10
Co 12 19
Fe 41 58
Cu 56 63
Sn 60 80
Ni 142 102
Au 199 116

Regarding the metals present in large concentrations (>10 ppm), only gold and tin were
significantly adsorbed (Figure 3.4); 100% of Au was adsorbed by S800 reaching an
adsorption capacity of 214 mg of gold per g of Starbon®. The complete removal of gold
from solution indicated that S800 was not saturated and could uptake more gold. This
was in good agreement with the results shown in Chapter 2 which shown an adsorption
capacity of 600 mg-g™. S300 only adsorbed 54% of the available gold, which equated to
119 mg-gt and indicated proximity to the saturation point, which agreed well with the
maximum adsorption capacity calculated in Chapter 2 (180 mg-g™). S300 and S800
adsorbed 2 and 12% of the Sn respectively, which translated into adsorption capacities of
1.5and 8.5 mg-g. Wasewar etal. studied the adsorption of tin onto granulatedactivated
carbon and obtained significantly higher adsorption capacities (85-120 mg-g*).%®’
Interestingly, they observed a strong relation between the initial concentration of tin in
solution and the amount of tin adsorbed. Considering that the initial concentration of tin
in the study of Wasewar et al. was 6-8 times higher than in the present work, the
adsorption capacities displayed by Starbon® materials agreed well with those in the
literature.?®’ The partial adsorption of Sn by Starbon® can be attributed to the main tin
species in solution, SnCle%~.288 As seen in Chapter 2 for gold, the negatively chargedions

were attracted to the positively charged surface of Starbon® at low pH. Nevertheless,
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further work is needed to elucidate the adsorption mechanism of Sn by Starbon®.

However, this was out of the scope of the present work.

Mo and Pb, which were found in trace concentrations in the metal solutions, were also
partially adsorbed by Starbon®. Both S300 and S800 recovered 9% of Pb, and 25 and 49%
of Mo respectively. However, the concentration of these metalsin solution was very low
(<10 ppm) and therefore no significantamounts of Pb and Mo can be found inthe surface
of Starbon® (<1 mg-g™t). As shown by the literature, ACs presented high adsorption
capacities for these two metals. Nevertheless, the selectivity of Starbon® towards gold
observed in the present study was considered more beneficial for the recovery process
than high adsorption capacity for several elements. Interestingly, Pagnanelli et al., who
studied the adsorption of molybdenum by AC, suggested a mechanism of adsorption in
which Mo was reduced and the carbon surface oxidised.28° This could be a plausible
mechanism for the adsorption of molybdenum onto Starbon®, however, it was outside of

the scope of the present project to carry out the necessary further work.

The results discussed above and displayed in Figure 3.4 refer to solution 1. Reproducible

trends were obtained for the other solution provided by Taym (solution 2).
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Figure 3.4 Amount of metals removed from solution 1 by S300 (blue) and S800 (green) expressed as percentage (bars)
and as adsorption capacity (mg-g?) (lines) after 24 h of constant stirring at room temperature.
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As discussed in Chapter 2, gold was adsorbed onto the Starbon® surface through a
reduction mechanism in which Au NPs were formed. TEM analysis was performed to
study whether the presence of a broad range of other elements in solution may have an
influence on the adsorption mechanism. NPs could be clearly observed on the surface of
S800. Interestingly, these NPs were radically different to those observed in Chapter 2 and
the synthetic metal mixture experiments. These NPs were homogeneously distributed
and presented relatively small size, with diameters below 10 nm (Figure 3.5), indicating
no aggregationandtherefore no formation of gold nanoshells. A plausible explanation for
this phenomenon could be the presence of capping agents in the metal solution, which
limit the aggregation of Au NPs.2°% Capping agents are generally organic molecules such
as long chain hydrocarbons, polycarboxylic acids or cationic surfactants.2°? Nevertheless,
Nag et al. showed that inorganic elements, such as SH-, OH, S%, could also act as capping
agents in the preparation of nanocrystals due to the formation of an electrical double
layer around each nanocrystal.?? As Taym did not fully disclose their preparation method
of the solutions in order to protect IP, it is possible that such solutions contain sulfur
compounds that can act as capping agents. On the other hand, it was not possible to

observe NPs on S300.

a) b)

. 100nm

Figure 3.5 TEM images of S800 a) before and b) after treatment of E-waste solutions.

XPS analysis was carried out to investigate the lack of NPs in S300. The XPS analysis was

carried by the team of the National EPSRC XPS Users’ Service facility at Newcastle
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University (UK). The elemental analysis showed that S300 C/O ratio was lower (3.6 vs 4.3)
following adsorption, which indicated a certain degree of oxidation of the Starbon®
surface. In turn, the XPS signal for gold was small, suggesting that only very little amount
of gold could be detected on the surface of Starbon®. The slight decrease in the C/O ratio
could be caused by the reduction of the tracesof gold detected insolution. Unfortunately,
it was not possible to deconvolute the Au4f peaks due to the low signal observed.
Therefore, further work is needed to understand the differences observed between ICP,

TEM and XPS.

On the other hand, the deconvolution of the Au4f peaks of S800 showed that 83% of the
gold recovered was reduced to its metallic form (Figure 3.6). In addition, the carbon
surface was oxidised (the C/O ratio decreased from 19.8 to 10.2) producing more
carboxylic groups, which was consistent with the results observed in Chapter 2. XPS also
displayed a doublet of peaks at 487.5 and 496 eV (Figure 3.6). These binding energies and
distance between peaks were characteristic of tin compounds.2°? The position of the
peaks, towards higher binding energies compared to metallic Sn, may be associated to
the presence of SnXs?~ where X is a halogen species.?*° This was in good agreement with
the main tin species found in solution at acidic pH as shown above, 8 and would indicate
that tin was electrostatically adsorbed to the surface of S800. Nevertheless, further work
is needed to unambiguously determine the adsorption mechanism of tin onto Starbon®

materials.
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Figure 3.6 Deconvolution of Au4f (a) and Sn3d (b) XPS spectra of S800 after adsorption from an E-waste solution provided
by Taym Ltd. The adsorption experimental conditions were constant stirring for 24 h, at room temperature and pH 0.

3.3.3 Adsorptionin flow

The aim of the flow experiments was to perform a proof of concept experiment to
demonstrate the feasibility of applying Starbon® monoliths to continuous processing. In
accordance to this, a single metal solution (only containing gold) was passed through a
column of Starbon® (S800). Optimisation of the process was out the scope of this thesis
and main steps towards an optimal process are discussed in the future work section in

Chapter 7.

3.3.3.1 Descriptionofthesetup

An S800 monolith was fixed inside a Swagelok tubing with the aid of an epoxy resin to
obtain a monolith reactor which could be used to carry out flow adsorption experiments
(Figure 3.7). The monolith reactor was manufactured in collaboration with Chris
Mortimer, Stuart Murray and Mark Roper from the Chemistry mechanical workshops of

the University of York.
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Figure 3.7 Monolith reactor containing an S800 Starbon® monolith fixed to the walls of Swagelok tubing with the aid of
epoxy resin.

The monolith reactor was attached to an HPLC pump able to transport the gold solution

from the initial reservoir, through the monolith reactor, to the end point where the

purified solution was collected (Figure 3.8).

o
=1
7 1 Pt
By Metal solution

Figure 3.8 Laboratory set up for the continuous flow adsorption experiments to recover gold with an S800 monolith.

In order to reach the breakthrough point in a reasonable timeframe (~95 h), the initial

concentration of the metal solution (100 mg-L) and the flow rate (0.2 mL-min) were
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increased comparedto that described in other studies in the literature.’® The calculations
to estimate the breakthrough point are shown in Figure 3.9. Note that the data obtained

experimentally did not allow the calculation of the residence time.

* Gold adsorption 600mg-L*x0.19g=120mg
. * = 600 mg'L-l H d t [} t t ’ th
capacity of S800 required to ‘saturate’ the
monolith
il G = 0.2¢g 114 mg/ 100 mg-L1 = 1.14 L of
monolith e ; ;
initial solution required to
reach breakthrough
* Concentration of
initial gold = 100 mg-L* 1.141/ 0.2 mL-min™ = 5700 min
solution required to reach breakthrough
* Flow rate of 5700 min / 60 min-h2=95h
solutionthrough = 0.2 mL-min* required to reach
the system breakthrough

*Calculated in Chapter 2

Figure 3.9 Calculations to predict the breakthrough time of the flow adsorption experiments.
The pH of the solution was adjusted to 3 in order to ensure goldsolubilisation and prevent

corrosion of the HPLC pump.

3.3.3.2 Results

Having passed through the monolith reactor, the solution was collected at different time
intervals, enabling the observation of changes in the collected solution over time. The

variations in colour of the output solution were noteworthy:

- The initial solution presented a light-yellow shade before entering the system,

which was caused by the AuCls.
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- This solution turned completely clear after getting in contact with the monolith
for the first few minutes. However, the solution collected after 30 min displayed
a pink shade and this colouration became more apparentduring the coming hours
(up to 3 h).

- Such colour vanished after 6h.

- The pink colour reappearedin the samples collected after 11 h. The pink colour

intensified at increasing times, and a closer look also showed a yellowish shade

after 24 h (Figure 3.10).

Figure 3.10 Colour change of the output solution at different time intervals after passing a gold solution of pH 3 through
the monolith reactor.

Each of these colour changes gave indications of the processes occurring inside the

monolith reactor during adsorption and are discussed below in detail.

Pink colour of the output solution from 30minto 6 h

Pink colour in relation to gold solutions has been commonly associated with the presence
of Au NPs. In order to confirm the presence of NPs, the solutions were analysed by TEM,
as discussed in detailed later in this section (Figure 3.11). However, Au NPs were not
expected in solution at any stage of the experiment, as the batch test showed that the

nanoparticles stayed ‘attached’ to the surface of Starbon®.

The presence of Au NPs in the output solution between 30 minand 6 h could be explained

by the existence of some unattached moleculesinside the Starbon® structure, which led
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to the formation of NPs. During carbonisation, starch undergoes a series of chemical
transformations, as explained in Chapter 2. As part of these transformations, a variety of
molecules were generated in the form of gases, liquid tar and solid char (Starbon®).2%
These liquid tar molecules may be trapped in the porous structure and remain there after
carbonisation unless the material is thoroughly washed. When the monolith reactor was
connected to the flow system and the gold solution was passed through, these molecules
were able to reduce some of the gold ions and both the organic molecules and the
corresponding gold nanoparticles were ‘washed out’” of the monolith by the flowing
solution. Once all these molecules were flushed out after 6 h, the solution did not contain
neither organic matter nor NPs as seenin the TEM images displayed in Figure 3.11 andin
the total organic content (TOC) results presented in Table 3.3. TEM showed other
compounds besides Au NPs in the 1-3 h sample which could be the ‘flushed’” organic
particles mentioned above (Figure 3.11). On the other hand, no NPs could be observed in

the interval of 8 to 11 h, when the solution was colourless (Figure 3.11).
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Figure 3.11 TEM of the output solution collected from the interval a) 1-3 hand b) 6-8 h after passing a gold solution of
pH 3 throughthe monolith reactor.

In addition, TOC analysis was performed in order to corroborate the presence of organic
moleculesin solution. TOC was carried out in collaboration with Dr. Javier Remdn Nufiez.

Table 3.3 displays the results from the TOC analysis. The deionized water used as a blank
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displayed a TOC value of 6.9 mg-L't and such value was used as detection limit and
subtracted from the results obtained for the other samples. The negative values are very
close to 0 and it can be considered that the concentration of organic components, if any,

was too low to be detected.

The results showed that the fraction collected between 1 and 3 h, which displayed a
characteristic pink colour and therefore contained Au NPs, also contained 12.3 mg-L™ of
organic matter. On the other hand, the colourless sample taken between 6 and 8 h only

showed traces of organic matter (1 mg-L™1).

Table 3.3 Total organic content analysis of fractions collected after the continuous flow experiments at different time
intervals.

Time interval Washing time of the Total organic_ content
monolith (mg-LY)

1to 3h 2h H20+ 2 h acid 12.3
1to 3h 12h H20+ 12 h acid -0.3
HCI (pH 3) wash 12h H20+ 12 h acid -0.4
Deionised H20 wash 12h H20+ 12 h acid -0.2
6 to 8h 2h H20+ 2 h acid 1.0
34 to 48h 2h H20+ 2 h acid 6.5

The presence of unattached organic moleculesinside the column was undesirable, aspart
of the gold in solution was ‘lost” in the output solution rather than kept supported in the
monolithic surface. In order to overcome this problem, the process was repeated using a
new monolith reactor which was washed for 24 h prior the experiment, by passing ~150
mL of deionised water for 12 h followed by ~150 mL of an HCl solution (pH=3) for another

12 h.

The results of this second experiment showed a completely transparent solution during
the first 6 h hours of the experiment, suggesting that the unattached organic molecules

had been flushed out during the washing. TOC analysis did not detect organic matterin
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the end-point water and acid washing solutions (Table 3.3). This was not conclusive to
state that there was no organic matter in those solutions, as it could be due to low
concentration of the organic compounds in solution, below the TOC detection limit of the
machine. This was plausible, as all the 150 mL of washing solution were collected in the

same vessel (no interval collection).

Colourless solution between 6 h and 11 h

The colourless solution observed between 6 and 11 h shown in Figure 3.10 suggested that

the ions in solution were being reduced and deposited onto the Starbon® surface.

The experiment was monitored by ultraviolet-visible spectroscopy (UV-vis). A UV-vis
spectrum was recorded for every fraction of solution collected. Two main peaks were
observed at 299.8 and 545.8 nm. The peak at 299.8 nm corresponded to gold ions Au3*in
solution, whereas the peak at 544.7 nm was characteristic of Au NPs.29% 293 No Au3* nor
Au NPs were detected between the 8-11 h in the output solution (Figure 3.12). The lack
of these species in the output solution indicated that neither the monolith nor the
interface with the epoxy were significantly damaged, thus letting the gold solution
through (the possible damage of interfaces is discussed below in this section). The
absence of NPs and organic matter was confirmed by TEM and TOC as shown in Figure

3.11 and Table 3.3 respectively.
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Figure 3.12 UV-vis spectra of the different fractions collected overtime at a) short wavelengths (250 to 450 nm) and b)
long wavelengths (400 to 900 nm). This UV-vis correspond to the experiment in which short pre-washing with deionised
water (2h) and acidic aqueous solution (2h) was applied prior passing the gold solution (pH 3) through the monolith
reactor.

Pinkand yellow colour observed after 11 h intothe experiment

UV-vis spectra shown in Figure 3.12 showed that the peak for Au3* became increasingly
prominent after 24 h. The increasing concentration of Au3* ions in the output solution

could reveal different scenarios:

1. The monolith was reaching its breakthrough point and some of the Au3* ions in
solution could not be adsorbed by the material. According to this hypothesis, the
output solution should present yellow colour. No NP leaching, and therefore no
pink colour, was expected (Figure 3.13a).

2. The interface between the epoxy resin and the monolith was damaged overtime.
This allowed adsorption at early stages of the experiment, but also let some of the
Au3* to pass through the system without being reduced at later times (Figure
3.13b). Adsorption would occur on the top horizontal surface, and the lateral side
of the monolith. The depth at which the horizontal adsorption occurred entirely
depended on the time required to produce significant damage on the interface.
Such damageallowsthe gold solution to getin contact with the epoxy resin, which

canreduce the gold as discussed below in this section. The Au NPs formed by this
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means did not get attached to epoxy and reached the output solution through the
damage interface, giving pink colour to solution.

3. Damages on the interface between the epoxy resin and the Swagelok tubing
(Figure 3.13c). Similar to the previous case, however in this case, only adsorption
in the horizontal top surface of the monolith would occur, and no adsorption in
the lateral of the monolith would be observed.

4. Localised decomposition of the Starbon® monolith (Figure 3.13d). This localised
decomposition may be the result of a non-homogenous carbonisation of the
monolith; Before carbonisation, the monoliths were introduced in a solution of p-
TSA (as shown in Chapter 2). Due to the monolithic shape, the p-TSA must
permeate from the outside towards the inside and therefore, if the monolith was
not kept in solution for long enough, the p-TSA might not have reached the
internal part of the monolith which may have resulted in chemical and structural
differences. TGA discussed in Chapter 2 presented a peak around 300 °C which
could be assigned to late starch decomposition of fractions that had not been in
contact with the p-TSA. As for the previous cases, this would allow some degree
of adsorption and reduction onto the Starbon® surface. However, some Au3* ions

would also be able to pass through the system without being reduced.

The results obtained by microscopy, TEM, TOC and XPS analysis are discussed below and

used to identify the most likely scenario of those described above.
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Figure 3.13 Possible processes occurring during the flow adsorption experiments where 1 symbolises the early stages, 2
the middle stage and 3 the final stage of the processes. a) breakthrough, b) degradation of the interface between the
monolith and the epoxy resin, c) degradation of the interface between the epoxy resin and the Swagelok tubing and d)
localised decomposition of the monolith. Wide arrows represent the main stream of the solution whereas thin arrows
represent the flow of small fractions of solution.

As shown by the UV-vis spectra in Figure 3.12, the concentration of Au3* started to
become significantin the sample collected between 24 and 31 h, as the concentration
increased from 10% at 24 h up to 51% at 31 h. The amount of Au3*ions in solution kept
increasing until the experiment was stopped at 48 h, point at which the solution contained
67% of Au3*. The peak at 545.8 nm in the UV-vis spectra, characteristic of Au NPs was also
observed after 8 h and its concentration increased over time. In addition, the Au3*in the
output solution was detected well before theoretically predicted in Figure 3.9. Although
it has been shown that relatively fast flow rates could reduce the adsorption capacity of
a material and therefore bring forward the breakthrough point,2°4 the presence of NPs in

the output solution indicated that the Au3* found in solution were due to some sort of

degradation/damage of the system, discarding option number 1.
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The monolith reactor was opened after the adsorption experiment and both ends were
observed under the microscope. On the top surface (the one through which the solution
entered the system) it was possible to observe concentric circles covering the whole
surface. Thiswas in good agreement with the localised decomposition described in option

number 4. The metal solution presented relatively strong acidity, which could have

increasingly degraded the monolith structure towards the inner core.

Figure 3.14 Microscopic view of a) the top surface of the monolith (entering point of solution) and b) the bottom surface
of the monolith (exiting point of solution).

