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Abstract

The overall aim of this project was to utilise green chemistry methodology to

capture potentially harmful, toxic or valuable compounds from wastewater.

Novel mesoporous materials, Starboh, prepared from naturally abundant
polysaccharides, have demonstrad significant potential as adsorbents for
the uptake of a range of dyes and phenol§hrough the use of different
polysaccharide starting materials (starch and alginic acid) and different
preparation temperatures, six materials were produced. The resultig
materials were characterised by techniques including: soligtate NMR,
nitrogen porosimetry, FT-IR, xray photoelectron spectroscopy and electron
microscopy. The experimental results revealed that the materials exhibited
high efficiency to remove dyes and phenols from aqueous media due to their
high mesoporous nature. The adsorption process was described well by the
Langmuir, Freundlich and DubinirnRadushkevichisotherms. Thermodynamic

analysis of the results indicated that adsorption was a physical process.

Investigations into the capture of palladium from liquid waste and also
greener methods of supported nanoparticle formation were also carried out.
Biosorption of palladium by alginic acid and seaweed was highly successful,
resulting in nanometer sized palladium deposits within the adsorbent. The
catalytic activity of these materials was successfully demonstrated through

the use of Heck and Suzuki reactions.

Preliminary work exploring the first use of living plants to recover palladium
from water and in situ production of -catalytically active palladium
nanoparticles also is presented. This novel process eliminates the necessity
for nanoparticle extraction from the plant and reduces the number of
production steps compared to traditional catalyst palladium on carbon.
These plant catalysts have demonstrated high catalytic activity in a range of

G-C coupling reactions, outperforming traditionally used palladium ctalysts.
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Chapter 1.

Introduction

During the nineteenth century it was the common belief that nature could
provide a seemingly endless supply of raw materials for industry. The
volume of natural resources available seemednsurmountably vast and
perpetually regenerating regardless of how much was taken or what
pollution was released into it(1) We now know this could not be further
from the truth. Today it is well understood that the demands placed upon the

natural world have gone far beyond what it is able to sustain.

z z A x N o~

' OAAT AEAI EOOOUh AAZET AA AU 0AOI '1 AOOA

chemical products and processes that reduce or eliminate use and generation

z A > 2 oa

I £# EAUAOAT OO OOAOOAT AAGonh aGekltph Of

efficient manufacturing and sustaining the environmen(2)
The chemical industry defines environmental impact or risk of processes by:
Risk = Hazard x Exposure

Traditionally, this risk has been reduced by controlling exposure, however
green chemistry takes the alternative approach aiming to limit risk by
reducing hazard(3) The term hazard in this context refers to anything that
may threaten human or environmental health, such as; toxicity, physical

risks, global climate change and resourceegletion.(4)

This thesis will go on to present work focused on utilising green chemistry
methodology in order to limit the known hazards of certain chemical
processes, specifically focusing on reducing hazard by eliminating resource

depletion.
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Waste is an easily identifiable problem facing society today. Whether it is the
CQ emissions from power stations, household refuse or contaminated water

from a chemical plant, it is a problem that requires tackling.

COST OF WASTE
\ 4 \ 4
FINANCIAL ENVIRONMENTAL
Y \ 4 Y
PRODUCTION WASTE DISPOSAL EMISSIONS
Raw material By-product Increased cost A Health &
inefficiencies generation of disposal Pollution safety issues
Y
! ) "
Energy Loss of business Work force in
inefficiencies Clean-up costs danger
Impacts on
wildlife & natural

environment

CONSEQUENCES FOR THE FUTURE

Increased cost of T T l
raw materials due =3 . . [€— Tougher legislation
) stay in business
to depletion

Figure 1.1 Diagram showing the cost of waste and its potential impact on

business in the future(b)

The cost of waste can be enormous both financially and environmentally
(Figure 1.1). In the USA waste disposal costs run to the hundreds of billions
of dollars per year(5) Although the environmental cost cannot be so easily
guantified, released waste can devastate wildlife populations and lead to

brain damage in humang6)

Whilst legislation has been effective in improving environmental conditions
by limiting the release of hazardous chemicals, they are still being discharged
in considerable amounts. In 2000 the USA released 7 billion Ibs (3.2 x81¥)

of toxic waste into the environment(3) There is also the problem that
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developing countries do not enforce the same emissions standards and thus

huge quantities of wasteare released directly into the environment(7)
1.2 Treatment of chemically contaminated wastewater

Of all the water on theplanet 97.5% is present as sea water, the other 2.5% is
fresh water of which, 1.75% is trapped in polar caps and glaciers and only the
remaining 0.75% is potentially available for use (Figure 1.2 (a)). In reality, it

EO 111U m8nmyxb 1 A& tGsErdadilydcc@ssiblé ©r dkedtO A O

human use(8)

(a) FRESH WATER IN POLAR FRESH WATER IN SOIL (b)

ICE CAPS & GLACIERS & AQUIFERS
1.75% 0:/5%

INDUSTRIAL
22%

DOMESTIC
8%

AGRICULTURAL

SEA WATER S5l

97.5%

Figure 1.2 Pie charts of (a) water distribution on Earth and (b) proportion of

fresh water used by different sectorq.8)

The use of this small percentage of clean, fresh water is dominated by
agriculture (70%), followed by industry (22%) and domestic (8%) (Figure
1.2 (b).(8, 9 Water consumption is dramatically increasing due to
demographic growth and the expansion of industrial activity, whilst its
supply remains constant(7) As a result of limited wate availability the
control of water pollution is of significant importance. Unfortunately every
sector that uses water also produces wastewater that requires treatment

prior to it being safe for reuse.
1.2.1 Potential wastewater contaminants

Industries such as, agreprocessing, textile dying, abattoirs and tanneries
can cause the presence of toxic chemicals in watEk0) The potential
contamination of fresh water supplies with this waste is one of the key

environmental issues we are facing todayl1)
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A wide variety of pollutants are released in wastewater but they can easily be

separated into three categories:

A Biological: The biological agents are typically bacterial, e.§almonella
typhosa which occur in domestic and sewage effluerfi2) The
presence d bacteria in water is dangerous as it can lead to water
borne diseases like typhoid.

A Heat Due to the high heat capacity of water it is commonly used as a
cooling medium and as a result many industrial plants release water
carrying excess heat into the ewironment. This increasing water
temperature can have adverse effects on aquatic life and water
quality.(12)

A Chemical Heavy metals, dyes, phenols, detergents, pesticides and
polychlorinated biphenyls are the most commonly occurring
chemicals found in wasewater.(12) Although the compounds are
usually present only at low concentrations many threaten

considerable toxicological and ecotoxicological concerrn(d.1)
1.2.2 Wastewater treatment methodologies

Of interest to this thesis is the treatment and removal ofchemically
contaminated wastewater. Figure 1.3 shows the path of polluted water from
production to treatment.(12) Methods of water treatment are a heavily
researched area and thus a wide variety ddlifferent techniques exist. The
most widely investigated are physical techniques due to their relative ease

and adaptability.

The feasibility of any wastewater recycling technique relies on the cost of
construction, operation and maintenance it requires. Adsorption is

considered the best and most universal of all of the physical techniques
available, as it can be used for a wide variety of different treatments. It is also

rapid, effective and low cost for set up and operation (Table 1.19)
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Table 1.1 Cost of wastewater treatment methodology(9)

Treatment methodology  Cost
[US $/1,000,000 L water
treated]

Adsorption 50-150

Filtration 25-450

Ultrafiltration & dialysis  15-400

Reverse osmosis 20-450

lon exchange 50-200

Solvent extraction 250-2500

Oxidation 100-2000

Evaporation 15-200

Coagulation 25-500

A range of different adsorbents are available for adsorption applications,

including alumina and bauxite, silica gel and activated carbons (Figure 1.3).
1.2.2.1 Alumina and bauxite

These adsorbents are effective for the removal of heavy metals from aqueou

waste streams(13) Bauxite is an alumina containing mineral and can be used

as is, alternatively the alumina can be extracted and is also an effective

AAOT OAAT 08 4EEO I AOAOEAI xAO OAOU bpPibBOI AO
although it is not commonly u®d today. The likely reason for this drop in

popularity is the rising price of alumina which has increased from

approximately $130 per ton in 1995 to $430 per ton in 201114, 15)

1.2.2.2 Silica gel

Silica gels are useful adsorbents due to their porousxture, high surface area
and mechanical stability(16) However, these materials have some limitations
that restrict their appeal as adsorbents; siliceous materials have a low
resistance to alkali media and are therefore only able to be used in acidic
solutions.(17) The porosity of the materials also tends to be in the
microporous size range, limiting their use with large molecules, for example,

dyes.
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1.2.2.3 Activated carbon