The bottom surface (the one through which the solution exited the system) showed
fractures in the part in contact with the epoxy resin. This agreed well with the
decomposition of the interface between the monolith and the epoxy described in option
number 3, which can cause damage on the sides of the monolith. Thisdamage could open
a path for Au3* and the Au NPs formed by contact with the epoxy resin, to reach the
output solution. TOC analysis supported this hypothesis, as it showed the presence of
organic matter in solution at the final stages of the experiment (Table 3.3), which could
be fractions of the monolithic column. TEM also showed the presence of other
components in solution apart from the Au NPs which could be Starbon® fractions due to

decomposition (Figure 3.15).
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Figure 3.15 TEM image of the gold nanoparticles in solution in the interval of 34-48 h. The inset shows a region of the
same sample at higher magnification.

The Starbon® monolith was analysed by XPS after the flow adsorption experiment, looking
for Au NPs on the Starbon® surface. XPS analysis was carried out by Dr David Morgan at
the School of Chemistry of the University of Cardiff. XPS did not detect gold. As the whole
column was ground up and mixed before the analysis, a plausible explanation for the lack
of Au could be the gradient between the top and the bottom of the monolith, where the
top had adsorbed some gold, but the bottom had not. As a result, the XPS results
displayed the average concentration of gold in the carbon sample, which was very low.
The C/O ratio observed by XPS was 21.6 slightly higher than that observed for S800 in
Chapter 2. This was in good agreement with ‘flushing out’ the oxygen-containing

molecules trapped in the Starbon® pores.2%6

Finally, a small portion of the epoxy resin used to attach the monolith to the Swagelok
tubing was added to a vial containing the initial solution of Au3*, in order to determine if
the epoxy resin could also be reducing some of the goldions to NPs and releasing those
into the solution. As shown in Figure 3.16, the epoxy resin was capable of reducing the

goldions.
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Figure 3.16 Appearance of the Au3+ solution after (left) and before (right) being in contact with the epoxy resin used to
attach the Starbon® monolith to the Swagelok tubing.

All the evidence discussed above indicated that breakthrough (option number 1) was not
reached during the experiment. The presence of Au3*in the output solution was due to a
combination of factors, including the degradation of the interface between the epoxy
resin and the monolith (option number 2) as well as due to partial degradation of the
material (option number 4). Degradation of the interface between the epoxy resin and
the tubing (option number 3) can neither be confirmed nor denied with the current
evidences. The continuous flow examples for the recovery of precious metals described
in the literature did not encounter the above described problems because the material
was a powder packed on a column.®% 7¢ However, the development and use of monolithic
structures is preferred as it has been shown that the surface area of monoliths was more

accessible, leading to higher adsorption capacities.?®>

The aim of the present work was to proof the feasibility of the monoliths in flow systems
for metal adsorption. The experiments described in this chapter showed that the
Starbon® monoliths can be incorporated to a flow system through which a metal solution
can be passed for 11 h without significant damage to the system. However, the system

needs to be optimised asafter 11 h some of the AuCls solution passed through the system
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without being absorbed, indicating some degradation of either the Starbon® monolith
and the interfaces between the epoxy resin. In addition, the epoxy resin employed did
react with the goldions. As some of the mainissues were related to the epoxy resin, this
component will need to be replaced by another compound that can resist the
backpressure and acidity of the system, whilst not leading to NP formation. Regarding the
partial decomposition of the Starbon® monoliths, it could be solved by changing the
application method of the p-TSA. Nevertheless, the optimisation of the process was out
of the scope of the project and guidelines to improve the system are discussed in the

future work section (Chapter 7).

Remarks about the NPs found in solution

The position of the Au NPs peak in the UV-vis spectrum has been related to the size of the
NPs. This peak appeared at542.2 nm in the solution collected between 1-3 h, and shifted
to 544.7 nm for the solutions collected at 34-48 h. The peak at 542 nm was indicative of
NP diameter of 60 nm, and a shift towards larger wavelengths suggested bigger NPs of
approximately 70 nm. This was in good agreement with TEM, which showed Au NPs with
anaverage diameter 50 nm during the 1-3 h interval (Figure 3.11), and average diameter
of 70 nm NPs during the 34-48 h interval (Figure 3.15). In addition, the nanoparticles
observed presented differentshapes, including circular, square, triangular, hexagonal and
irregular forms. NPs with similar size and shapes were observed by Gardea Torresdey et
al. who study the formation of Au NPs using alfalfa biomass.?% It has been suggested that
the different shapes of NPs are related to the kinetics of the growth of such particles,?’
which agrees well with the experimental conditions, where the damage to the interface
between the epoxy resin and the monolith would cause different speed pathways for the

solution to pass through and would lead to different rates of NPs growth.

Further work to understand the conditions that favour a specific type of NPs is needed,

as this could show new application routes for Starbon® materials.
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3.4 Conclusion

The work described in this chapter showed that Starbon® present great potential to be

used for precious metal recovery:

- The materials were highly selective towards precious metals when the mixture
also contained base metals such as Ni, Cu and Zn. This selectivity was maintained
even when the mass concentration of precious metals was 100 times lower than
that of the base metals.

- The materials performed well when used to absorbed metals from a ‘real waste’
solution obtained from disposed electronics. The waste solution contained 15
different metals, 5 of which were in concentrations over 10 ppm (including gold).
Starbon® preferentially adsorbed gold leaving all the other metalsin solution. Only
tin, molybdenum and lead were partially adsorbed as well. However, the
adsorption capacities for these metals were very low compared to gold (8.5 mg-g-
Lfor tin and <1 mg-g™ for Pd and Mo).

- Starbon® monoliths were incorporated to a flow system in which an acidic metal
solution could be passed through for 11 h without significant damage to the
system. During this time, Au* was adsorbed onto the monolith as shown by the
colourless output solution. Although the method to attach the monolith to the
Swagelok tubing needs to be optimised, the present work proofs the feasibility of

applying Starbon® monoliths to flow systems.

Interestingly, the NPs obtained under different conditions varied. Therefore, further work
towards understanding the conditions that favour a type of NPs over the others could be

highly beneficial to open the way to new applications for Starbon®.
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4 Preparation and characterisation of
Starbon® composites

4.1 Introduction

Electrochemical double layer capacitors are energy storage devices formed by two
electrodes (usually carbon-based) and an electrolyte.'®! In EDLCs the energy is stored
physically in the surface of a porous material which allows fast charge discharge cycles.!8!
Researchis currently focused on improving the properties of EDLCs to obtain materials
capable of storing higher amounts of energy and in turn maintain the ability to deliver

such energy rapidly.2°8

ACs are the most widely used material in commercial EDLCs due to advantageous
properties including wide availability, relatively low cost and high surface area. 203,207,299
However, AC present three main drawbacks in regard to their utilisation for EDLCs: 1)
poor conductivity due to their large surface area, 2) very low number of mesopores and
3) they are usually produced as powders, and a binding material is required to form the
electrode discs.12% 203,300 The mesopores contained in materials such as Starbon® have
been found to be necessary in EDLC materials as they contribute to improve the diffusion
of the electrolyte throughout the materials porous structure.3! Binding agents added to
create the electrode disc usually increase the resistivity of the material which translates
into lower capacitance.3°! Inorder to overcome these issues, other materialssuchasCNTs
have been tested as potential EDLC materials as they present high conductivity and are
readily accessible.?93 However, the effective surface area of CNTs is relatively low, which

leads to low values of capacitance.'®®

The preparation of carbon-carbon composites to yield a material which combines high

surface area, good conductivity and a significant number of mesopores has been recently
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studied.?1? 225,302 For example, highly dispersed CNTs were added to ACs to yield a
composite with enhanced energy and power density compared to the untreated AC.2%
Graphene has also been trialled as a potential material for EDLC due to its very large
surface area and good conductivity. Graphene was also used to enhance the conductivity
and capacitance of AC.22°> Although the application of high-tech carbons such as CNTs and
graphene can enhance the electrochemical properties of an EDLC device, it isimportant
to consider that the production of these materials could be expensive and cumbersome

which may increase the overall cost of the energy storage device.303

Graphite is a carbon allotrope consisting of a succession of staked graphene layers.2% It
presents very good electric properties, with a conductivity of 10® S:-m.394 Graphite is also
widely available and inexpensive which makes it a good candidate to be used in carbon-

carbon composites.309°

Herein, we present alternative carbon-carbon composites that combine the
advantageous porosity of Starbon® with the high conductivity of graphite. In addition, the
new materials can be prepared as monoliths without the use of binding agents. It is
believed that the addition of the non-expensive and highly conductive graphite to
mesoporous Starbon® can result in porous conductive carbons with potential to be used

for EDLC.

4.1.1 Aimsofthework

- Preparation of Starbon®-graphite composite materials to enhance the
electrochemical properties of Starbon® inorder to apply such materials for energy
storage applications.

- Characterisation of the Starbon®-graphite composites materials.
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4.2 Resultsanddiscussion

4.2.1 Preparation of the Starbon®-graphite composites

The method for the preparation of Starbon® was adapted to prepare the monolithic

composite materials.110

As graphite is not easily dispersible in water, graphite must be thoroughly mixed with
starch before gelation.3%¢ To overcome this challenge, ball milling (BM) was introduced at
the beginning of the process. This step was essential to reduce the graphite particle size
sufficientlyto aid itsdispersion within the polysaccharide matrix. Previous studies showed
that BM of a mixture of cellulose and graphite resulted in exfoliated graphite particle size
which adhered to the cellulose particles.39” The reduction of the graphite particles was
observed by XRD (see Section 4.2.3.4) and good dispersion was shown in the surface of
the aerogel monoliths (material after drying) and SEM images (Figure 4.1). The SEM
images were taken by Dr Peter Shuttleworth at the Instituto de Cienciay Tecnologia de
Polimeros of the Consejo Superior de Investigaciones Cientificas (Spain). A range of BM
processing time was tested to assess its effect on the dispersion of graphite within the
polysaccharide matrix; 10 minutes of treatment was found to be insufficient as the
aerogel presented heterogeneous distribution. On the other hand, after 30 or 60 minutes,
a more homogeneous interaction between the two materials was observed. It has been
reported that long BM times can significantly damage the integrity of graphite crystals,
and limit their desired conductivity properties.3°® Therefore, 30 min of BM were
considered optimal to ensure good dispersion of graphite within the polysaccharide

matrix without compromising the integrity of the graphite crystal.

Previous studies measured the electrical adsorption of a planetary ball mill, 350 W.
Considering the usage time, the electrical yield and Watt price, using BM would increase
the cost of the process by 4 cents and would be equivalent to the energy consumption of

two TVs.309,310
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Figure 4.1 SEM images of the starch-graphite mixture after a) 10 min, b) 30 min and c¢) 60 min of ball milling treatment.
The top surfaces of aerogel monolithic composites are shownin the insets.

The drying method was also modified to obtained a more hierarchical porous structure,
which has been shown to improve the diffusion properties of the electrolyte in EDLC
devices.13 Monoliths were subjected to solvent exchange with tert-butanol (TBA) and
subsequently freeze dried. Freeze drying (FD) generally involves two steps: 1) the
freezing, in which the material is cooled down well below the triple point of the solvent,
and 2) the sublimation, in which the solvent is removed as a vapour by lowering the
pressure of the system.31? FD tends to yield aerogels with porous structures containing a
large amount of macropores but almost no mesopores.31?2 However, Borisova et al.

showed that using TBA in the solvent exchange step led to hierarchical aerogels
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containing both meso- and macropores.313 The mesopores were created by the crystals
of TBA, which acted as porogens.314 The rest of the process was kept the same as the one

describedin Chapter 2 for the preparation of Starbon® monoliths.

Six different materials with differentinitial concentrations of graphite were prepared. The
names assignedto those materials, which will be consistently used through Chapter 4 and

Chapter 5, are detailedin Table 4.1.

Table 4.1 Initial concentration of graphite (%) of the materials discussed throughout the chapter and their assigned
names.

Initial concentration
of graphite (%)
Name of the material GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10 GPT-20

0 0.5 1 3 10 20

4.2.2 Characterisation of the relevant properties for EDLC applications of
Starbon®-graphite composites

The porosity and conductivity of the resulting materials were measured, as these are the
most relevant properties regarding EDLC as potential application. The appearance of the
composite materials throughout the production process is also discussed in this section,
including important technical parameters such as mass loss and diameter reduction

during the preparation process.

4.2.2.1 Appearance of the Starbon®-graphite composites

BM of starch and graphite yielded a grey powder, the colour of which did not visibly vary
at increasing concentrations of graphite. However, the colour difference became
apparent inthe aerogels, whichclearly presented darker colour asthe amount of graphite

increased. All samples turned completely black during carbonisation (Figure 4.2).

164



GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10 GPT-20  graphite

= X - %
P = - e 1 pl
o ¢ — p o - 3.
5§ § :
T =
2
o .
n 8
-1]
£
£
©
N )
) .
oo y \
2 5 \
: 24 !
i . N

Carbonised
material

Figure 4.2 Starbon®-graphite composites at different stages of the preparation process; powder resulting after 30 min of
BM (top row), aerogel composites (middle row) and carbonised composites (bottom row).

The composite gelswere poured into a cylindrical mould (same asthe one used in Chapter
2) after gelation (12.4 mm of diameter). In this case, the monoliths were cut down after
retrogradation to yield small discs that could be tested in EDLCs. The diameter of the
aerogel discs varied from 11.9-12.4 mm, but no obvious trend could be drawn regarding
concentration of graphite. The concentration of graphite did not clearly affect the
diameter of the carbonised materials either, which had diameters between 7.5 and 8.6
mm. Therefore, the diameter reduction occurring during carbonisation (30-40%) was
similar for all composites and was independent of the concentration of graphite in the
composite. The diameter of GPT-0 shrunk 4% less than the Starbon® monoliths described
in Chapter 2 suggesting that the differenceswere due to the alterationsin the preparation

process.

On the other hand, increasing amounts of graphite led to lower mass loss during

carbonisation (Table 4.2). This phenomenon can be explained by the thermal stability of
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graphite at the temperatures of carbonisation; graphite was subjected to the same
carbonisation programme and the results showed no significant decomposition during
carbonisation (96% mass residue) and therefore, composites containing larger amounts

of graphite presented lower mass reduction.

Table 4.2 Mass loss (%) occurred during carbonisation at 800 °C, measured by thermal gravimetric analysis.

M aterial GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10 GPT-20
Mass loss during
carbonisation (%)

70.8 69.8 69.2 67.3 64.9 61.0

The density of the aerogels was very similar for all the aerogel materials (Table 4.3). This
suggested that the different properties observed in the carbonised materials with
different concentrations of graphite were developed at a later stage of the production

process (mostly during carbonisation).

After carbonisation, higher densities were observed for composites with larger
concentrations of graphite (Table 4.3). This could be explained by the formula of density
— the coefficient of mass over volume (p=m/V). As discussed above, the diameter of the
monoliths was not affected by the amount of graphite. However, the concentration of
graphite did influence the mass loss during carbonisation, which resulted in higher
densities for composites rich in graphite. Interestingly, the density of GPT-0.5 and GPT-1
were lower than that for GPT-0®. Both GPT-0.5 and GPT-1 contained very low
concentration of graphiteand in consequence the massloss observed after carbonisation
was verysimilar to that for GPT-0. However, those materials presented significantly larger
surface area (100-150 m?-g! more than Starbon®) which led to the lower density

observed.
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Table 4.3 Density of Starbon®-graphite composites (g:cm3) in the aerogel form and after carbonisation at 800 °C.

Material GPT-0 GPT-05 GPT-1 GPT-3 GPT-10 GPT-20
Density of aerogels 0.32 0.35 0.32 0.35 0.35 0.32
(g-cm?3)

Density of carbonised

. 3 0.35 0.23 0.25 0.40 0.46 0.49
materials (g-cm™)

4.2.2.2 Porosimetry

The aerogel composites were characterised by N2 adsorption and their textural properties
are summarised in Table 4.4. The materials were found to be consistently highly
mesoporous with little microporosity (below 1%), high pore volumes (>0.7 cm3g™?) and
high specificsurfaceareas(>150 m2g™). Larger pore volumes, slightly lower surface areas
and microporosity were observed comparedto the Starbon® aerogelsin Chapter 2, which

could be due to the freeze-drying step.312 31>,

As graphite does not disperse well in water, BM was used to achieve a good mixing
between the starch and graphite prior gelation. BM’s ability to reduce graphite particle
size and favour good dispersion and exfoliation of graphite when performed in
combination with polysaccharides,3°7-3%did not seem to have a detrimental effect on the

material’s porosity.

It was also observed that the surface area and microporosity of the materials were
independent of the BM times, whereas the total and mesopore volume increased from

0.72 to 0.79 cm3g™ after processing times of 10 min and 60 min, respectively.

The high porosity displayed by the composite aerogels showed that graphite did not
inhibit the formation of the characteristic mesopores found in Starbon® despite its low

porosity and surface area (<48 m?g™).
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Table 4.4 Textural properties GPT-20 aerogels after being subjected to different BM times, analysed by N2 adsorption
porosimetry. BET model was applied to obtain the surface area. Total and mesopore volumes were calculated from the
BJH model. D-R model was used to obtain the micropore volumes.

Ball milling Starbon®-graphite aerogels containing 20% of graphite (GPT-20)
time (min)  Syrface area Viot Vmicro Vmeso Microporosity
(m2-g1) (cm3-g) (cm*g?)  (cm3g™) (%)
10 160.7 0.72 <0.01 0.72 0.42
30 160.8 0.76 <0.01 0.76 0.39
60 158.3 0.79 <0.01 0.80 0.38

The N2 adsorption isotherm of the GPT-20 aerogel (Figure 4.3) showed a Type IV isotherm
characteristic of mesoporous materials, which was consistent with previous work on
Starbon® aerogels.?28 The isotherms displayed H3 hysteresis loop with no limitation of
adsorption at high relative pressures.?32 The H3 hysteresis loop is characteristic of plate-

like particles which leads to slit-shaped pores.?32 This was in good agreement with the

SEM shown in Figure 4.1b.
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Figure 4.3 N, adsorption isotherm of GPT-20 aerogel after 30 min BM, measured by N, adsorption porosimetry.