These are the most popular materials used for adsorption. The US
Environmental Protection Agency has named them as one of the best
environmental control technologies availablg(17) Coal is the most common
starting material for activated carbons, although theoretically any
carbonaceous starting material could be use(ll8) Activated catons offer
very high surface areas and porosities which are essential to good adsorptive
performance. Their adsorption is nonspecific and so can be applied to a
variety of different types of contamination, although their microporosity
makes them less effetive for larger molecules. As with the other materials

studied it is cost that can limit large scale use of this materiél.7, 19

Due to the problems associated with these conventional adsorbents, namely
high cost, research interests have turned towardg$inding alternative, low-
cost adsorbents(19)

1.2.3 Non-conventional, low -cost adsorbents

An adsorbent can potentially be considered lowcost if it requires little
processing, is abundant in nature or it is a byproduct or waste material from
another industry.(20) A search of literature reveals the variety of different

natural materials and waste being tested as adsorbents (Table 1.2).

Of these different materials the most abundant are natural zeolites, clays and
chitin (or chitosan). Despite these matemls being low cost and widely
available there are a number of drawbacks that makes them less appealing
from a green chemistry perspective. Firstly, natural zeolites and clays require
energy input to extract them from their deposits in the ground, also
processing is required to isolate the correct forms of the materials for
use(21) With regard to chitin there are also environmental problems
associated with extraction and processing to retrieve chitin from crustacean
waste. There is also a further deacetylain step to form the usable material
chitosan(17)
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Table 1.2 Alternative adsorbent materials and surface area of

adsorbents.
Material Surface area of  Ref.
adsorbent [m?2 g1]

Treated cotton - (22)
Chitosan 0.5 (23)
Hazelnut shell 4412 (29)
Sawdust - walnut - (25)
Corncob 943a (26)
Activated sewage sludge 390a (27)
Soy meal hull 0.8 (28)
Banana peel 22 (29)
Orange peel 22 (29)
Fly ash 5.5 (30)
Hen feathers - (32)
Clay- kaolinite 3.8 (32)
Eucalyptus bark 0.6 (33)
Hair - (34)
Apricot shell 7832 (35)
Dead fungus - (36)
Yellow passion fruit 30 (37)
Guava leaf powder - (38)
Beer brewery waste 4.5 (39)
Jack fruit peel - (40)
Spent tea leaves 0.8 (41)
Sunflower stalks 1.2 (42
Plum kernel 353a (26)
Sugarindustry -mud - (43
Natural zeolite 16 (44)
Red mud - (45)
Garlic peel 0.6 (46)

aSurface area increased due to processing of adsorbent feedstoc
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Next only to cellulose, starch is the most abundant carbohydrate in the
world. (17) Starch offers the advantages of natural zeolites, clays and chitin in
that it is low cost due to its plentiful supply. It also has the added advantage
of not requiring extraction from the ground or significant chemically and
energetically demanding isolaion from a waste stream. Unfortunately the
properties of starch limit its usefulness as an adsorbent material: it offers
virtually no surface area, <1 m g1, and no porosity(47, 48 Also the
hydrophilic nature of starch further constrains its use(17) Overcoming these
limitations, however, would enable access to an incredibly unique raw

material for use in adsorption.
1.3 Starbon®: the solution to pollution

1.3.1 Starch availability and characteristics

Starches are the principal food reserve polysacchate in the animal
kingdom.(49) It is a vital component of the human diet as it is the major
source of carbohydrates. Starch is produced on a very large, industrial scale,
in 2000 over 48 million tons of starch was produced worldwide (Table
1.3).(50) Starch is commonly derived from maize, wheat and potato but it can

also be extracted from other sources such as cassava.

Table 1.3 Worldwide starch production in 2000.(50)
Starch (million tons)
Maize Potatoes = Wheat Other Total
EU 3.9 1.8 2.8 0.0 8.4
USA 24.6 0.0 0.3 0.0 24.9
Other 10.9 0.8 1.1 2.5 15.2
World 39.4 2.6 4.1 2.5 48.5

There are a wide variety of different modified, unmodified and starch derived
products that are used across a range of industries, but predominantly the
production of food and feed utilise the majority of starch produced (Figure
1.4). In addition to commercially available sources, starches can also be
isolated from waste streams, such as potatoes where starch can be found in
the waste from crisp manufacture(51) This is advantageous as there is the
possibility to utilise this waste starch for chemical purposes, rather than

starch that is required for food.
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Starch naturally occurs in a water insoluble, partially crystalline
(approximately 30%) granular form.(49) Starch consists of two main

polysaccharides: amylose and amylopecti(62) The structures of these

molecules are shown in Figure 1.5.