The textural properties of the carbonised Starbon®-graphite composites were also
analysed by N2 adsorption (Table 4.5). Increasing amounts of graphite resulted in
decreasing total pore volumes and surface areas, due to the intrinsic low porosity of
graphite. Surprisingly, the addition of traces of graphite enhanced the number of
micropores and consequently the surface area compared to GPT-0. This could be caused
by structural disruption. Another plausible explanation for this is that the well-dispersed
particles of graphite that do not intimately interact with starch could act as porogens
when they decomposed during carbonisation. This phenomenon may also occur with
higher concentrations of graphite. However, in those cases, the larger amounts of
graphite may cause aggregation and when partially decomposed during carbonisation,
led to bigger pores. This hypothesis was in agreement with the pore size distribution,
where increasing concentrations of graphite led to larger pores (discussed below in this
Section). Evidences of decomposition of graphite are shown below; nevertheless,
graphite was not expected to significantly decompose at the carbonisation temperatures

employed. Some possible reasons for such decomposition are:
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- The volatile compounds produced during carbonisation (e.g. organicandsulphuric
acids, CO, CO2) may create an ‘aggressive’ environment that is capable of
favouring partial decomposition of graphite. The sulfuricacids can be derived from
the p-TSA added to catalyse the carbonisation. Sulfuric acid in combination with
oxidising agents has been used for the preparation of graphite oxide from
graphite.31® Although the carbonisation conditions for the Starbon®-graphite
composites cannot be considered oxidising because it was performed under
vacuum, local oxidising environments may be created due to the high oxygen
content of starch, and the CO and CO3 released during carbonisation. Therefore,
this acidic conditions could favour the transformation of some of the graphite in
the composites to graphite oxide, which has been shown to decompose into H>0,
CO; and CO at the carbonisation temperatures of the present process.3V
Nevertheless, asthe conditions described in the literature toobtain graphite oxide
from graphite were different to those in this thesis, further work is needed to
understand if transition to graphite oxide occurred.

- The contact with the starch moleculeswhich arerichin oxygenatoms and become

soft/molten and highly oxidative at high temperatures.

These would promote decomposition of the graphite particles that were not intimately
interacting with the hydrophobic parts of the starch helixes. Only the graphite particles in

intimate interaction with starch would remain in the composite after carbonisation.
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Table 4.5 Textural properties of the Starbon®-graphite composites after carbonisation at 800 °C.

Starbon®-graphite composites carbonised at 800 °C, 30 min of BM

Material Surface area Vior Vinicro Vineso Microporosity
(m*-g*) (cm*-g?) (cm?-g) (cm?-g?) (%)
GPT-0 560.4 0.66 0.23 0.43 35
GPT-0.5 718.9 0.67 0.30 0.37 45
GPT-1 671.4 0.93 0.29 0.64 31
GPT-3 477.1 0.69 0.20 0.49 29
GPT-10 408.8 0.49 0.18 0.32 36
GPT-20 336.7 0.40 0.14 0.26 35
Graphite 47.8 0.11 0.02 0.09 18

Maximum total and mesopore volumes of 0.93 and 0.64 cm?3-g! were reached with the
sample GPT-1 and progressively decreased with increasing amounts of graphite due to

the intrinsic non-porosity of graphite.

At increasing concentrations of graphite, the number of micropores decreased along with
the total and mesopore volumes, which kept the microporosity almost unaltered (~30-

35%).

Overall, in composites with low concentration of graphite, the high porosity of Starbon®
prevailed, combining the high surface area of Starbon® with the more open porous
structure of the composites. In composites with high concentration of graphite, the
amount of Starbon® was lower and so was the surface area and pore volume of the

composite.

Carbonised GPT-0 presented lower surface area and pore volume than the S800 material
describedin Chapter 2. This showed that alterations in the preparation process did affect
the final properties of the materials. The main variations in the production process were,
the addition of the BM step and the utilization of FD instead of scCOa. It is noteworthy

that the starch/water ratio employed during gelation was slightly lower for the
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composites (0.25 instead of 0.33 g:cm™3) in order to obtain a runnier gel that could be
more easily poured in the mould. This could also affect the textural properties of the final
material. However, previous studies about Starbon® showed that the surface area and
pore volume of the materials increased with increasing starch/water ratios up to 0.05
g-cm3 point at which the trend was inverted and the textural properties decreased with
increasing concentrations of starch.?2® According to this, larger surface areas and pore
volumes would have been expected for GPT-0. The results not showing such trend
indicated that either the BM or FD steps caused the lower textural properties. Thisagreed
well with previous publications, where it was shown that FD may lead to lower surface

areas and poorer mesoporosity.31°

The addition of graphite led to the formation of a more open structure as shown by SEM
in later in this chapter, and as shown by the larger pore diameters displayed by the PSD
in Figure 4.4. The presence of larger pores could improve the flow/mass transfer/diffusion
properties of the material in, as these act as highways that direct and improve the ‘traffic
flow’ to the minor roads, the micropores.3'® Therefore, larger meso- and macroporous
channels that increase access to the micropores could be advantageous in EDLCs and

facilitate ion diffusion within the electrodes.31°
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Figure 4.4 Pore size distribution of the carbonised Starbon®-graphite composites, measured by N, adsorption
porosimetry.

The N2 adsorption isotherms of the composites are displayed in Figure 4.5. All materials
presented Type IV which was characteristic of Starbon®.231 This was in good agreement
with the results obtained for S800 in Chapter 2. As for the aerogels, the isotherm did not
present finite adsorption at high relative pressures. The hysteresis loop corresponded to
type H3 which is characteristic of slit-shaped pores.?3? This agreed well with the

observations made by SEM later in this chapter.

In figure 4.5b point “*" indicates coverage of the monolayer and beginning of multilayer

adsorption.?3?

173



b)

] i
0151 I- 0.8+ * int
' pPoin
= [ =
S / e
a °
t8-0.6~ §046—
./
3 - 8 punE
Q .’.’. 0 -'
= 0.4 = 0.4
S o
[0} [0}
o
0.2 0.2
0.0 —— 0.0 — .
0.6 08 1.0 02 04 1.0
PP, PP,
C) - . |
7 [
. |
0.8 ' 0.8
c ! c
1) 2
a : 3 0
S 06+ 'i S 06 E
n (72
Eel © 7
© ©
o o
= 0.4 J 2= 0.4 ;
< =un—a—a—0—8 o a—u—
e preza i & g
0.2+ 0.24
0.0 ———— 0.0 ———— r
06 08 1.0 0.2 04 1.0
) PP, f) PP,
1.04 = 1.0+ -
/
/
0.8 0.8
(=4 l [~
K] ’ 9
a a
S o6 I £ 06+
[72] 172
o el
@ ©
[ o | o
2 —n—= = L
= 0.4 an—0—0 = 0.4 P
L "1 L LE X --.
(12 x
0.2 0.2
0.0 —— 0.0 ———— Y
0.6 08 1.0 0.2 04 1.0
PP PP

Figure 4.5 N3 adsorption isotherms of the carbonised Starbon®-graphite composites, measured by N2 adsorption
porosimetry. The ‘* point indicates the starting point of multilayer coverage.
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4.2.2.3 Conductivity

The conductivity of starch has been shown to improve up to 10 times when 10% of
expanded graphite was added.3%* Therefore, an increase in the electrical conductivity of
the composites compared to that of pure Starbon® was expected. As a reference, the
electrical conductivity of graphite described elsewhere reached 10 S-m™.3%4 On the other
hand, Starbon® showed certain degree of electrical conductivity, but the values were < 1

S-mt,

The values for the electrical conductivities of the Starbon®-graphite composites are
displayedin Figure 4.6 and Table 4.6 and showed that increasing amounts of graphite led
to increasing values of conductivity, which reached 47.7 S-m* for GPT-10. Conductivity
slightly decreased at concentrations over 10%. This phenomenon could be explained by
the aggregation of the graphite particles, which resulted in a decrease of the electrical
percolation. This phenomenon is hypothesised to be related to structural changes
affecting conductivity. As error bars for these measurements could not be recorded,

further work is needed to corroborate this hypothesis.

The obtained values were several orders of magnitude higher than those described by
Pradhan et al. for similar graphite-starch bio-composites.3% The measurements of
conductivity were carried out by Dr. Peter Shuttleworth at the Instituto de Cienciay

Tecnologia de Polimeros of the Consejo Superior de Investigaciones Cientificas (Spain).

Table 4.6 Conductivity values of the Starbon®-graphite composites, expressedin S-m-t.

M aterial GPT-0 GPT-1 GPT-3 GPT-10 GPT-20
Conductivity (S‘m™) 0.69 1.78 19.2 47.7 36.2
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Figure 4.6 Effect of the initial concentration of graphite (%) in the electrical conductivity (S:m?) of the Starbon®-graphite
composites.

4.2.3 Further characterisation to study the interaction between starch and
graphite in the Starbon®-graphite composites

Further characterisation was carried out to gain a better understanding of the interaction

between Starbon® and graphite.

4.2.3.1 SEMandTEM

SEM imagesof GPT-20 were taken at differentstages of carbonisation. As shown in Figure
4.7, at low temperatures of carbonisation (200 °C) very large particles of graphite, with a
diameter of up to 10 um, were observed. However, at hightemperaturesof carbonisation
(800 °C) it was not possible to observe these particles which suggested that they

disappeared during carbonisation.
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Figure 4.7 SEM images of GPT-20 after carbonization at a) 200 °C and b) 800 °C.

A closer maximisation of the SEM images showed that the structure of GPT-20 presented
wider pores than that of GPT-0 (Figure 4.8). This phenomenon was consistent with the
PSD discussed in Section 4.2.2.2. The bigger pores resulted from the aggregation of the
fibres which yielded thicker pore walls. As shown in Figure 4.8, a pore wall was formed by
several fibres. Those individual fibres were measured for GPT-0, GPT-3 and GPT-20. The
width distribution showed that most of the fibres measured 25 or 35 nm in all three
samples. Therefore, the width of the individual fibres was independent of the

concentration of graphite.

In turn, the size of the graphite nanoparticles found in the carbonised GPT-20 were
measured by high resolution TEM for which the obtained values were 24 and 37 nm. The
graphite particles were therefore reduced from 10 pum down to 24 and 37 nm upon

carbonisation at 800 °C.
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Figure 4.8 SEM images of a) GPT-O and b) GPT-20 after carbonization at 800 °C; ¢) TEM of GPT-20 after carbonisation
displaying the graphite nanoparticles. The inlets correspond to magnification of the areas framed by red squares.

Interestingly, the size of the graphite particles was almost identical to that observed for
the structural fibres. This indicated an intimate interaction between graphite and starch.
A plausible mechanism was the incorporation of graphite to the starch fibre causing the
size restriction of the graphite particles, as shown in Figure 4.9. As an example of
incorporation and size restriction, Star et al. showed that CNTs could be placed inside the
helical chains of starch.32° The possible causes for the size reduction of graphite

nanoparticles during carbonisation have been discussed in Section 4.2.2.2.

Ball milling

=
+ Gelation

Carbonisation

Graphite particles, 10 um Starch fibres, 34 nm Composites

Figure 4.9 Hypothesised mechanism of interaction between graphite and starch in the Starbon®-graphite composites.

4232 TGA

As shown in Table 4.2, increasing the concentration of graphite led to lower mass loss
during carbonisation. Based on the mass residue after carbonisation, it was possible to
estimate the final concentration of graphitein the composites (Table 4.7). The theoretical

concentration of graphite was calculated according to the following formula:
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Where Tg was the theoretical concentration of graphite, mo,g and mo,c were the initial
mass of graphite and composite mixture respectively, expressed in g. mrgand mr,c were

the mass residue after carbonisation of graphite and the composite respectively,

expressed as a fraction.

The actual concentration of graphite was calculated by subtracting the mass residue of
GPT-0 to the composites” residue. Surprisingly, the values obtained were significantly
lower than the theoretically calculated (Table 4.7). These values agreed well with those
obtained by XPS (Section 4.2.3.3). Such low experimental concentrations of graphite
suggested decomposition of graphite during the carbonisation process, which was in good
agreementwith the observations made by SEM where the big graphite particles observed
at 200 °C had disappearedat 800 °C. Plausible reasons for the unexpected decomposition
of graphite were givenin section 4.2.2.2. Nevertheless, further work is needed to explore

how decomposition occurs.

Table 4.7 Final concentration of graphite (%) in the Starbon®-graphite composites carbonised at 800 °C, calculated from
TGAand XPS.

Initial Final concentration of graphite in the composites (%)
Material concentratlon of Theoretical From TGA From XPS
graphite (%)
GPT-0 0 0 0 0
GPT-0.5 0.5 2 1 3
GPT-1 1 3 2 4
GPT-3 3 15 4 6
GPT-10 10 27 6 10
GPT-20 20 49 10 12

TGA spectra of GPT-0 and GPT-20 were further processed in order to understand whether
the presence of graphite affected the decomposition pathway occurring during

carbonisation. To achieve this, spectra were normalised to the actual starch content of
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the materials and the derivatives were used to obtain the main points of decomposition,

and finally the spectra of GPT-0 was subtracted to that of GPT-20 (Figure 4.10); negative

values showed temperature ranges at which the decomposition of GPT-20 was slower

than that of GPT-0O; positive values indicated points at which the decomposition was

accelerated due to the presence of graphite. Two main changes in the decomposition

pathway could be observed:

At ~200 °Cthe decomposition of GPT-20 was significantly slower than that of GPT-
0, suggesting that the addition of graphite reduced the degree of decomposition
at low temperatures. At this range of temperatures, the main process occurring
was the crosslinking/dehydration of C-OH groups to form ether and carbonyl
groups.t32 Pradhan et al. studied the interactions between starch and expanded
graphitein composite materials, and showed that the C-OH groups of starch could
be interacting with the expanded graphite. 394 These interactions may be
occurring in the present work and could help anchoring some of the oxygen to the
structure. The reduction of mass loss at this stage of the process was in good
agreementwith the suggested interaction between the C-OH functional groups of
starch, and graphite as such interaction would decrease the C-OH available for
decomposition.

At 274 °C decomposition was accelerated, but the difference with GPT-0O was

significantly lower than observed at 200 °C.

Minor increases in decomposition rates were observed at higher temperatures (420,

600 and 690 °C). These points, in addition to 274 °C, corresponded to the molecular

transitions occurring during starch decomposition.321 322 Therefore, these results

suggested that the presence of graphite may accelerate certain molecular transitions.

This could be related to the good thermal conductivity of graphite, which would

enhance heat distribution, and therefore decomposition, across the monolith.

180



a) 206°C
Reduction of pyrolysis rate of 0.00 - - \A_m
0.1 the starch-graphite composite
600°C g90°C
» —i -0.014 420°C
o 0.04— [~ - : - P
< l V <
274°C -0.02 - Accelaration of pyrolysis rate of
0.1 Accelaration of pyrolysis rate of the:starcivgrapiila compasite
the starch-graphite composite 0.03
91 Vara’c
100 200 300 400 500 600 700 800 300 400 500 600 700 800
t°c t°c

Figure 4.10 a) Subtraction of the GPT-0 1st derivate TGA pattern to the 1st derived GPT-20 TGA pattern, and b) zoom in
the region of 300 -800 °C (figure was produced by Dr Peter Shuttleworth, at the Centro the Ciencia y Tecnologia de
Polimeros of the Consejo Superior de Investigaciones Cientfficas).

4.2.3.3 XPS

Deconvolution of Cls region of Starbon®-graphite composites exhibited six peaks
corresponding to: double bonds between sp? carbons (C=C), single bonds between sp3
carbons (C-C) and B carbons, hydroxyl groups (C-OH), ether groups (C-O-C), carbonyl
functionalities (C=0) and carboxylic-type groups (O-C=0),23° as shown in Table 4.8 and

Figure 4.11.

Table 4.8 Quantification (%) of the carbon-carbon functional groups present in the Starbon®-graphite composites after
carbonisation at 800 °C.

Composite
i N
Peak BE (eV) Functional o o ) o 8. 8
R~ Y
G G O U] © )
Cl 2846103 Cc=C 19 22 23 25 29 31
C2 285.0z%0.3 Cc-C 42 38 37 36 36 32

181



a) b)

1.4x10° 1.2x10°
\S
1.2x10° 1.0x10°
1.0x10°
8.0x10° o
2 8.0x10° o 2
O O 6.0x10'4
6.0x10°
i 4.0x10° o
4.0x10° o
2.0x10° - 2.0x10° 4
0.0 0.0
T L T L T A T L T L T 4 T v T ¥ T g 1 A T v, T i T L T L T v T » T L T L 1
206 294 292 200 288 286 284 282 280 278 206 294 292 290 288 286 284 282 280 278
Binding energy (eV) Binding energy (eV)
1.4x10° 4
1.6x10° A
s |
1210 1.4x10°
1.0x10° 1.2x10°
8.0x10° 1.0x10° -
& &
O 6ox10° i BRI
6.0x10" 4
4.0x10° o
4.0x10°
o
2,010 2.0x10° -
0.0 0.0
T L T s T ) T ¥ T b T J T L T ¥ T ¥ 1 T ¥ T ¥ T % T ¥ T ¥ T ¥ T ¥ T ~ T A
206 294 292 290 288 286 284 282 280 278 296 294 292 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)
2.0x10* o 2.0x10°
1.5x10" 1.5x10°
2 2
O 1.0x10° O 1.0x10°
5.0x10° 5.0x10" 4
C1 C1
0.0+ Cc5 0.0+ c5
T L T y T ¥ T L3 T U T X T ¥ T ¥ T ) 1 T ¥ T Y T L4 T L T L T ¥ T Y T X T N
206 294 292 290 288 286 284 282 280 278 206 294 292 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)

Figure 4.11 Deconvolution of C1s XPS spectra of a) GPT-0, b) GPT-0.5, c) GPT-1, d) GPT-3, e) GPT-10 and f) GPT-20 after
carbonisation at 800 °C. C3, C4, C5 and C6 corresponded to C-OH, C-O-C, C=0 and O-C=0 groups respectively but their
discussion was out of the scope of the project.
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It was observed that the C1 peak corresponding to C-C (sp?) bonds augmented with
increasing amounts of graphite to the detriment of the C-C (sp3) peak. This was expected
due to the chemical configuration of graphite. However, the amount of graphite observed
by XPS was significantly lower than predicted theoretically (Table 4.7). The final
concentrations of graphite obtained by XPS were in good agreement with the ones
calculated from TGA. The position and intensity of the carbon-oxygen peaks were very

similar for all materials.

The elemental composition of the carbonised composites was measured by XPS (Table
4.9). It was expected that increasing amounts of graphite led to decreasing concentration
of oxygen groups in the composites, as the added graphite did not contain oxygen
functionalities. As expected, large concentrations of graphite led to lower number of
oxygen groups. However, low concentrations of graphite favoured an increase in the
concentration of oxygen atoms compared to original Starbon®. This phenomenon may be
explained by the chemical interactions established between graphite and starch. Pradhan
et al. studied the interactions between starch and expanded graphite in composite
materials, and showed that the -C-OH groups of starch could be interacting with the
expanded graphite.3%4 These interactions may be occurring in the present work, and could
help anchor some of the oxygen to the structure. This hypothesis was in good agreement
with the delayed decomposition of the composites at low temperatures of carbonisation.
In composites with high concentrations of graphite this effect could not be observed due

to the large concentrations of graphite ‘diluting’ the concentration of the oxygen.

Table 4.9 Elemental composition (%) of the Starbon®-graphite composites calculated by XPS.