Unmodified  Modified Derived
*High amylose products

starch »Acid modified

"Regular starch 5Bleached "Glucose
*Fine starch *Oxidised "Fructose
mPearl starch 2Cross-linked *Maltodextrin
*High phosphate | =Stabilised *Maltose
starch =Dextrin

!

Paper, textile, soap, cosmetic, laundry,
pharmaceutical, fire proofing, manufacturing
food and feed products

Figure 1.4 Different forms of starch and some examples of the industries that
utilise them.(49)

Amylose is a linear polymer tha consists of Dgluopyranose units linked

OEOIT OCE J1jp©° tQ CIUAT OEAEA 1 ETEACAOG8 '!iUll®B
i AETT U Ai1 OEOOGET C 1T &£ Ci OATI PUOATT OA O1T EOO 1 EI
ET xAOAO 1jp©° ¢Qq Cl UAT OEAEA 1 EhtEGIAO Al O1 1 AA
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Amylose:

CH,OH CH,0H CH,OH CH,0H
H AH H T H © °
H H H /H 4
OH H OH H OH H
— 0 o— 0 M /Lo
H  OH H  OH H  OH H  OH
n

Amylopectin:

CH,OH CH,0H
0 0
b H H H
H H
OH H OH H
o— o)
H  OH H  OH
m

CH,OH CH, CH,OH
H 2 H H ° H N
H . "/ 4
|
OH H OH H
o—I o— OH H o
H OH H OH H OH
X
a(1—>4) glycosidic bonds a(1—>6) glycosidic bonds

Figure 1.5 Structure of amylose and amylopectin.

The branching of amylopectin is not random. Results of debranching
experiments carried out on amylopectin have shown that it commonly
consists of two chain lengths, denoted in units of degree @blymerisation
(DP): short chains of between 1% 14 DP and long chains of approximately
45 DP(52, 54, 5% The ratio of chain lengths varies depending on the origin of
the starch but generally small chains are the most abundant by weight and
number. The main consequence of amylopectin branching is that it causes the
resulting structure of starch to have a very tangled appearance and hinders

potential chain separation.
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Figure 1.6 Schematic showing the molecular events occurring during starch

gelatinisation (56, 57)
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1.3.2 Expansion of starch to form porous materials

Manipulation of the starch is frequently required for use in industry

processing(52) The most simple and common method of processing is
heating of the starch in an excess of water, this relsi in many physical

changes within the starch granule giving rise to gelatinisation. Gelatinisation
is the term given to the process of loss of crystallinity and simultaneous
swelling of a starch granulg57) A starch granule can swell to many times its
original size and if heated enough maximum swelling of the granule is
reached causing the granule to rupture. A simplified diagram of what occurs

during gelatinisation is shown in Figure 1.6.

The granular surface (the outermost layer of the granule) modutas the
expansion of the granule, more specifically swelling is a property of the
amylopectin found in the surfacg57) The extent of crystallinity of the
amylopectin determines the onset of the gelatinisation proceg$8) Different
starches contain varying amounts of amylopectin and therefore the
temperature of maximum swelling, defined as the temperature at which the
swelling of a granule is complete and granular disruption has occurred,
changes depending on the starch agin (Figure 1.7). The main outcome of the
swelling of starch is a significant expansion of its surface area, from less than
1 m? g1 to between 100z 180 m2 gl. The porosity of the material is also

enlarged as a resul{59)

Once the starch has been gdiaised the product is a near homogeneous,
viscous, aqueous solution of dissolved starch. If this mixture is allowed to
cool there is a strong driving force towards crystallisation. During cooling
there is an obvious phase separation where the amylose imlsition rapidly
turns opaque and forms an elastic gel due to the formation of polymer
aggregates. These processes which occur when the starch is cooled are
known as retrogradation(52) If the retrogradation process is allowed to go
on too long the expandedstructure of the starch will begin to collapse, due to
the interaction of starch with water. Therefore, to maintain the increased

surface area and porosity the water must be removed from the solution and
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replaced with solvents with a lower surface tension for example,
ethanol(59) After solvent exchange and drying the result of this process is an
expanded starch powder that overcomes some of the drawbacks that has

limited the use of starch as an adsorbent material so far.

Amylopectin content / % (line)

0 20 40 60 80 100

T T T T

Waxy maize ®
Cross-linked waxy maize @
Oxidised waxy maize ®

Acid thinned waxy maize

Potato

Amylomaize @

Hylon VII

0 20 40 60 80 100 120 140
Gelatinisation temperature / °C (box)

Figure 1.7 The gelatinisation emperature (box) and amylopectin content

(line) of a variety of different starcheq57)

The work presented in this thesis utilises a number of starch derived
adsorbent materials for waste water treatment all of which have been
prepared using the steps of elatinisation, retrogradation and solvent
exchange in order to increase their surface area and porosity. The materials
were derived from high amylose corn starch, such as Hylon VII. Hylon VII
starch is unique in that it has a particularly high amylose cdent and low
amylopectin content compared to other starches (Figure 1.7). Hylon VII
granules contain a thick surface coating or sheath, not commonly seen for
other starches, that is not easily disrupted, thus limiting the swelling to occur
only at high temperatures.(57) Evidence from previous studies of Hylon VII
indicates that this coating is likely a lysophospholipid and amylose complex
that is particularly resilient to swelling.(60) These distinctive properties

were taken into account when preparing stach derived adsorbent materials
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used for this work. The development of the materials used throughout this

thesis is discussed further in Section 1.3.5.
1.3.3 Exploring other polysaccharides: alginic acid

Along with starch there are numerous other polysacchades that fulfil most

of the properties required for adsorbents, e.g. presence of numerous and
diverse surface functionalities, insolubility in most organic solvents, inherent
chirality, thermal stability and existing industrial production.(61) Of the
family of polysaccharides available alginic acid that is extracted from brown

algae (a group of species of seaweed) is one of the most desirable.

Seaweeds are probably one of the least energy intensive source of biomass
obtainable and offers the added advamige that production can be increased
without competing with existing food resources(62) Alginic acid, as the
name suggests, is a naturally occurring acidic linear copolymer of
mannuronic and guluronic acid building blockg63) It has a reported pKa
value of between 3.0z 3.8 indicating relatively strong acid potential(53, 64

It is of significant commercial importance and is available on an industrial
scale(62)

Figure 1.8 The structure of alginic acid showing bonding of units of

mannuronic and guluronic acid.

AEA OOOOAOOOA 1T &# AICETEA AAEA EO OEI x1
I ETEBRAATT OOT T EA A AEgduropic atid @) dsidyes. The

polysaccharide ca be synthesised as homopolymeric units of either M or G
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residues or heteropolymer segments of M and G sequences, the ratio of M to
G present in the alginic acid varies depending on the origin of the seaweed

and the season it is harveste¢65)

Alginic acid has the potential to be expanded using water in the same way as
starch. The swelling ability and stability of the resulting gel is dictated by the
guluronic acid residues within the alginic acid structure. The higher the
guluronic acid concentration andthe longer the chains that it forms the

better the gelatinisation properties of the alginic acid (Figure 1.9)66)

HIGH-G ALGINICACID HIGH-M ALGINIC ACID

Figure 1.9 A suggested model for the network structure formed in alginic

acid gels with different size guluronic units(66)

As with starch, alginic acid gels present a highly open structure with
increased surface area and porosity. However, this expanded structure is
difficult to maintain once the material has been dried. Evaporative drying
results in the collapse of the gel structuregven after the water has been
exchanged for ethanol and does not retain accessibility to the alginic acid
functionalities.(62) The technique of drying using supercritical carbon
dioxide avoids shrinkage of the gels and can result in an increase in surface
area of > 60% and pore volumes of > 40% than vacuum dried, expanded
alginic acid materials. The average pore diameter also increases from 16 nm

to 25 nm using supercritical drying(53)
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The differences in the structure of alginic acid compared with starcts likely

to give rise to differing behaviour of the two materials during the
gelatinisation and the retrogradation step of the expansion process. The most
pronounced effect this will have on the resulting materials will be a

difference in mesoporous charater.(65)

The importance of mesoporosity of materials for adsorption and catalysis
will be discussed in detail is Section1.3.4. At this point it is enough to say that
the ability to create materials with differing porous networks is highly

advantageous fo the range of applications and molecules tested in this

thesis.