Element GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10 GPT-20

C 91.8 86.0 82.6 95.6 97.3 96.0
) 7.2 10.4 11.4 3.9 2.5 3.5
S 0.6 2.0 2.4 0.2 0.2 0.2
Other 0.4 1.6 3.6 0.3 0.0 0.3
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The presence of sulphur was alsoobserved inthe Starbon® monoliths preparedin Chapter
2 and its origin was attributed to the p-TSA added to catalyse the carbonisation. It was
observed that the amount of S was lower for composites rich in graphite. This suggested
that higher graphite concentrations interacted more with the sulfuric groups in the
manner described in Section 4.2.2.2, adding evidence in favour of the decomposition
mechanism. GPT-0.5 and GPT-1 displayed 3 and 4 times more amount of sulphur than the
material with no graphite and further work is needed to understand this phenomenon.
Traces of other elements were detected by XPS including Na, Ca and B. Traces of Na were
contained in the p-TSA added to the sample.323 B was found in stainless steel and could

have been transferred from the vessels used for BM.324

4.2.3.4 XRD

XRD analysis was used to determine the size of the graphite nanoparticles at different
stages of the process (i.e. BM, carbonisation), in order to corroborate the results obtained

from SEM and TEM.

The diffraction pattern of graphite presented two peaks corresponding to the (002)
reflections at 26.6 © and 54.8 © 26, which was in good agreement with the literature.3?
326 The small peaks observed around 45 ° 26 represented the (100) and (101)
reflections.32” A rhombohedral phase which normally coexists with the characteristic
hexagonal phase can also be found in this region represented by the (101) and (012)
reflexions.32” The out-of-plane (Lc) crystallite size of the graphite nanoparticles could be
determined by the Scherrer equation from the half maximum values of (002)

respectively.32/,328

K-2

Ly=———
¢ B-cosO
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Where the dimensionless factor K = 0.89, B = 180/(r-fwhm) represents the line
broadening at half the maximum intensity (rad), A is the wavelength of the X-ray (nm) and

© isBraggsangle (°).

XRD also allowed to calculate the distance between the graphene layers conforming the
graphite particles (doo2), expressed in nm, and the number of graphene layers present in

a graphite nanoparticles (N) using the following formulas respectively:328

P _ A
002 ™ > .sin0O

L= (N=1)-dy,

The graphite particles presented an out-of-plane thickness of 37 nm. 30 min of BM
reduced the size of such graphite particles by 32%, down to 25 nm for GPT-20. This
translated into a shorter and wider peak at 26.6 © 26 in the spectra (Figure 4.12).
Nevertheless, the peak kept its sharpness, indicating that the integrity of the crystal
structure was not significantly disrupted during the process. The doo2 obtained for both
graphite (no BM) and GPT-20 after BM was 0.334 nm. This was in good agreement with
the doo2 observed for graphite by other authors,32° and indicated that BM did not distort
the organization of the graphene layers, as doo2 was not altered. The number of layers for

graphite (no BM) and the GPT-20 mixture after BM was 111 and 76 respectively.
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Figure 4.12 XRD patterns of graphite (no BM) and GPT-20 mixture after BM.

The carbonised Starbon®-graphite composites were also analysed by XRD. The diffraction
pattern of GPT-O showed a broad band between 20 and 25 ° 26 which has been
associated to amorphous carbons.3%8 The graphitic peak at 26.6 © 26 was not present on
the S diffraction pattern. On the other hand, the composites showed both the amorphous
carbon band and the graphitic peak. The intensity of the amorphous band decreased, and
the graphitic peak sharpened with increasing concentrations of graphite (Figure 4.13).
MAGBONE®, very similar materials to Starbon®, also presented the broad band between

20 and 25°26.330
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Figure 4.13 XRD patterns a) GPT-0, b) GPT-3, c) GPT-10and d) GPT-20 after carbonisation at 800 °C.

The out-of-plane size of the carbonised composites was calculated, and values are
detailedin Table 4.10. It can be observed that the out-of-plane size was further reduced
during carbonisation, from 25.2 nm to ~20 nm. Increasing amounts of graphite led to
bigger graphite particles. However, the size reached a maximum for GPT-10 after which
it was slightly reduced in GPT-20. The number of graphene layers found in the graphite
particles for GPT-3, GPT-10 and GPT-20 after carbonisation was 57, 66 and 62
respectively, 18% lower than after BM and almost 50% lower than the initial graphite,
which was in good agreement with the decomposition of graphite described in Section

4.2.2.2.

Carbonisation had a clear effect on the organisation of graphene layers. For example,

increasing distance between layers at decreasing concentrations of graphite were
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observed (Table 4.10). This trend was expected, as lower concentrations of graphite led
to more turbostratic materials, in which the layers were not perfectly orientated and

therefore the distance between them augment.

None of these values could be calculated for GPT-0 due to the lack of graphitic peak.
However, the distance between graphene layersin ACs have been calculated elsewhere

(0.36 nm).331

As seen in Section 4.2.3.1, TEM showed that the size of the graphite particles varied
between 20 and 40 nm with maximum concentrations at 24 and 37 nm. The out-of-plane
size of the graphite particles were in good agreement with these observations, as the
obtained Lc values for the carbonised materials was just under 24 nm. Therefore, the
results obtained by XRD added further evidence to the interaction mechanism shown in

Figure 4.9.

Table 4.10 Size measurements of the graphite particles contained in the Starbon®-graphite composites, obtained by
XRD analysis.

GPT-20 Graphite

M aterial GPT-0 GPT-3 GPT-10 GPT-20 (afterBM)  (no BM)

Lc (nm) - 18.8 22.0 20.4 25.2 36.9
N - 57 66 62 76 111
dooz2(nm) - 0.337 0.336 0.336 0.334 0.334

4.3 Conclusion

Starbon®-graphite composites have been produced in the shape of discs by adapting the
preparation method described in Chapter 2 for the formation of Starbon® monoliths. The
composites combine the high mesoporosity of the Starbon® with the good electric

conductivity of graphite. Two main alterations were introduced in the process:
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- Ballmilling wasintroducedas initial step of the process to enhance the interaction
between starch and graphite. BM partially reduced the size of the graphite
particles as shown by XRD, which improved its dispersion in the polysaccharide

matrix and homogeneity of the composite.

- ScCO; drying was substituted by freeze-drying. Ethanol, which was used during
the solvent-exchanging was also replaced by TBA as it has been shown that in
combination with freeze drying this yields a hierarchical porous structure. Such
structures have improved diffusion and mass transfer throughout the pores which
has been shown to be advantageous for EDLC applications (intended for these

materials).

The obtained materials were highly mesoporous with certain degree of macro- and
microporosity. Increasing amounts of graphite favoured wider pores and higher

conductivities.

Further characterisation was carried out in order to gain better understanding about the
interaction established between graphite and starch. SEM showed that the thickness of
the carbonaceous fibresfound inthe materialswasalmostidentical tothat of the graphite
particles measured by TEM. This suggested inclusion of the graphite particlesin the fibre
and subsequent restriction of the size of such particles. This hypothesis was in good
agreement with the findings from SEM, TGA and XPS, which indicated the decomposition

during carbonisation of the graphite that was not closely interacting with the starch.

XPS showed a higher number of oxygen groups when low concentrations of graphite were
used in to the composite. In addition, TGA showed a different decomposition pattern for
composites rich in graphite and Starbon® in which the decomposition was slowed down
at low temperatures (<250 °C). Both phenomena can be explained by the interaction of
graphite with the C-OH bonds of starch, suggested in the literature for similar materials.

Therefore, graphite and starch may be bonded through such functional groups.
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The hierarchical porosity and the relatively high conductivity of the Starbon®-graphite
composites in addition to the wide availability and low cost of the raw materials (starch

and graphite) make these materials potentially good candidates to be used as electrodes

for EDLC devices as well as other possible applications.
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Power-full electrochemical double-layer
capacitors based on Starbon®
composites

Chapter 5
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5 Power-full electrochemical double-
layer capacitors based on Starbon®
composites

5.1 Introduction

Renewables sources can fulfil many times the current energy requirements.'®* However,
the main drawback of renewable sources is the lack of continuity in its generation, as
production highly depends on the time of day and weather conditions.®® Consequently,
the development of energy storage devices that can accumulate the energy generated
during off-peak times and released upon demand is vital to the success of renewable
sources of energy.1’% 13 Energy storage is also beneficial for many other applications such
as regulation of grid fluctuations, in transportation or to power portable electronic
devices.'”* Much attention is being placed in small-scale storing devices such as batteries
and EDLCs. A battery is capable of storing relatively high amounts of energy through a
chemical process which can only be released slowly.1”3 On the other hand, EDLCs store
the energy physically by charge separation of an electrolyte which allows for rapid charge
and discharge of the device.’®! However, EDLCs can only accumulate relatively low

amounts of energy per gram.181

Due to the complementary properties of batteriesand EDLCsregarding energy and power
density, EDLCs are usually presented as auxiliary devices for batteries. For example, in
hybrid and electricvehiclesEDLCs provide energy for acceleration, hill climbing or starting
in cold weather that batteries are not capable of supplying fast enough.'®® However, the
numerous advantages of EDLCs including high cycle rate, environmental stability and
safety have encouraged research on the development of EDLCs with larger capacitances

that can compete with batteries.1’9 2%
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The capacitance of an EDLC device is highly dependent on the porosity of the material
that composes the electrode (i.e. surface area) and its conductivity.8! Generally, large
surface areas are found in highly microporous materials. However, very small micropores
may not contribute to energy storage if they are not accessible to the electrolyte.°® The
presence of mesopores have shown to be advantageous as they facilitate the access to
some micropores.1?3332 On the other hand, large pores and contact between powder
particles tends to increase the internal resistance of the material.'®> In order to develop
EDLC devices with large capacity, composites containing a highly porous carbon doped
with another conductive carbon are currently being developed. For example, CNTs and
graphene enhanced the energy and power density when added to ACs.21° 225 However,

these conductive materials are expensive which increases the price of the final electrode.

The author believes that the Starbon®-graphite composites described in Chapter 4 could
be excellent candidates for EDLC applications as they combine the relatively large and
highly mesoporous surface area of Starbon® with the good conductivity and low cost of
graphite. In addition, these composites can be produced in the monolithic form avoiding

the use of binders that may deteriorate the performance of the EDLC.

5.1.1 Aimsofthework

- Test the potential applicability of Starbon®-graphite composites as electrodes for
EDLC devices by assessing their electrochemical properties using cyclic
voltammetry, galvanostatic charge discharge and electrochemical impedance
spectroscopy.

- Determination of the optimal amount of graphite in the composite to perform as

EDLCs.

5.2 Resultsanddiscussion

Among all type of Starbon®, S800 presented the most suitable micro/mesoporous ratio

(see Table 2.1 from Chapter 2) to produce electrodes for EDLC devices as highly
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microporous materials with large surface areas are generally related to high storing
capacitance when the majority of the micropores are accessible to the electrolyte.333 This
dependence on the surface area is due to the storing of the charge occurring at the
interface between the electrode and the electrolyte, and not inthe bulk of the material.8!
It has also been shown that the presence of larger pores (i.e. mesopores) improves the
diffusion of the electrolyte, enhancing the capacitance of a material and accelerating the
energy delivery rate.333 Starbon® carbonised at lower temperatures (i.e. S300 and S450)
present larger number of oxygen atoms in their structure (see Chapter 2). Although it has
been shown that the occurrence of heteroatoms can enhance the capacitance of an
electrode due to better wettability which improve the ion diffusion, and allow Faradaic
redox reactions, it also increases the internal resistance and degradability of the
electrolyte, lowering performance at fast scan rates and decreasing the number of cycles
that the electrode can complete.1®# 334,335 |n accordance with all the above, S800 was
chosen for the preparation of Starbon®-graphite composites which were used to produce

electrodes for supercapacitor devices.

The physical and chemical properties of Starbon®-graphite composites were discussed in
detail in Chapter 4 and the present chapter focuses on the determination of the
electrochemical characteristics of these materials in order to assess their applicability as

electrodes for EDLC devices.

Three electrochemical techniques are recurrently used in the literature to investigate the
electrochemical properties of a material: cyclic voltammetry (CV), galvanostatic charge
discharge (GCD) and electrochemical impedance spectroscopy (EIS).333 Applying these
techniques, it is possible to quantify essential parameters of a supercapacitor, including
its energy and power density, capacitance, life-spam and internal resistance.33° The
experimental CV, GCD and EIS measurements were carried out in collaboration with Dr
Enrique MoralesBergasatthe Centro de Cienciay Tecnologia de Polimeros of the Consejo

Superior de Investigaciones Cientificas (Spain).
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5.2.1 Cyclicvoltammetry

5.2.1.1 Shape of the cyclic voltammogram

This voltammetric electrochemical technique measures the current generated after the
application of an increasing voltage which cycles periodically.33” It provides information
about the permitted voltage window (the voltage range in which the electrolyte is stable)
and the processes governing the energy storage.333:338340 |n an ideal supercapacitor the
currentis completely independent of the applied voltage as the storing process is purely
electrostatic which is represented as a perfectly rectangular cyclic voltammogram. 181,333
The shape of the cyclicvoltammogram canbe altered by two mainfactors: Faradaic redox
reactions that produce peaks of current at the characteristic voltage of the reaction, and
the resistance to diffusion of the material which is responsible for diamond-like shaped
cyclic voltammograms.333 As the amount of oxygen in the composites was very low, as
seen in Chapter 4, observation of current peaks derived from Faradaic reactions in the
cyclic voltammogram were not expected. However, diamond-like shaped cyclic
voltammograms are frequently observed for carbon electrodes at fast scan rates of
analysis, when there is not enough time for the electrolyte to adequately diffuse in the

porous structure of the electrode, lowering the surface area available.3*!

As observed in Figure 5.1a, Starbon®-graphite composites displayed rectangular cyclic
voltammograms at slow scan rates (1 mV-s?). The lack of current peaks indicated that no
Faradaic redox reactions contributed to the energy storing process. Nevertheless, the
redox metal adsorption mechanism described in Chapter 2 suggested that Faradaic
reactions may be occurring due to the oxygen containing functionalities present in S800.
However, the small fraction of such groups (<5%) may have difficulted the observation of
Faradaic reactions on the cyclic voltammograms. Further work is needed to elucidate the
presence and role of Faradaic reactions. The increase in current observed at voltages
close to 1 V was associated to the decomposition of the electrolyte, indicating that larger

voltages should not be applied when working with an aqueous electrolyte.34?
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At fast scan rates (100 mV-s1), the presented a diamond-like cyclic shape. This
phenomenon was more pronounced for GPT-0 and GPT-0.5, which could be explained by
the presence of less accessible pores that difficult diffusion in which the electrolyte
cannot easily penetrate, lowering the surface area available.3*! For instance, GPT-0.5
presented the highest fraction of micropores (45%), which have been shown to be less
easily accessible to the electrolyte.333 In addition, the pore size distribution of Starbon®-
graphite composites discussed in Chapter 4 showed increasing pore sizes at high
concentrations of graphite, which may facilitate the diffusion of the electrolyte in those
materials. Other AC-carbon composites found in the literature also shown a diamond-like

voltammogram at fast scan rates.302 343
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Figure 5.1 Cyclic voltammogram of GPT-0 (red) and the other Starbon®-graphite composites (black) at a) slow scan rates
(1mV:-s1) and b) fast scan rates (100mV-s'1).

The capacitance of a material can be calculated from the area contained in the cyclic
voltammogram. By comparing the curves of GPT-0 (red line) to the composites it was
possible to observe that GPT-0.5 and GPT-1 presented larger capacitance than GPT-0 at
slow scan rates. Similarly, GPT-1 showed larger area and therefore better capacitance
than GPT-0 at fast scan rates. These observations were in good agreement with the

capacitance values calculated in the following section.
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5.2.1.2 Capacitance fromthe cyclic voltammogram

CV is generally used to determine the capacitance of an electrode using the following

equation:344

_(fIdV)-Z

C =
AV -m-v

where C is the electrode’s capacitance, expressed in F-g1, [ I-dV is the discharge part of
the area contained in the cyclicvoltammogram (A-V), AVisthe voltage window, expressed
in V, v is the scan rate in V-s1 and ‘m’ is the mass of active material (g) in one of the
electrodes. The multiplier 2 is used to transform the capacitance of the system into the

capacitance of the electrodes.

i i u i Wi , isisi

Capacitance iscommonly measured in a wide range of scan rates, as this isimportant for
practical applications.3#> Capacitance values closer to full performance can be obtained
at slow scan rates.338.346 |n this case, a range of scan rates from 1 to 100 mV-s* were

screened (Table 5.1).

Table 5.1 Capacitance (F-g1) values for Starbon®-graphite composites at different scan rates.

Material Scanrate mV-s?

1 2 5 10 20 40 60 80 100
GPT-0 176.1 167.2 163.0 143.1 125.0 1053 97.2 85.7 76.8
GPT-0.5 200.0 187.7 175.4 154.1 1309 1059 89.3 77.6 67.5
GPT-1 198.4 192.0 187.4 167.7 147.8 126.2 112  102.0 93.0
GPT-3 158.3 148.0 1459 130.6 1155 99.3 88.9 81.1 74.0
GPT-10 157.8 1442 136.2 119.8 1029 84.5 72.5 64.2 57.2
GPT-20 205.4 185.1 176.0 154.1 132.3 109.8 956 86.2 78.1

Interestingly, at slow scan rates the highest capacitance was obtained with the

composites that contained either very low (0.5 and 1%) or very large (20%) amounts of
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graphite, displaying valuesclose to 200 F-g "t reaching a maximum value of 205.4 F-g with
GPT-20. These materials well exceeded the performance of the GPT-0, the material with
no graphite (176.1 F-g '), and a significant number of materials described in the literature
which capacitances averagely varied between 75 and 175 F-g1.347 On the other hand,
GPT-3 and GPT-10 presented significantly lower capacitance values. These materials
exhibited low surface area compared to GPT-0, a parameter that has been shown to be
closely related to capacitance.®! Regarding GPT-3, its porosity was 15% lower than that
of GPT-0. In turn, its capacitance at low scan rates was 10% lower than that of GPT-0. This
suggested that the lower capacitance of GPT-3 was mostly caused by the reduction in
surface area. GPT-10’s surface area was 27% lower than that of GPT-0 and however, its
capacitance only decreased 10%. To understand this phenomenon, it is necessary to
clarify that the capacitance values were expressed per gram of active material (the
Starbon® fraction, without including graphite mass) following the trend followed in the
literature.?3* 344 GPT-10 contained almost twice as much theoretical graphite, and
therefore less mass of active material. That is why, even though GPT-3 presented better
absolute capacitance, the performance per gram of active material resulted almost
identical for both materials. This effect was even more pronounced for GPT-20 where the
amount of active material was halved compared to GPT-0. An explanation of why the
theoretical amounts of graphite were chosen for the calculations, and a comparison with
the capacitance values obtained from the experimental fractions can be found in later in

this chapter, in Section 5.2.4.

The capacitance of all materials decreased with increasing scan rates. This phenomenon
was commonly observed in the literature,332:343 34 gnd it was due to the electrolyte not
having enough time to penetrate in some of the smallest pores. At fast scan rates (100
mV-s1), the largest capacitances were still given by composite materials with either very
large (GPT-20) or verysmall (GPT-1) concentrations of graphite. Inthis case, the maximum
capacitance of 93.0 F-g'* was reached by GPT-1. The values obtained at fast scan rates

were within the same range than those observed in the literature, andin some cases even

higher.332,348
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A closer look showed that the capacitance wasnot lost atthe same rate for all composites;
for example, GPT-0.5 experimented the largest drop of capacitance, showing a 66% loss
at 100 mV-st comparedto its performance at ImV-s. On the other hand, GPT-1 and GPT-
3 were the most stable materials, losing 53% of their capacitance when the scan rate
increased from 1 to 100 mV:s. A similar phenomenon was also observed by Zheng et al.
who compared the performance of micro and mesoporous materials.332 They observed
that the capacitance reduction was more pronounced for microporous materials.33% This
was in good agreement with the present work, where GPT-1 and GPT-3 presented the
lowest fraction of microporosity and consequently a milder decrease of capacitance at
increasing scanrates. The lower capacitance dependence on scan ratesdisplayed by GPT -
1 and GPT-3 was also favoured by the presence of short and homogeneous diffusion path
lengths for the electrolyte in these materials.3* This was in good agreement with the
shorter Warburg regions observed for GPT-1 and GPT-3 (this is discussed in detailed later
in this Chapter, in Section 5.2.3).34° GPT-0 displayed an intermediate loss of capacitance
(56%) which led to 76.8 F-g't at 100 mV-s*. This reduction was in good agreement with
other commercial mesoporous carbons shown in the literature.332 On the other hand,
GPT-10 and GPT-20 experimented a sharp reduction of capacitance at increasing scan
rates (64 and 62% respectively). Whereas the capacitance for GPT-20 was still high at 100
mV-s7 due to its good performance at slow scan rates, GPT-10 was consistently the least
capacitive material at both slow and fast scan rates, due to its low surface area and

relatively large microporosity.
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Figure 5.2 Capacitance retention (%) of GPT-0 (red) and the other Starbon®-graphite composites (black) at different
scan rates (mV-s'1).

The high values of capacitance shown by GPT-1 and GPT-20, two composites with very
different composition and physicochemical properties, can be understood by looking at

their surface area and conductivity:

- Surface area. As discussed in Chapter 4, graphite can be considered non-porous
with a surface area of 47.8 m2-gL. In consequence, the addition of graphite to
Starbon® decreased the surface area of the composite with the exception of GPT-
0.5 and GPT-1 in which small amounts of graphite led to slightly higher surface
areas. When the majority of the pores are accessible to the electrolyte, a high
surface area has been associated to better capacitive behaviour and thus, 333 the
large values of capacitance observed for GPT-0.5 and GPT.1 can be explained by
their good surface area (Figure 5.3).

- Conductivity/internal resistance. The conductivity of the composites significantly

improved with increasing amounts of graphite. Therefore, the large capacitance
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shown by GPT-20 was due to the good conductivity of these materials(Figure5.3).
From the data discussed in Chapter 4 it was noteworthy that GPT-10 presented
higher conductivity and surface area than GPT-20 and however, it displayed lower
capacitance. This phenomenon can be explained by the mass of active material
contained in each composite; graphite is considered non-active due to its lack of
porosity and therefore the amount of active material decreased with increasing
concentrations of graphite being as low as 50% for GPT-20. Thus, although GPT-
10 displayed higher absolute capacitance than GPT-20, the latter presented better

performance per gram of active material.
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Figure 5.3 Schematic representation of the main factors affecting the capacitance of the Starbon®-graphite composites.

5.2.2 Galvanostatic charge discharge

5.2.2.1 Shape of the galvanostatic charge discharge curves

GCD is a static technique in which the variation of voltage with time is measured when a

current pulse is applied.3>° This technique is used to assess the performance of the
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supercapacitor, including its stability, capacitance, internal resistance and energy and

power density,3°1353

The triangular shape of the charge discharge curves observed in an ideal EDLC device
indicates that the capacitance is mainly due to the double layer effect.3>* Faradaic
reactions would distort the linearity of the discharge curve.3>* The equivalent series
resistance (ESR) described below also affect the triangular shape, by creating an ohmic

drop at the beginning of the discharge curve.3>>

As shown in Figure 5.4a, at low currents, the charge discharge curved for Starbon®-
graphite composites were linear and triangular suggesting that the capacitive behaviour
was mostly attributed to the double layer and no Faradaic reactions were taking place.3>*
Nevertheless, as mention in Section 5.2.1, the oxygen-containing functionalitiesin S800
may be causing Faradaic reactions difficult to detect due to the low concentration of such
groups (<5%). Both sides of the ‘triangle’ were symmetrical highlighting the good
reversibility of all materials.3*® In addition, no ohmic drop was observed at low current
densities which indicated good diffusion of the electrolyte into the materials’ pores, as
explained in detail later in this section. On the other hand, the galvanostatic curves
obtained at high current densities presented ohmic drops for all materials (Figure 5.4b).
Xu et al. who prepared similar composites of AC-CNT, also observed increasing ohmic
drops at higher current densities.?>*® GPT-0 and GPT-0.5 presented the largest ohmic
drops reaching values of 0.89, in contrast to GPT-1 and GPT-3 with ohmic drops < 0.63.
As the ohmic drop is related to the ESR, the differences observed can be explained by
discussing the ESR which is the resistance of the system.3>¢ Several factors contribute to
the ESR and such contributions can be grouped in two categories: electronic and ionic
contributions.3>3 The electronic contribution includes the intrinsic resistance of the active
material, and the contact resistance between carbon particles, and between the
electrode and the current collector.3>” The ionic contribution includes the ionic transport
inside the pores, the double layer and the electrolytic solution.3>3 In this work, the

materials were built as monoliths and therefore the contact resistance between carbon
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particles can be disregarded. In addition, the contact resistance between the electrode
and the current collector, and the ionic transportation in the double layer and the
electrolytic solution were common to all systems. Therefore, ESR provided information of
the intrinsic resistance of the active material and the diffusion of the electrolyte in the
pores. In accordance to this, higher ESR could be indicative of limited mobility of the
electrolyte inside the porous structure.3°® Minimisation of all these factors can improve

the performance of the system.3>/
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Figure 54 Galvanostatic charge discharge curves for GPT-0 (red) and the other Starbon®-graphite composites (black) at
current values of a) 1 mA and b) 200 mA.

The ESR (Q) can be calculated from the ohmic drop (V) observed in the galvanostatic

charge discharge curves according to the follow equation:3°4

_ Ohmic drop

ESR
I

Where | was the applied current (A). Therefore, ESR values for the different materials
were obtained from the slope of the plot representing the ohmic drop against current
density shown in Figure 5.5 where higher slopes indicated larger values of ESR. Numeric

values can be found in Table 5.2.
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Figure 5.5 Relation between the ohmicdrop (V) and the current density (A) of GPT-0 (red) and the other Starbon®-
graphite composites (black).

As seen above and in Table 5.2, GPT-0 and GPT-0.5 showed the largest ohmic drops and
therefore ESR (3.6 and 3.7 Q respectively). This was indicative of high internal resistance
and non-favourable distribution of the electrolyte. This was in good agreement with the
low conductivity observed for GPT-0 in Chapter 4. In addition, those materials were highly
microporous which has been previously associated to limited diffusion of the
electrolyte.332 On the other hand, GPT-1 and GPT-3 displayed the lowest ohmic drops,
leading to ESR values of 2.2 and 2.0 Q respectively. This was consistent with the lower
microporosity and higher conductivity shown by these two materials compared to GPT-0,
and indicated good diffusion of the electrolyte in their porous structure.34! Consequently,
despite its poor conductivity, the combination of high surface area, large pore volume
and the presence of relatively large pores (d=11.4 mm) in GPT-1, favoured the diffusion
of the electrolyte. Instead, GPT-3 displayed lower surface area and pore volume, but its
good conductivity and relatively low concentration of small pores balanced this out,
contributing to the good diffusion of the electrolyte. These results were in good
agreement with the impedance results, discussed later in this chapter, in Section 5.2.3,
where it was also possible to observe good electrolyte diffusion for GPT-1 and GPT-3. The

microporous fraction of GPT-10 and GPT-20 was very similar to that of GPT-0. However,

204



the ESR values obtained for those materials were lower. This could be explained by the
much higher conductivity displayed by this materialsin comparison to GPT-0. Lu et al.,
who prepared similar composite materials combining AC and CNTs, observed that the
composites displayed lower ohmic drop compared to the AC, in good agreement with the

results of the present work.3°°

Table 5.2 Equivalent series resistance (ESR) for Starbon®-graphite composites calculated from the galvanostatic charge
discharge curves and expressedin Q.

Amount of graphite (%) 0 0.5 1 3 10 20
ESR(Q) 3.6 3.7 2.2 2.0 3.2 3.0

5.2.2.2 Coulombicefficiency

From the GCD curves was also possible to calculate the coulombic efficiency (CE)
according to the equation described below.3%°% CE shows how much of the energy stored

during the charging process it is possible to recover during discharge.3°3 360

t
CE=t—d-1OO

Cc

Where tq4 and tc are the times of discharge and charge respectively (s).

As seen in Table 5.3, the CE of the composites decreased with increasing concentrations
of graphite when the measurements were performed at low current densities, reaching
a maximum of 97.7% for GPT-0.5 and lowering to 89.0% for GPT-20. The CE for GPT-0 was
comparable to that of GPT-20. This showed that low concentrations of graphite allowed
to discharge almost all the energy stored during charging. However, in GPT-0 and high
concentration composites, a loss of 10% was observed. The charge discharge efficiency
has been shown to be between 0.85-0.98 and therefore the CE of Starbon®-graphite
composites compared well with other electrochemical capacitors shown in the

literature.2%3 On the other hand, the opposite trend was expected, as increasing amounts
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of graphite should favoured electron mobility in the network of the composite.361 As
values for comparison could not be found in the literature, future work is needed to

understand this phenomenon.

The coulombic efficiency of some of the composites suffered a significant drop at high
currents (24-47% variations) with the exception of GPT-1 and GPT-3 which CE only
decreased 7.7 and 3.0% respectively. The enhanced performance of GPT-1 and GPT-3
could be attributed to better electron mobility which contributed to a more effective

charging and discharging process and avoided energy loss as heat.361

Table 5.3 Coulombic efficiency (%) at low (1mA) and high (200 mA) working currents for Starbon®-graphite composites.

hi
Graphite content CE at1 mA (%) CE at 200 mA (%) CE variation (%)

(%)
0 90.9 66.7 24.2
0.5 97.7 50.0 47.7
1 96.6 88.9 7.7
3 93.5 90.5 3.0
10 92.6 46.2 46.4
20 89.0 54.5 34.5

5.2.2.3 Capacitance fromthe galvanostatic charge discharge curves

GCD can also be used to calculate capacitance applying the following equation: 362

I - At
m-AV

C =

Where Cis the specific capacitance (F-g?), I is the current during the discharge (A), At is
the discharge time (s), m is the active mass of one of the electrodes (g) and AV is the

voltage window applied (V).
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The capacitance measured at low currents followed the same trend that the values
obtained by CV, the composites with either very low or very large amounts of graphite
are the ones showing the best capacitances (comparison between the different methods
is displayed later in this chapter, in Figure 5.12). It is noteworthy that the absolute values
are typically not comparable as both techniques are significantly different and therefore
differences may occur.3®3 The variations within the results generally arise from
differences in the current density. According to Stoller et al., who assessed the best
practical methods to studied the electrochemical performance of supercapacitors, GCD
was the preferred method to determine the capacitance of the system as this
methodology correlated better on how a load is applied to supercapacitor devices.3*
Nevertheless, the obtained values were similar to those obtained by CV, and were found
within or above the average performance displayed by other carbon materials used in
EDLC devices(75-175 F-g1).34’ The values of capacitance calculated from GCD ata current

density of 1 mA are shown in Table 5.4.

Table 5.4 Capacitance (F-g1) of Starbon ®-graphite composites measured using the galvanostatic charge discharge
curves.

Amount of graphite (%) 0 0.5 1 3 10 20
Capacitance (F-g1) 177.4 212.7 204.5 148.5 137.6 172.4

GCD measurements were carried out within a range of currents from 1 mAto 280 mAin
order to study the effect of increasing current in the capacitive behaviour. The
capacitance values for different currents within a window between 2-280 mA (~0.2 — 25
A-g1) can be found in Appendix 2. Figure 5.6 displayed the relation between capacitance
and current density. It showed that the capacitance of Starbon®-graphite composites was
highly dependent on the current, especially at currents below 10 mA, as the capacitance
decreased at least 15% in this region. The capacitance loss was similar for all materials at
currents below up to 10 mA (current densities of ~1 A-g1). However, at current values

over 10 mA, GPT-1 and GPT-3 displayed lower dependency on current as the slope of
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capacitance loss was less steep than that for the other materials. This can be attributed
to a more favourable ion transportation of the electrolyte in these composites.34! GPT-20
presented anintermediate slope, as its relatively high degree of microporosity may limit
diffusion of the electrolyte, but its good conductivity can enhance the charge transport.
Other carbon-carbon composites found in the literature also presented a steep slope at
low current densities that turned less abrupt at higher energy densities. For example,
Chenetal., who prepared AC-CNTs composites, alsoobserved a steeper slope upto 1 A-g"
1 which progressively flattened.3®! In other cases, the capacitance dependence on
current density was much lower and such phenomenon was ascribed to good porous
network and god conductivity that allowed for enhanced diffusion.341-364 GPT-0, GPT-0.5
and GPT-1 were measured during the same experimental process, and therefore the peak

observed at 13 A-g1it was likely caused by a defect during the experiment.
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Figure 5.6 Effect of the current density on the capacitance of GPT-0 (red) and the other Starbon®-graphite composites
(black).
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5.2.2.4 Stability

10000 consecutive charge discharge cycles were performed to assess the stability of the
materials over time. As shown in Figure 5.7a, all materials showed good retention of the
initial capacitance, displaying over 86% of their original capacitance after 10000 cycles. In
the inset of Figure 5.7a, it is possible to observe that the composites with larger
concentrations of graphite (3, 10 and 20%) were more stable, showing over 95% of the
initial capacitance after 10000 cycles. In contrast, GPT-0 showed the poorest stability,

with a 14% decrease from its original capacitance (Table 5.5).
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Figure 5.7 Performance of GPT-0 (red) and Starbon®-graphite composites (black) during the first 10000 cycles expressed
as a) capacitance retention (%) and b) coulombic efficiency (%).

The enhanced stability of GPT-3, GPT-10 and GPT-20 may be attributed to the mechanical
and textural properties of the composites resulting from the addition of graphite. For
example, Noked et al. showed that the stability of AC was enhanced after the addition of
CNTs.3%> Deng et al., who observed that the addition of CNTs to AC nanofibers improved
the cyclic stability of the materials, attributed this phenomenon to the fibrous-like
structure of the composites, which prevented the exfoliation of the material.?*! As shown
in Chapter 4, the sponge-like configuration observed in Starbon® changed to more
fibrous-like structure for the Starbon®-graphite composites, which could explain the

observed increased stability for the composites with higher concentrations of graphite.
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Table 5.5 Capacitance retention (%) of Starbon®-graphite composites after 10000 galvanostatic charge discharge cycles
measured at 25 mA.

Amount of graphite (%) 0 0.5 1 3 10 20
Capacitance retention (%) 86.0 89.9 87.1 99.5 95.9 98.0
Coulombic efficiency (%) 98.3 100 97.1 100 98.1 97.2

The coulombic efficiency is generally used to evaluate the stability of the electrodes over
time.3>* As shown in Figure 5.7b, the CE of all materials was over 97% after 10000, which
was indicative of good capacitive behaviour and cyclic stability.3® Taking into
consideration the current effects and allowing for the first scan difference, this was in

good agreement with results observed in Section Error! Reference source not found..

5.2.2.5 Energy and power density

Energydensity is animportant parameter for the characterisation of supercapacitors that
measuresthe amounts of energy that can be stored by a specificmaterial.1”> Onthe other
hand, the power density determines how fast such energy can be released.’> EDLC
devices are characterised for showing rapid discharge rates (high power densities) but
low energy densities when comparedto batteries.1®4 The reasonfor these differenceslies
on the way the energy is stored in each device; while batteries store the energy in the
bulk of the material, EDLC accumulate the charge in the surface of the electrode. 8% 194
Therefore, EDLC are capable of much rapid deliveries as there is no ionic conduction
limitation from the bulk of the electrode.®* In addition, EDLCs do not present the kinetic
limitations characteristic of the battery redox processes.>®* In turn, as EDLC devices can
only store energy in the surface of the material, the amount of energy per mass of

material accumulated by a battery is significantly higher.1%*

Energy (E), expressed in Wh-Kg™®, and power density (P), in W-Kg! were calculated

according to the following equation:367-369
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Where C was the capacitance in F-g1, AV represented the voltage of a full discharge
disregarding the ohmic drop (V) and At was the discharge time in seconds disregarding

the ohmic drop.

The Ragone plot of Starbon®-graphite composites is represented in Figure 5.8, from which
it was possible to observe that power density significantly improved at increasing current
values for all materials. This trend was also observed for other similar carbon composites
materials in the literature.348 3% 370 Interestingly, the power densities of some of the
materials stabilised and even decreased when the highest currents were applied.
Highlighted in blue are the energy/power densities obtained at 280 mA (which was the
highest current used in the experiment). As indicated by the blue markers, power density
suffered a considerable drop for GPT-0, GPT-0.5, GPT-10 and GPT-20 in a lower extend,
whereas the variation for GPT-1 and GPT-3 was minimal. This sudden decrease has been
attributed by other authors to large values of internal resistance which caused dissipation
of large amounts of energy during the charge discharge process.3’° Thistrend was in good

agreement with the ESR values calculated above.

The highest power density was recorded with GPT-20, reaching 11.4 kW-kg™ ata current
of 180 mA. This was higher than the average power density observed in supercapacitor
materials (1-10 kW-kg™).1°4 As an example, the AC-CNTs composites described by Xu et
al. displayed a power density of 7.3 kW-kg* at similar currentdensities.3*8 GPT-1and GPT-
3 showed maximum values of 9.9 and 10.4 kW-kg, at a current of 280 mA. Although the
power densities observed for GPT-0, GPT-0.5 and GPT-10 were lower, these values were
still in the same range than those for other carbon supercapacitors, being 5.7, 5.8 and 7.7

kW-kg? respectively, at current densities of 160, 160 and 180 mA.1%4
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As seen inFigure 5.8, the energy density did not varysignificantly atlow current densities.
In contrast, it drastically decreased at high currents for some of the electrodes. A similar
trend was observed for similar materials in the literature. 34839370 This phenomenon
responds to a significant amount of energy being dissipated as heat and can be explained
through the energy density formula displayed above taking into account that the ohmic
drop was subtracted from the voltage window. This formula showed that the energy
density is proportional to the capacitance and the square of the voltage window, and

therefore the ohmic drop.3%°

- Atlow current values, the ohmic drop was negligible and thus, the voltage window
was close to 1 V. Therefore, the term of voltage window can be disregarded, and
the energy density was proportional to the capacitance. According to this, the
energy density followed the same trend than that observed for the capacitance
values calculated by GCD, where GPT-0.5 and GPT-1 presented the highest values
and GPT-3 and GPT-10 the lowest (Figure 5.9).

- On the other hand, at high currents the ohmicdrop was moressignificant, lowering
the value of the voltage window term (< 1 V). As the voltage factor was squared
and lower than 1, it had more weight in the final result, and therefore the energy

values decreased at high currents (Figure 5.9).

According to the above, materials with larger ohmic drops were expected to present
a more significant drop in energy density. In agreement with the ohmic drops
discussed in Section 5.2.2.1, where GPT-0 and GPT-0.5 presented the largest drops
and GPT-1 and GPT-3 the smallest, GPT-0 and GPT-0.5 show the most noticeable
reduction in energy density, by more than two orders of magnitude, at 280 mA. On
the other hand, GPT-1 and GPT-3 showed a relatively small loss of energy density at
the same current. As previously discussed, the ohmic drop represented the internal
resistance and the resistance to the electrolyte’s diffusion; the larger this resistance,
the more energy was lost as heat, and therefore the less energy can be stored in a

certain electrode.3>8
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5.2.3 Electrochemical Impedance Spectroscopy (EIS)

The term impedance refers to the opposition that a circuit presents to a passing current
when certain alternating voltage is applied.3’! In an oversimplified manner, it can be
described as the ‘resistance’ in an alternating current circuit.3’? Impedance also accounts
for other phenomena that impede the current from flowing in a cell (e.g. capacitance,
inductance, diffusion). Nevertheless, it isimportant to note that impedance is described
in terms of both magnitude and phase, as opposed to a resistance that only presents
magnitude.3’2 Impedance can be, in turn, separated in two components: real and
imaginary impedance, both measured in ohms. The real part of the impedance can be

determined from the resistance, and the capacitance determines the imaginary part.3>®

EISis a technique that allows one to measure the impedance of an electrode and allow to
identify the differentelectrical propertiesof the material (i.e. capacitance).3’2Tomeasure
impedance, an alternating voltage is applied over a range of frequencies and the
variations in magnitude and phase are analysed.3’3 Data is usually represented in a
Nyquist plot which shows the imaginary part of the impedance over the real
impedance.3’ In an ideal capacitor, the Nyquist diagram displays a vertical line separated
from the ‘Y’ axis by the solution resistance (Rs).3’# However, a carbon supercapacitor

generally displays three very differentiated regions in the Nyquist plot:348 349,366,370

- Athighfrequencies, the currentalternatesvery rapidlyand the electrolyte has not
enough time to diffuse inside the pores. Therefore, this region is characterised by
a lack of mass transfer and the aggregation of the charge in the surface of the
electrode which is directly in contact with the bulk of the electrolyte only.37> At
these frequencies, the device presents a dominant resistive nature.3>8
In the Nyquist plot this regionis generally represented by a semicircle. The point
at which this semicircle intercepts the ‘x” axis is known as the Rs (Figure 5.10),
which comprises the resistance of the electrolyte in contact with the current

collector and the electrode.3® 376 By extrapolation of the linear section at low
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frequency regions and the ‘x” axisitis possible to calculate the internal resistance
of the material.3>* 37 The other extreme of the semicircle is known as the knee
point, at which the capacitive behaviour starts.3’? The diameter of the semicircle
provides the values of ESR (Figure 5.10) which gives information about the
resistance to the electrolyte’s diffusion in the porous structure.3>8 Higher ESR are
related to poor diffusion, whereas lower ESR indicates good distribution of the
electrolyte through the porous structure.3>8

It is noteworthy that different interpretations of the Nyquist plot semicircle were
found in the literature.348 349 366,376 The methodology followed in the present
work was adopted following discussion consulted with the electrochemical expert
who collaborated in the project.33

The capacitive behaviour observed at medium frequencies is mainly derived from
macro- and mesopores because the frequency alternates slower than at high
frequencies and the electrolyte can diffuse in the large pores (i.e. meso- and
macropores).3’>

In the Nyquist plot this region, also known as Warburg section (Figure 5.10), can
be usually identified by a straight line at an angle of approximately 45° with the X
axis at the knee point.34° It indicates that ion diffusion is frequency dependent.34°
At low frequencies, the current alternates slowly giving time for the electrolyte to
penetrate even in the smallest pores, which now can contribute to the
capacitance (Figure 5.10).37° In the Nyquist plot appears as a vertical straight line

after the Warburg region.3””
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Figure 5.10 Schematic representations of the typical Nyquist plot of a carbon electrode.

To measure the impedance, an alternating voltage was applied at different frequencies
within the range of 0.005 and 500000 Hz. Figure 5.11 shows the Nyquist plot of Starbon®-
graphite composites in which it is possible to observe that all materials presented the
characteristic shape given by carbon supercapacitors, with a straight and almost vertical
line at low frequencies, a Warburg region in the middle area and a semicircle at high

frequencies.

A closer look to the high frequency regions (inset of Figure 5.11) showed that the
intercept of the semicircle with the ‘x’ axis, which represented the Rs of the system,
slightly decreased at increasing concentrations of graphite (see Table 5.6). This could be
indicative of a lower contact resistance between the electrode and the electrolyte. A
similar phenomenon was observed by Yi et al., which who prepared mesoporous carbons

doped with CNTs. Yi et al. results showed lower Rs values for the composite materials
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compared to the sample with no CNTs. This suggests that a higher degree of

graphitization reduced the contact resistance between the electrode and the electrolyte.

The values of ESR were obtained from the diameter of the semicircle and are listed in
Table 5.6. The semicircles with the largest diameter, and therefore the largest ESR values,
were shown by GPT-0.5 and GPT-0. On the other hand, the smallest ESR was displayed by
GPT-3 followed by GPT-1. Although the absolute values did not match those obtained by
GCD, the trend observed was the same, and therefore the same reasons explained in
Section 5.2.2.1 apply here. The absolute values calculated by EIS were smaller than those

obtained by GCD, which has also been observed in previous studies.3>8

The knee point (Table 5.6), which shows the starting point of the capacitive behaviour, is
marked by end of the semicircle.3’%As the Rs values (beginning of the semicircle) were
very similar for all materials, the knee points followed the same trend observed for the
ESR where GPT-3 displayed the earliest knee point. Its capacitive behaviour appeared at
higher frequencies (540 Hz) than for the other materials, which was indicative of better

rate performance.3/9

All six materials presented a Warburg region as seen by the angled lines appearing after
the knee point in the inset of Figure 5.11. This phenomenon indicated that the diffusion
in Starbon®-graphite composites was frequency dependent.34° At low frequencies, all
materials presented an almost vertical straight-line indicative of pure capacitive
behaviour.??? An ideal capacitor would present a vertical line parallel to the ‘y" axis.3’
Gamby et. al suggested that deviations from the ideal model are due to the wide pore
size distributions observed in carbon materials, as the penetration depth of the alternate
signal decreased with frequency.?’” According to this, in carbons with wide pore size
distribution the signal would only penetrate in the largest pores at a specific high
frequency. At lower frequencies, the signal would be capable to penetrate in smaller
pores, resulting in a deviation from the vertical line.?2° The present work was in good

agreement with the results observed for other carbon and carbon-carbon composites
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described in the literature; such materials also presented deviation from the ideal

behaviour.341, 343,361,379
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Figure 5.11 Nyquist plot of GPT-0 (red) and the other Starbon®-graphite composites, and the amplification of the high
frequencyregion (inset).

Table 5.6 Parameters of the Starbon®-graphite composites, obtained from the high frequency region of the Nyquist
plot.

Material Rs (Q) Knee point (Q) Knee point frequency ESR(Q)
(% GPT) (Hz)
0 0.35 1.57 113 1.22
0.5 0.31 1.55 87 1.24
1 0.30 0.99 149 0.69
3 0.31 0.61 540 0.30
10 0.28 0.92 439 0.64
20 0.22 1.03 236 0.81
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The capacitance of the electrodes was calculated from the impedance data using the

following equation:33°

1

C=—F"5—
n-f-Z"-m

Where C was the capacitance in F-g1, f represented the frequency in Hz, Z” was the
imaginary part of the impedance in Q and m the active mass of the electrode in grams. As
discussed above, the absolute values of capacitance calculated from different techniques
are typically not compared. However, the results obtained from EIS showed a similar
trend to those obtained from CV and GCD (Figure 5.12), with very low or very high
amounts of graphite leading to the best capacitance values. Nevertheless, the obtained
values were similar to those obtained by CV, and were found within or above the average

performance displayed by other carbon materials used in EDLC devices (75-175 F-g1).347
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Figure 5.12 Capacitance (F-g1) of Starbon®-graphite composites calculated by CV (blue), EIS (red) and GCD (green).

219



The phase angle is the phase difference between voltage applied to impedance and the
current driven through it.372 The representation of this parameter over frequency is
known as the Bode plot and gives information about the capacitive behaviour of an
electrode.3’? Figure 5.13a, showed phase angles close to -90° at low frequencies for all
samples which suggested good capacitive behaviour, as the phase angle for a pure

capacitor is -90°.372:380.381 On the other hand, pure resistors present a phase angle of

0° 372

GPT-0.5 followed by GPT-1 presented the closest values to -90° with 87.0 and 85.3°
respectively indicating enhanced capacitive behaviour compared to the other
composites. This was in good agreement with the lower ESR observed for GPT-1 and GPT-
3in Section 5.2.2.1. The peak observed at high frequencies of the Bode plot was related

to the semicircle observed in the Nyquist plot.

The real (C’) and imaginary (C”) parts of the capacitance, expressed in F, were calculated

according to the following formulas:3/8

) B —Z”((l))
we N Z'()

Where Z' and Z” are the real and imaginary parts of the impedance, w is the angular

frequency and |Z(w)| is the modulus of the impedance.

C"was plotted againstfrequencyas displayed in Figure 5.13b. Thisgraphis good indicative
of whether the maximum value of capacitance has been reached.3’8 It was possible to
observe that capacitance was highly dependent on frequency, as al low frequencies the
capacitance increased dramatically. Although the values of capacitance observed at very

low frequencies in the C’ plot where in the same range to those calculated from the
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constant current experiments, the maximum capacitance (shown at 0.005 Hz) were lower
than those calculated by CV and GCD in previous sections. This phenomenon suggested
that at such frequency not all the pores were filled with electrolyte and therefore the

maximum capacitance was not reached.3/8 38

a) o

-60 4

Phase angle (°)
A
o
1

E‘Aé\_
\ i AT N . . TR
i B ARt maa s S - e R a e T e
10+ 10° 10% 10" 10° 10" 10* 10° 10° 10° 10°  10% 10" 10° 10" 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)

—=— GPT-0
—— GPT-0.5
—e— GPT-1
—0— GPT-3
—&— GPT-10
—4— GPT-20

0.0 L | L3 | b | ) y L | L7 ) 0
10® 10% 10" 10° 10" 10° 10° 10° 10°

Frequency (Hz)

Figure 5.13 a) Phase angle (°), b) real (C’) and c) imaginary (C”) capacitance (F) of Starbon®-graphite composites as a
function of frequency.

Figure 5.13c displayed the imaginary capacitance over frequency. The peak observed at
low frequencies in the C” graph can provide with valuable information about the
relaxation time (to) of certain material, which indicates how fast the electrode can be
charged or discharged. Fast relaxation times have been associated to better reversibility

and efficiency.3** Such a parameter can be calculated from the frequency at the peak’s

maximum (fo in Hz) through the following formula:378
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The results are listed in Table 5.7 where it was possible to observed that GPT-3 and GPT-
20 offered the fastest discharge times with 0.94 s, followed by GPT-1 with a discharge
timeof 1.22 s. GPT-10 also presented a fastrelaxationtime (1.43s). These short relaxation
times can be explained by their relatively good conductivity, as seen in Chapter 4, and
their good diffusion properties, as discussed in the present chapter. The enhanced
relaxationtime of GPT-3 was in good agreementwith the low ESR obtain for this material.
Although GPT-1 presented slightly better ESR and therefore better diffusion of the
electrolyte, GPT-20 was more conductive, which resulted inslightly lower relaxationtimes
compared to GPT-1. On the other hand, GPT-0 and GPT-0.5 presented the longest
discharge time with 2.1 and 3.6 s respectively due to their poor conductivity and larger
resistance to diffusion of the electrolyte. The relaxationtimes described in the present
work were within the range of those described for similar carbon and carbon-carbon
materials.3%*383 For example, the ordered carbonaceous materials described by Feng et
al.displayed relaxationtimeshigher than most of the Starbon®-graphite composites (1.58
and 2.43 s).3%* On the other hand, Portet et al. showed that CNTs displayed faster
relaxation times (0.7 s).383 Nevertheless, this was partially attributed to the lower
capacitance of the material and not entirely to an outstanding performance as

supercapacitor.383

Table 5.7 Relaxation time (s) of Starbon®-graphite composites.

Composites GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10 GPT-20
Discharge time (s) 2.09 3.60 1.22 0.94 1.43 0.94

5.2.4 Effect of the active material on capacitance

The capacitance values calculated in this chapter used the theoretical concentration of

graphite after carbonisationto calculate the values of capacitance. It was noteworthy that
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the real concentration of graphite calculated by TGA and XPS in Chapter 4 was lower that
the theoretically calculated. The capacitance values using the experimental values

obtained by XPS are displayedin Table 5.8.

Table 5.8 Comparison of the capacitance values (F-g?!) calculated using experimental and theoretical concentrations of
graphite in the material.

Capacitance (F-g?)
Technique GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10  GPT-20
CV -Theoretical 176.2 200.0 198.4 158.2 157.8 205.4
CV - Experimental 176.2 202.9 200.2 143.6 127.3 118.5
GCD - Theoretical 176.2 212.7 204.5 148.5 137.6 172.4
GCD - Experimental 176.2 216.2 206.1 134.5 111.0 99.6

EIS - Theoretical 176.2 194.4 161.4 1134 110.5 137.5
EIS - Experimental 176.2 197.6 162.8 102.7 89.1 79.4
Difference (%) +0 +1.6 +0.9 +9.4 -19.4 -42.2

Composites with low concentrations of graphite presented almost identical values of
capacitance to those described above. This can be explained by the very low variationin
graphite content calculated from the theoretical and experimental method. On the other
hand, significant changes were observed for GPT-10 and GPT-20 which capacitance
calculated from the experimental values were up to 30 and 80 F-g! lower. Such variation
was due to the difference between the theoretical and experimental concentrations (17
and 37% lower for GPT-10 and GPT-20 respectively). The theoretical and experimental
concentrations of graphitein GPT-3 differedin 10% and therefore the variationsobserved
in capacitance were < 15%. Although the experimental values were lower, they still fell
within the average values of capacitance observed for carbonaceous electrodes and in
some cases were even higher than other materials described in the literature.194 343 364
For example, the AC-CNTs composites developed by Azam et al. and the mesoporous
carbon-CNTs composites described by Qian et al. displayed maximum capacitance values

of 60 F.g—1_343, 364
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The theoretical values were chosen to carry out the electrochemical studies in order to
study the maximum performance that could be achieved with Starbon®-graphite

composites.

5.3 Conclusion

The results discussed in this chapter showed that Starbon®-graphite presented high
capacitance values, displaying similar or higher values than other composite materials in
the literatureandreaching 177.4 and 212.7 F-g ! respectively. In all cases, the capacitance
was due to the double layer effect. It has been shown that the addition of graphite during
Starbon® preparation can improve the performance of this material as an electrode for
energy storage applications. Interestingly, different concentrations of graphite enhanced

different electrochemical properties:

- Low concentration of graphite in the composites (GPT-0.5) led to values of
capacitance over 200 F-g* at low current densities due to the enhanced surface
area observed in this material. On the other hand, such capacitance was
significantly reduced at increasing current densities. This type of material also
presented large resistance to diffusion of the electrolyte symbolised by a high
ohmic drop that ledto substantial reductions of the energy density at high current
values. The coulombic efficiency, although very high at low current densities,
decreased drastically at high currents. This material also displayed a 10%
reduction of its original capacitance after 10000 cycles.

- Medium concentrations of graphite (GPT-1 and GPT-3) presented the optimal
porous network in terms of electrolyte diffusion which was indicated by low ohmic
drops and small reduction of capacitance, power and energy density at increasing
current densities. In addition, GPT-1 presented high values of capacitance, over
200 F-g* atlow current densities and just below 100 F-g* athigh valuesof current.

On the contrary, due to its lower surface area, GPT-3 displayed much lower values

224



of capacitance. On the other hand, GPT-3 showed excellent capacitance retention
(99.5%) after 10000 cycles while GPT-1 retained 87%.

- Large concentrations of graphite (GPT-20) led to relatively high values of
capacitance (172 F-g1) atlow current densities. Nevertheless, these results were
lower than those showed by GPT-0. This type of composite presented values of
power density that exceed the average results found in the literature and can
retain 98% of its initial capacitance after 10000 cycles. On the other hand, the
capacitance was not well preserved with increasing current densities and the
coulombic efficiency was also notably affected by increasing the current.

GPT-10 also contained large amounts of graphite. However, it displayed the
smallest value of capacitance due to its low surface area and the relatively low

concentration of active material in comparison to GPT-20.

Overall, GPT-1 presented the optimal textural properties that allow for good diffusion of

the electrolyte and high capacitance, energy and power density.
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Concludingremarksand future
prospects
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6 Conclusions and future work

6.1 Concluding remarks

6.1.1 Development of Starbon® monoliths and their application for precious
metal adsorption

Chapter 1 showed that minor adjustments in the method to produce Starbon® enabling
the preparation of these materialsin the monolithic shape. The possibility to shape the
materials opened a new range of potential applications for Starbon®, such as flow
chemistry and energy storage where monoliths and disc shapes, respectively, are

required.

The general properties of the monoliths were similar to those of powdered Starbon®,
including large and mesoporous surface area, and tuneable surface chemistry, which can
range from hydrophilic to hydrophobic by adjusting the temperature of carbonisation.
Nevertheless, interesting differences in total pore volume and pore size distribution

resulted by the modifications in the preparation method.

Starbon® powder first, and monoliths later, were tested for the adsorption of precious
metals. Au3*, Pd?* and Pt2* were adsorbed at different extend. Nevertheless, Starbon® (in
particular S800), displayed much higher adsorption capacity for Au3* (~ 600 mg-g?). The
adsorption of gold was very rapid (equilibrium reachedin ~10 min) and monolayered. The
mechanism of adsorption consisted on the oxidation of the Starbon® surface and the
reduction of the Au3*ions to for Au NPs. This mechanism allowed for a green process, as
the recovery of precious metals from waste streams was complemented by the in-situ
formation of a high value-added product, supported Au NPs. This kind of nanoparticles
have shown to play a significant role in today’s chemical industry, from catalysis to

medical applications. Therefore, Starbon® supported Au NPs could be potentially used as

228



catalysts in industrially relevant processes. In addition, the in-situ utilisation of the
recovered metals avoided the need for metal desorption which could require significant

amounts of solvent.

Starbon® selectivity adsorbed precious metals when synthetic and real waste mixtures
containing a range of base metals including Zn?*, Ni* and Cu?* were employed, and even
when the concentration of such base metals was 100 time higher than the precious

metals.

Interestingly, the Au NPs observed were very different depending on the initial
concentration of the metal solution or the presence of other components in solution.
Whereas complex real waste mixtures led to small and homogeneously distributed NPs,
single metal studies with a high initial concentration of gold in solution led to the
formation of gold nanoshells, agglomerations of NPs with good optical and electrical

properties and that can find application in cancer treatment.

Starbon® monoliths were incorporated to a flow system to test the potential of these
materials in flow chemistry experiments. It was possible to continuously feed metal
solution forup to 11 h. After that time, the interface between the monolith and the tubing
surrounding it was damage and therefore optimisation of the system is still required.
Nevertheless, this experimental work showed the potential of Starbon® monoliths for

flow chemistry applications.

Overall, the present work showed the good potential applicability of Starbon® for the
selective recovery of precious metals, with particular attention to gold, from complex

waste solutions.
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6.1.2 Preparation of Starbon®-graphite composites and their application for
energy storage

Starbon®-graphite composites that combined the highly porous structure of Starbon® and
the good electric conductivity of graphite were developed by adjusting the original
preparation method of Starbon®. The introduction of ball milling, and the substitution of
scCOy for freeze drying led to composites in which the starch and graphite were
homogeneously mixed, leading to a hierarchical porous structure that contained macro-,
meso- and micropores. The literature demonstrated that the presence of large pores can
improve the diffusion through the pores, which can be beneficial for many applications
including energy storage by electrochemical double layer capacitors. In addition, the
composites were shaped as discs, without the need to use binding agents that could

negatively affect the electric properties of the material.

Starbon®-graphite composites were tested as electrodes in energy storage devices. The
electrochemical properties of the new materials were comparable to those shown in the
literature for similar materials and reached capacitance values of 205.4 F-g. Both
physical and electrochemical properties were highly dependent on the amount of
graphite added to the composite. Whereas small concentrations of graphite maintained
or even improved the high surface area of Starbon®, a larger fraction of graphite led to
the formation of bigger pores but lower surface area; nevertheless, the high conductivity
of graphite led to high values of capacitance. In addition, it was observed that composites
with relatively small concentration of graphite presented the most favourable structure
for electrolyte diffusion. Therefore, the optimal composition for energy storage
applications was found to be 1% of graphite. This material was conductive, allowing for
good diffusion of the electrolyte and its hierarchical structure did not decrease the

available surface area nor the capacitance to store energy.

Overall, the new Starbon®-graphite composites and in particular those with 1% of

graphite, presented favourable textural and electrochemical properties for their
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applications in energy storage devices. In addition, the materials were produced in the
required shape for the application without the need for binding agents which can worsen

the final properties.

6.2 Futurework

Regarding metal adsorption, the overall continuation of the project should be focus on
moving the research towards the commercialisation stage by understanding the
interaction of Starbon® with other elements contained in solution and improving the
current flow system to resist the characteristic acidic media of waste metal solutions. In
relation to the development of energy storage materials, the future work should aim to
enhance the properties of the new materials in order to make them cost effectively
compared to similar materials described in the literature. Specific actions are described

in more detail below.

6.2.1 Techno-economic assessment of the potential scale-up of Starbon® as
adsorbent and metal-loaded catalyst.

The work carried out in this thesis showed the potential of Starbon® to be used for the
recovery of precious metals from waste solutions. Future work is now required to assess
the scalability of the process including life cycle assessment, volume of demand and

volume of PM-supported catalysts that could potentially be produced.

6.2.2 Understanding the partial desorption of gold at early stages of the
kinetic studies.

The kinetic studies showed that some of the gold initially adsorbed by S450 was desorbed
after 120 mininto the experiment. The literature describes how the oxygen functionalities
of carbonaceous materials could be affected by the presence of strong acids. As the
experimentswere carriedatpH 0, it may be possible that some of these functional groups
that interact with gold ions decompose and therefore the gold was returned to solution.

Nevertheless, further work is needed to corroborate this hypothesis, including replicas of
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the experiments; due to the cost of PMs and the ICP-MS analysis, it was not possible to
repeat the kinetic experimental work. Replicas will also bring reassurance to the models

appliedin Section 2.2.4.6.2.

6.2.3 Understanding the interaction between Starbon® and other elements
in solution

The XPS spectra of Starbon® materials after adsorption showed the presence of chlorine
atoms. The deconvolution of the Cl2p region suggested that both chloride ions and
chlorine atoms bonded to carbon were present on the Starbon® surface. Although the
presence of chloride ions was expected due to the predominant electrostatic adsorption
mechanism taking place for Pd and Pt, and partially observed for Au, the occurrence of C-
Cl was not anticipated. Therefore, further work is required to verify the signal observed
by XPS and to understand the mechanism for the formation of such C-Cl bonds during the

adsorption process.

As demonstrated in Chapter 3, the use of Starbon® to recover precious metals from
complex mixtures showed partial adsorption of some metals—tin, molybdenum and lead.
Further work is required to calculate the maximum adsorption capacity for these metals,

as well as a complete mechanistic study.

6.2.4 Experimental comparison with activated carbon

The adsorption capacity of Starbon® for precious metals have been compared to those of
similar carbon materials found in the literature. This comparison showed that S800
perform similarly or superiorly than other bio-derived materials. The adsorption rate
presented by Starbon® is expected to exceed that of AC, due to the larger pores of the
former compared to the characteristic highly microporous surface of AC. If confirmed,
this would be indicative of enhanced performance of Starbon® over activated carbon. An
in-depth study of the kinetics of gold adsorption by ACs could corroborate such a

hypothesis.
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6.2.5 Investigate the lack of gold in the surface of S300 after adsorption from
real waste

ICP showed good adsorption of gold by S300 from real waste solutions (~125 mg-g).
However, XPS did not detect gold at the surface of the material. From these ICP results
and the XPS analysis performed in Chapter 2, it was expected to clearly observe gold by
XPS. Therefore, further work is required to understand such discrepancies between

techniques.

6.2.6 Optimise the design of the monolith reactor system to carry out
continuous flow adsorption

A flow system that incorporated Starbon® monoliths was developed to carry out
continuous adsorption experiments. The monoliths were fixed to a Swagelok tubing using
epoxy resin. Although the system was functional during the first few hours, the constant
supply of an acidic solution for a prolonged period of time damaged the interface
between the epoxy resin and the monolith. The actions described below can help to

improve the current system and should be explored:

- Washing the Starbon® monolith before attaching it to the Swagelok tubing would
remove the impurities without shortening the lifespan of the flow system by
prolonged washing times.

- Using an alternative material to attach the monolith to the tubing. This material
should present higher resistance to acidic media and should not form
nanoparticlesin contact with the gold solution.

- Developing an entirely new approach to incorporate the monolith into a flow
system. An alternative method could be using heating shrinkable tubing, which
would fixthe monolith by shrink to itsdiameter by application of heat. The heating
shrinkable tube could be then incorporated to the flow system by shrinking its

extremes to the relevant piece of tubing.
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- Inaddition, connecting the system to a UV-vis detector is also advised for future
experimental work, as it could help to understand the flow process and provide

information about co-operative adsorption.

As mentioned above, studying the desorption of metals from the Starbon® surface was
considered out of the scope of the present project because the long-term objective was
to use the metal-loaded materials developed during adsorption as catalysts for flow
chemical processes. Therefore, once the flow system is optimised, the metal-loaded
Starbon® materials should be tested as catalysts in a range of flow chemical reactions

including hydrochlorinations, Heck or Suzuki reactions.

6.2.7 Understanding the effect of the metal solution on the monolithic
Starbon®

In Chapter 3, it was shown that some liquid tar residue from carbonisation could be
trapped on the Starbon® pores. A solution passing through the monolith ‘flushed-out’
those molecules. To further corroborate those results, it would be very interesting to run
N2 adsorption porosimetry on Starbon® after the adsorption experiment, as larger pore

volumes and surface areas are expected.

6.2.8 Investigating the effect of graphite on the coulombic efficiency

The coulombic efficiency of Starbon® composites displayed decreasing values with
increasing amounts of graphite. This was opposite to the expected trend, as the presence
of conductive graphite was predicted to enhance the electron mobility of the material
and therefore the coulombic efficiency. Therefore, further work is needed to understand

the effect of graphite on the coulombic efficiency of the composites when used as EDLC.

234



6.2.9 Investigating the evolution of graphite during carbonisation of the
Starbon®-graphite composites

The results obtained by TGA and XPS, in combination with the literature suggested that
graphite could be partially transform to graphite oxide during carbonisation. Unlike
graphite, graphite oxide can be decomposed during carbonisation. In addition, it was
suggested that the sulfur groups from p-TSA could lead to the formation of sulfuric acid
vapours under the carbonisation conditions, which would favour the oxidation of
graphite. Further work is needed to corroborate this hypothesis and get a more in-depth
knowledge of the processes taking place during carbonisation. TG-IR could provide great
insight in the process, as it would give information on the main functional groups present
at the different stages of the carbonisation process. This could ultimately enable control
over the amount of graphite lost during carbonisation and therefore tailor the
electrochemical properties of the final material. In addition, this work could also provide
insight on the evolution of conductivity with the concentration of graphite, to understand

the plateau observed for GPT-20.

6.2.10Developing and characterising new Starbon® composites

The good propertiesdisplayed by the Starbon®-graphite composites strongly suggest that
the preparation of Starbon® composites with other materials could expand and further
improve their properties. Reduced graphene oxide is an interesting option, as it presents
high surface area, good electrical conductivity and has shown good capacitance and

electrochemical propertiesin previous studies.

6.2.11Understanding the role of oxygen-containing groups on the
electrochemical properties of the materials.

S800 presents a small fraction of oxygen-containing functionalities (<5%) that may be
responsible for certain Faradaic behaviour. However, such Faradaic effect was not clearly

visible on the cyclic voltammograms nor the galvanostatic charge discharge curves.
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Therefore, further work is needed to understand whether these reactions actually occur
and their rolein the capacitance of the materials. Starbon® materialscarbonised at higher
temperatures contain less oxygen groups (e.g. 1000 °C). Accounting for variations due to
changes in porosity, a disparity in the capacitance values could indicate whether or not
the oxygen-containing groups led to Faradaic reactions and therefore had an effect on

the capacitance of the material.

6.2.12Determination of the equivalent electric circuit of Starbon®-graphite
composites

The main electrochemical properties of Starbon®-graphite composites have been
determined in Chapter 5. In order to gain further knowledge about the electrochemical
behaviour of such materials it would be useful to develop an equivalent circuit which

models the system and allows predicting performance under different conditions.

6.2.13Study the electrochemical properties of Starbon®-graphite
supercapacitors using alternative electrolytes.

It has been shown that the use of non-aqueous electrolytes, such as organic compounds
and ionic liquids, improve the electrochemical stability window at which a supercapacitor
can operate. This enhances the amount of energy density that the material can store and

therefore increasing the commercial applicability of these devices.
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Chapter 7
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7 Experimental

7.1 Chapter 2: Preparation and characterisation of Starbon® monoliths and
theirapplicationin precious metal adsorption.

7.1.1 Materialsand chemicals

Purified highamylose starch was supplied and used asreceived from National Starch Food
Innovation Plc. (UK) Analytical grade ethanol and acetone were purchased from VWR
(UK). Monohydrate p-toluenesulfonic acid 98.5% pure was ordered to Sigma Aldrich (UK).
Gold (lll) chloride, Au 64.4% min, was acquired from Alfa Aesar (UK). Palladium (ll)
chloride 98% pure was purchased from FluoroChem (UK) and platinum (II) chloride 73%
pure was received from Acros Chemicals (Belgium). TraceSELECT® 37% HCland 69% HNO3
were purchased from Fluka Analytical (UK). 0.1 M HCl and NaOH were bought from Fisher

Chemical.

7.1.2 Preparation of Starbon® monoliths

4 g of high amylose corn starch were mixed with 12 mL of water and thoroughly stirred
for 5 min. The mixture was subsequently gelatinised by heating at 140 °Cfor 10 minina
CEM Il discover microwave by applying 150 W. After gelation, the obtained gel was
poured into a cylindrical mould and subsequently cooled at5 °C for 48 h. Water present
in the gel was progressively exchanged with ethanol by plunging the gel in 12.5 mL of
ethanol, which was refreshed every 24 h for a week. Monolith was dried using scCO2 ina
500 mL SFE500 extractor at40 °C and 150 bar with a flow rate of 30 g CO2-mintfor 4 h.
Ethanol was used as co-solvent in this process for the first 2 h. Then, the material was
introduced in a solution of p-toluenesulfonic acid in acetone (5% w/v) for 2 days. The
solvent was removed in a Heidolph rotary evaporator. The pressure in the rotary
evaporator was reduced from atmospheric pressure to 14 mbar during the course of 4

hours. The material was subsequently heated under vacuum in a Barnstead Thermolyne
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6000 furnace up to 300, 450 or 800 °C. The carbonisation programme followed is
summarisedin Table 7.1. The monoliths were grinded using a pestle and mortar and the

particle size was homogenised to 300 um with a sieve, prior the adsorption experiments.

Table 7.1 Carbonisation programme employed for the preparation of Starbon® monoliths.

Step Initial temperature (°C)  Final temperature (°C) Ramp rate (°C-min1)
1 25 120 2
2 120 160 0.5
3 160 250 0.3
4 Hold for 3 h at 250 °C
5 250 350 0.4
6 350 800 2

7.1.3 Scanning electron microscopy

SEM analysiswas conducted incollaborationwith Ms Meg Stark at the Technology Facility
in the Department of Biology of the University of York, UK. SEM analysis was carried out
using a JEOL JSM-6490LV. Samples were mounted on alumina plates and coated with a 7

nm layer of Au/Pd using a high-resolution sputter SC-7640 coating device prior to analysis.

7.1.4 N; adsorption porosimetry

N2 adsorption porosimetry was used to determine surface area, micro- and mesopore
volume of Starbon®. The analysis was carried out using an ASAP 2020 volumetric
adsorption analyser from Micrometrics in which the measurements were performed at
77 K. Pre-carbonised and carbonised samples were degassed at 40 °C and 130 °C

respectively for 6 h prior to analysis.

The Brunauer-Emmett-Teller (BET) theory was used to determine the surface area, and

the Barret-Joyner-Halenda (BJH) equation was applied to calculate mesoporous volume
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and pore size. The Dubinin-Radushkevich method was used to evaluate micropore

volume.

7.1.5 Thermal gravimetricanalysis

TGA was carried out using a Netsch 409 STA thermal analyser. Sample was loadedina 3.5
ml ceramic crucible and heated to 800 °C under N2 flow (100 mL min™) ata constant rate
of 1 °C-min’t. Toidentify the temperature regions in which significant mass loss occurred

during heating, first derivate was applied to TGA curves.

7.1.6 Infraredspectroscopy

IR analysis was performed using a Perkin ElImer Spectrum 400 FT-IR/FT-NIR Spectrometer
fitted with a Universal ATR Sampling Accessory. The spectrum was scanned from 4000 to

600 cm with a resolution of 4 cm™2.

7.1.7 X-ray photoelectron spectroscopy

XPS analysis was carried out by the team of the National EPSRC XPS Users’ Service facility
at Newcastle University (UK). The Thermo Scientific™ K-Alpha™+ X-ray Photoelectron
Spectrometer fitted with a micro-focussed monochromatic Al Ka source. Samples were
mounted on microscope glass covers using double-sided tape and were subsequently
wrapped in aluminium foil to protect them during transportation to the analysis facility.
Data analysis was performed with CasaXPS software and the binding energy of C 1s was

calibratedto 284.6 eV.

7.1.8 Pointofzerocharge

0.01 M sodium chloride solution was prepared by dissolving 58.4 mg of solid chloride in
100 mL of deionised water. 5 mL of the stock solution were transferredto a sample vial
where it was degassed by bubbling N2 into the solution for several minutes. The pH was

subsequently adjusted to 2 in an Jenway 3500 pH Meter fitted with Simple junction
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universal pH electrode. The process was repeated to prepare a range of solutions with pH

valuesbetween 2-8. The pH of the solution wasadjusted using 0.1 M HCland 0.1 M NaOH.

15 mg of Starbon® were added to each solution and vials were immediately sealed and
subsequently stirred for 24 h. After this time, the solid was separated from solution by
centrifugation for 3 min at 3500 rpm with a Heraeus Megafuge 40R Centrifuge from
Thermo Scientific. The pH of the solution was measured (final pH). The final pH was
plotted against the initial pH values, as shown in Figure 7.1. The point at which the

experimental line cuts the ‘initial pH = final pH’ line is the point of zero charge.
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Figure 7.1 Influence of Starbon® in the pH of fixed pH solutions, and the corresponding point of zero charge of S300, S450
and S800.

7.1.9 Metaladsorptionisotherms
An acidic stock solution of AuClz was prepared by adding 0.37 g of AuClsto 50 mL of 3M

HCI. The concentration of the stocks solutions was 4000 mg-Lt and was subsequently

241



diluted to prepare a range of lower concentrations (100-4000 ppm). In all cases pH was
adjusted to O using TraceSELECT® 37% HCI. 10 mL of each solution were stirred with 10
mg of Starbon® for 24 h. Then, the adsorbent was separated from the solution by
centrifugation for 10 min at 3500 rpm with a Heraeus Megafuge 40R Centrifuge from
Thermo Scientific, and subsequent decantation. The same process was followed to
prepare and carry out the experiments with PdCl2 and PtCl,. The stock concentration of

these solutions was 500 mg-L™.

The concentration of metals in solution was measured by inductively coupled plasma-

mass spectrometry (ICP-MS) and the adsorption capacity (ge) was determined by:

. _(Co—Ce)-V
€ m

Where Cois the initial concentration of the solution (mg-L1), Ceis the concentration of
the sample solution (mg-L™?), Vis the volume of solution employed (L) and m the mass of

adsorbent used (g).

All glassware was previously rinsed with aqua regia, a mixture of HCI (37%) and HNO3

(70%) ina 3:1 molar ratio.

7.1.10 Metal adsorptionkinetics

20 mL of 500 mg-mL™ AuCls solution (pH=0) were mixed with 20 mg of Starbon® and
stirred for 24 h. 50 plL of the mixture were taken at regular intervals and added to 5 mL
of 10% HCl solution. The same process was repeated for Pd and Pt, but in this case 50 pL
were added to 5 mL of 1% HNOs solutions. Then, these solutions were centrifuged for 3
min at 3500 rpm with a Heraeus Megafuge 40R Centrifuge from Thermo Scientific and
subsequently decanted to remove any traces of solids. Finally, the solutions were
analysed by ICP-MS and or ICP-OES. Gold samples in 10% HCl were further diluted prior

ICP analysis to yield samples with an acidity of 2%.
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7.1.11 Inductively coupled plasma-mass spectrometry (ICP-MS) and
inductively coupled plasma-optical emission spectrometry

ICP-MS was carried out to measure the metal concentration in solution. ICP-MS analysis
was performedin an Agilent 7700x fitted with standard Ni sample and skimmer cones and
coupled to a Mass Spectrometer (MS). The samples were run in He mode and the sample
introduction line was rinsed for 60 s between samples using 5% HCl and 2% HNOs (30 sec
with each compound). A calibration curve using certified multi-metal standard solutions

was used to quantify the amount of metal in solution.

Samples were prepared by diluting metal-containing solutions down to concentrations
within the range of 0.1-1 parts per million (ppm). 1% HCI (for Au) and 1% HNO3 (for Pd
and Pt), prepared from TRACE SELECT® HCl and HNO3 concentrated acids, were used as

solvent for the dilutions.

Some of the samples were carried out in the ICP-OES and ICP-MS of the School of
Chemistry of the University of Edinburgh by Dr. Lorna Eades. The ICP-MS was an Agilent
7500ce and the ICP-OES, a Perkin Elmer Optima 5300 DV.

7.2 Chapter 3: Towards real-life applications of Starbon®

7.2.1 Materialsandchemicals

Details of the materials used in this chapter, including starch, p-TSA, ethanol, acetone,
the precious metals chloride salts, HCl and HNO3 have been described in Section 7.1.1.
ZnClz, 98% NiCl2 98% and CuCl, 97% were purchased from Aldrich. The electronic waste
solutions containing a range of metalsin acidic media were provided by Taym Ltd. The
stainless-steel fittings and tubing used to build the monolith reactor were purchased from

Swagelok.
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7.2.2 Preparation of Starbon® and Starbon® monoliths

The method followed to prepare Starbon® was the same as that detailed in Section 7.1.2.

7.2.3 Preparation of the synthetic metal solution

The relevant amount of AuCls, PdCl,, PtClz, ZnClz, NiCl2 and CuCl, (~20 mg) was added to
a 100 mLvolumetricflaskwhich was subsequently filled with ultrapure water. The pH was
adjusted to 3 using HCI 0.1 M. The solution wasthoroughly mixed. Then, it was introduced
in an ultrasound bath for a few minutes (FB 15051 from Fisher Scientific). The solution
was then centrifuged and decanted to remove the undissolved solids into a Duran glass
bottle where it was stored. All the glassware in contact with the metal solution was
previously rinsed with aqua regia, a mixture of HCI (37%) and HNO3 (70%) in a 3:1 molar

ratio, to avoid contamination.

7.2.4 Multi-metal adsorption studies with synthetic and real waste solutions

10 mL of the solution described in Section 7.2.3 were added to a glass vial containing 10
mg of Starbon® and stirred for 24 h. Then, the adsorbent was separatedfrom the solution
by centrifugation for 10 min at 3500 rpm with a Heraeus Megafuge 40R Centrifuge from
Thermo Scientific, and subsequent decantation. The concentration of metalsin solution

was measured by ICP-MS and the adsorption capacity (ge) was determined by:

. c,-c,)-v
e m

Where Co is the initial concentration of the solution (mg-L™), Ce is the concentration of
the sample solution (mg-L1), Vis the volume of solution employed (L) and m the mass of

adsorbent used (g).

The fraction of metal removed from solution (Rem) was calculated by the following

expression:
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(Co _Ce) 1

Rem = 00

7.2.5 ICP-MS

Details of the equipment and sample preparation were detailed in Section 7.1.11.

7.26 TEM

TEM analysiswas conducted in collaboration with Ms Meg Stark atthe Technology Facility
in the Department of Biology of the University of York, UK. TEM images were taken by a
Tecnai 12BioTwin made by FEI Eindhoven at 120 kV. Samples were soaked in ethanol and

subsequently placed onto carbon grids via ethanol evaporation.

7.2.7 Totalorganic content analysis (TOC)

The analysis was carried out in collaboration with Dr Javier Remdn Nufiez in a vario TOC
cube from Elementar allocated in the Environment Department of the University of York.
Deionised water was used as a blank which draw a detection limit of 6.9 mg-L™t. Samples

containing Au NPs were diluted by a factor of 1:2.

7.2.8 XPS

XPS analysis was carried out as described in Section 7.1.7. In addition, the monolith after
the flow adsorption experiments was analysed by Dr David Morgan at the School of
Chemistry of the University of Cardiff, using a Thermo Scientific™ K-Alpha™+ X-ray
Photoelectron Spectrometer fitted with a micro-focussed monochromatic Al Ka source.
Sample was mounted on microscope glass covers using double-sided tape and wrapped
in aluminium foil to protect them during transportation to the analysis facility. Data
analysis was performed with CasaXPS software and the binding energy of C 1s was

calibratedto 284.6 eV.
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7.2.9 Microscopeimages

Microscope images were taking with a Leica S6D microscope fitted with a Leica EC3

camera. The images were collected with Leica Suite software, version 1.7.0.

7.2.10 Construction of the monolith reactor for flow adsorption

Monoliths were attached to the inner partof a Swagelok tubing (3/8in diameter) by using
Araldite 2015 epoxy adhesive purchased from RSand left to dry for 24 h. Swagelok fittings
were then added to both end of the tubing. This work was done in collaboration with
Chris Mortimer, Stuart Murray and Mark Roper at the mechanical workshops of the

Chemistry Department of the University of York.

7.2.11 Flow adsorption experiments

The monolith reactor was attached to a Jasco PU-980 HPLC pump. The inlet tubing of the
HPLC pump was inserted in the AuCls solution which left the system through the bottom
end of the monolith reactor. The output solution was collected at regularintervalsinglass
vials. The concentration of the gold solution was ~100 mg-L™ and the flow rate was
adjusted to 0.2 mL-mint. Deionised water was passed through the system to wet the
monolith before starting the experiment. After 2 h the deionised water substituted by
diluted HCI (pH 3) to mimic the matrix of the gold solution. The acidic solution was allowed
to flow for 2 h. In a second experiment, deionised water and diluted HCIl were passed for

12 h each prior the experiment.

7.2.12 Ultraviolet-visible spectroscopy (UV-vis)

UV-vis analysis was carried out using a Jasco V-550 UV-visible spectrophotometer between
200 and 900 nm against a diluted HCI (pH 3) as a reference. Quartz cuvettes were used. The
absorbance (Ao) of the gold stock solution was measured to calculate the fraction of gold

chloride in every sample (F, %) using the following expression:
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F—AS 100
A

Where As was the absorbance of the sample at a specific time.

7.3 Chapter4: Preparationand characterisation of Starbon® composites

7.3.1 Materialsandchemicals

The starch, p-toluenesulfonic acid and acetone required for the preparation of the
Starbon®-composite discs are the same than those described for the preparation of
Starbon® monoliths in Section 7.1.1. Tert-butanol >98% was purchased from Flourochem.

Graphite was purchased from Sigma Aldrich.

7.3.2 Preparation of Starbon® composites

Graphite was added to Hylon VII corn starch and subsequently ball milled in a Retsch
Planetary Ball Mill PM 100, with a 250 mL capacity containing 5 stainless steel balls of 10
mm diameter. Samples were milled in three cycles of 10 min with a 15 min interval
between each run to avoid overheating at a rate of 400 rpm. The resulting product was
mixed with water in a ratio 1:4 and subsequently heated at 140 °C (90 W) for 10 minina
CEM Il Discover microwave. The material was then poured into a cylindrical mould and
retrograded at 5 °Cfor 48 h to yield a porous monolith gel block. This was subjected to
three solvent exchanges with tert-butanol and then frozen using liquid N2 (10 min) and
subsequently freeze-dried (24 h). Then, the material was introduced in a solution of p-
toluenesulfonic acid in acetone (5% w/v) for 2 days. The solvent was removed in a
Heidolph rotary evaporator. The pressure in the rotary evaporator was reduced from
atmospheric pressure to 14 mbar during the course of 4 hours. Finally, samples were
carbonised under vacuum up to 800 °C in a Barnstead Thermolyne 6000 Furnace. The

discs were sanded down to the required thickness (1 mm) with sand paper.
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7.3.3 N; adsorption porosimetry

N2 adsorption porosimetry was carried out as described in Section 7.1.4.

734 SEM

SEM micrographs were obtained using ultra-high field-emission scanning electron
microscopy (FESEM) (SU8000, Hitachi Co., Japan). The images were taken by Dr Peter
Shuttleworth at the Instituto de Ciencia y Tecnologia de Polimeros of the Centro Superior

de Investigaciones Cientificas in Madrid, Spain.

735 TEM

TEM micrograph images were recorded using a Tecnai 12 BioTwin at 120kV. The images
were taken by Dr Peter Shuttleworth atthe Instituto de CienciayTecnologia de Polimeros

of the Centro Superior de Investigaciones Cientificasin Madrid, Spain.

7.3.6 TGA

TGA was carried out using a Netzsch STA 409 apparatus under constant N2 flow and ata
constant heating rate of 1 °C:min’l. The theoretical concentration of graphite after
carbonisation was calculated from the values of mass residue recorded by TGA. To
identify the temperature regionsin which significant mass loss occurred during heating,

first derivate was applied to TGA curves.

7.3.7 XPS

XPS analysis was carried out as described in Section 7.1.7.

7.3.8 X-ray powder diffraction (XRD)

The XRD analysis was carried out at the Instituto de Ciencia y Tecnologia de Polimeros of

the Centro Superior de Investigaciones Cientificasin Madrid, Spain, using a JEOL 2010F
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operating at 200kV. Data was processed using OriginPro 2016 using a Voight model for

the deconvolution of the peaks.

7.4 Chapter 5: Power-full electrochemical double layer capacitors based on
Starbon® composites

7.4.1 Preparation of Starbon®-graphite composites

Starbon®-graphite composite discs were prepared as detailed in Section 7.3.2.

7.4.2 Electrochemical experiments

Electrochemical experiments were conducted in collaboration with Dr. Enriqgue Morales
at the Institute of Polymer Science and Technology of the Consejo Superior de

Investigaciones Cientificas in Madrid, Spain.

The electrodes used had a diameter of 8 mm and a thickness < 1mm. Symmetrical
supercapacitors were assembled in SwagelokTM-type cells, using a glassy micro-fibre
paper (Whatman 934AH) separator and a 2M H>SO4 aqueous solution as electrolyte. Two
stainless steel (A20 alloy) rods acted as current collectors. Room temperature cyclic
voltammetry and galvanostatic charge-discharge tests were performed by using a
Solartron 1480 potentiostat/galvanostat instrument, in the potential range 0-1V. Prior to

the analysis, samples were dried overnight at 100 °C under vacuum.
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8 Appendices

Appendix 1: Kinetic data fit to models based on ‘concentration of metal in
solution’.
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Figure A 1Kinetic data of the adsorption of Au onto S800 fitted to the a) first and b) second order models based on
concentration in solution.
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Figure A 2 Kinetic data of the adsorption of Pt onto S800 fitted to the a) first and b) second order models based on
concentration in solution.
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Appendix 2: Capacitance values at different currents

Table A 1 Capacitance values of Starbon® and Starbon® composites obtained from the galvanostatic charge discharge
curves.

Current (A) Capacitance (F-g?)

GPT-0 GPT-0.5 GPT-1 GPT-3 GPT-10 GPT-20

1 177.4 212.7 204.5 148.5 137.6 172.4
2 172.7 206.5 195.5 140.5 130.2 162.6
3 169.6 198.4 190.5 136.1 125.9 156.3
4 167.2 194.6 186.9 133.0 122.8 152.7
5 165.2 191.6 184.3 130.7 120.4 148.3
10 154.3 182.6 174.7 123.3 112.5 136.5
15 151.7 176.6 169.9 119.4 108.3 129.2
20 149.5 171.7 166.8 116.6 104.9 123.5
25 147.3 167.2 164.0 113.4 108.0 120.2
30 145.0 162.8 161.9 110.7 104.2 115.0
35 142.3 157.2 157.4 109.6 102.9 113.2
40 140.6 153.6 156.8 108.5 100.3 109.7
45 139.1 150.0 155.6 107.6 98.8 107.2
50 137.4 146.5 153.3 105.9 97.6 105.6
60 129.5 140.0 151.1 104.2 93.8 101.5
70 125.9 132.4 148.1 102.3 92.1 98.6
80 122.6 125.8 145.1 100.6 87.8 95.7
90 120.8 120.0 143.3 99.4 85.9 93.1
100 116.9 113.0 141.2 97.8 83.1 93.5
120 1111 104.5 137.5 94.7 77.1 86.9
140 105.9 94.7 133.5 92.9 73.1 82.7
160 108.9 100.1 140.9 90.6 68.2 79.8
180 92.9 80.2 128.4 88.5 68.0 76.3
200 87.6 71.2 124.9 86.3 58.7 69.6
220 79.3 73.3 124.0 82.0 54.6 59.5
240 68.6 66.3 120.8 78.7 48.4 66.1
260 54.9 50.1 117.8 77.0 38.3 50.7
280 - - 112.1 71.8 28.0 53.1
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List of abbreviations

AC Activated carbon

ACFs Activated Carbon Fibres

de Initial adsorption rate

aL Langmuir constant

Ao Absorption of the gold stock solution
APR Average Pore Diameter

As Absorption of the gold sample

be Elovich constant

BET Brunauer—-Emmett-Teller

BJH Barrett-Joyner-Halenda

BM Ball Milling

C Capacitance

C' Real part of capacitance

c" Imaginary part of capacitance

CDCs Carbide Derived Carbons

CE Coulombic Efficiency

Ce Concentration of metal in solution at equilibrium
CNTs Carbon nanotubes

co Carbon monoxide

Co Initial concentration of metal in solution
CO2 Carbon dioxide

Cv Cyclic Voltammetry

doo2 Distance between graphene layers
D-R Dubinin-Radushkevitch
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E Energy density

Eads Energy of adsorption

EDLCs Electrochemical Double Layer Capacitors

EIS Electrochemical Impedance Spectroscopy

ES Energy Storage

ESR Equivalent Series Resistant

EU European Union

E-waste Electronic waste

€ Polanyi potential

f Frequency

FD Freeze Drying

fo Frequency at peak’s maximum

GCD Galvanostatic Charge Discharge

GHGs Greenhouse Gases

GPT-0 Starbon®-graphite composites with 0% of initial graphite
GPT-0.5 Starbon®-graphite composites with 0.5% of initial graphite
GPT-1 Starbon®-graphite composites with 1% of initial graphite
GPT-10 Starbon®-graphite composites with 10% of initial graphite
GPT-20 Starbon®-graphite composites with 20% of initial graphite
GPT-3 Starbon®-graphite composites with 3% of initial graphite

I Current

ICP-MS Inductively Coupled Plasma - Mass Spectrometry

ICP-OES Inductively Coupled Plasma - Optical Emission Spectrometry
R Infrared spectroscopy

K Scherrer constant

K' D-R constant

k1 Pseudo-first order constant rate
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ka2 Pseudo-second order constant rate

kf Freundlich constant

Kint Constant of intraparticle diffusion

Kt Langmuir constant

Lc Out-of-plane crystal size

m Mass

MMA Methyl ethacrylate

Mo,c Initial mass of composite

Mo,g Initial mass of graphite

Mrc Mass of composite after carbonisation
Mr,g Mass of graphite after carbonisation
MSW Municipal Solid Waste

n Freundlich heterogeneity factor

N Number of graphene layers

N2 Nitrogen gas

NOx Nitrogen oxides

NPs Nanoparticles

S] Bragg’'sangle

P Power density

PCBs Printed Circuit Boards

PCs Personal Computers

PSD Pore Size Distribution

p-TSA p-toluenesulfonic acid

PVC Polyvinyl chloride

pzC Point of Zero Charge

Je Adsorption capacity at equilibrium
dm D-R saturation capacity of the monolayer

257



Qo

qt

Rem

Re

Rs
S300
S450
S800
scCO2

SEM

TBA
te
tq

TEM

TGA
TOC
USA

UV-vis

VCM
WEEE
XPS

Langmuir adsorption capacity of the monolayer
Adsorption capacity ata time ‘t’

Ideal gas constant

Percentage of removal

Liquid film diffusion constant
Constant separation factor

Solution’s resistance

Starbon® carbonised at 300 °C
Starbon® carbonised at 450 °C
Starbon® carbonised at 800 °C
Supercritical carbon dioxide

Scanning Electron Microscopy
Temperature

Tert-butanol

time of charge

time of discharge

Transmission Electron Microscopy
Theoretical concentration of graphite
Thermal Gravimetric Analysis

Total Organic Content

United States of America
Ultraviolet-visible spectrophotometry
Voltage

Scan rate

Vinyl Chloride Monomer

Waste Electrical and Electronic Equipment

X-ray Photoelectron Spectroscopy
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XRD
ZI

ZII

Al

At

To

X-Ray Powder Diffraction

Real component of the impedance
Imaginary part of the impedance
Full width of XRD peak

Changein current applied
Discharge time

Wavelength

Relaxation time

Angular frequency
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