1.3.4 The emergence and importance of mesoporous materials for

adsorption and catalysis

Porous materials are of particular interest to the scientific community due to
their ability to interact with atoms, ions and molecules not only at their
surfaces but also throughout the bulk of the material67) As a result of this
porous nature these materials also have a high surface area making them
technically useful for a variety of applications inclding; adsorption, catalysis

and as catalyst supportg68)

The pores of solid materials are classified according to their size into three

groups: macropores are the largest with pore size > 50 nm, mesopores are

bl OAO ET OEA OAT CA 1 A arethe sniallest poreg iith AT A |
diameters < 2 nm (Figure 1.10and Table 1.469)

Traditionally microporous materials e.g. zeolites and activated carbons, were
employed for chemical applications. However, their applicability is limited by

the relatively smal pore openings that restrict diffusion of adsorbates or

reagents in and out of the pore networK.70) In response to this problem the

focus of materials chemistry became the enlargement of pores and
development of the ability to control pore size during he fabrication of new

porous solids(67, 63
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Macropores

Mesopores

. Micropores

Figure 1.10 Diagram showing the pore hierarchy in porous solids.

Table 1.4 Pore classifications and sizes.
Pore type Pore size
Micropore <2nm

Mesopore I ¢ S um
Macropore >50 nm

In 1992 Kresgeet al. from Mobil Research and Development Corporation
published a seminal paper describing the synthesis of novel, ordered,
mesoporous silica materials named MCM1.(71) The groups used an organic
template that was coated in silica, the template was then remved leaving
behind a highly structured silica solid (Figure 1.11). By altering the template
these mesoporous materials could be made with varying structures and pore
diameters that can be controlled over a wide range of 2 30 nm(72) What
these materials offered was the opportunity for size and/or shape selective
adsorption and catalysis of large species that was previously difficult to
achieve with microporous materials.

Ryooet al.took this work further and by using the MCMtype silica materials
as templates themselves the group produced highly ordered mesoporous

carbon materials (Figure 1.12)72-75) The advantage of these solids is that
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they offer different physiochemical properties compared with silica materials

whilst offering a similarly ordered, mesoporous structure.

Surfactant micelle Micellar rod Hexagonal array
01?7 »
.\\ J J_ »
¢/ -
O~ ‘o
5 e > >
“?4’3\\‘(\0
{e®
1
MCM-41 Silica coated template 21a
o=
218
®lo
—h
Calcination
< «—

540 °C

Figure 1.11 Schematic drawing for the synthesis of MCM1. Hexagonal
arrays of micellar rods form with the polar group of the surfactant on the
outside. Silica species then occupy the spaces between the rodse Th
calcination step burns off the micelle (organic) material leaving behind

hollow silica cylinders(71)

Unfortunately, from a green chemistry perspective the use of these
templating methods (Figure 1.11 and Figure 1.12) for production is highly
undesirable. The syntheses involve considerable numbers of complex steps
especially for the carbon materialsz there is also a large degree of waste
generated which is mainly caused by the removal of the template. This all

adds up to a rather costly and resource igfficient process(59)
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Silica template

1. VOLUME-TEMPLATE 2. SURFACE-TEMPLATE
METHOD < > METHOD

Impregnation with
carbonsource

Carbonisation

Dissolution of the
silica template

(aerial view)

(aerial view)

Mesoporous carbon
rods

Mesoporous carbon
hollow tubes

Figure 1.12 Synthesis of mesoporous carbon materials using a silica
template, via 1. volumetemplate method and 2. surfacgemplate
method.(73-75)
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1.3.5 Starbon® development & early applications

Researchers at the Green Chemistry Centre of Excellence, based at the
University of York have demonstrated a novel approach to the generation of

mesoporous, carbonaceous materials without the use of a templating agent.

This novel family of porous carbon lsed materials, which have been derived
from polysaccharide precursors (starch and alginic acid) have been defined
O1T AAO OEA DPAOAT OAA AT A cqBAAAT AOEAA T AT A
The method developed exploits the natural ability of starch and alginic acid
to form a nanochannelled biopolymer structure when expanded in water that

can act as a natural templat€77) The process comprises three major steps,

illustrated in Figure 1.13 and described in more detail below:

1. Native polymer expansion via polysaccharide aqueaed preparation:
this is the key process step as it expands the polysaccharide structure.
The swelling results in the formation a predominantly mesoporous
pore network.

2. Production of a mesoporous solid via solvent exchange and dryasy:
discussed in Sedbn 1.3.2 the waterused in the gelling step must be
removed to prevent collapse of the porous polysaccharide structure.
In this process the water is replaced with ethanol. The drying of the
materials differs dependingon the polysaccharide starting materal.
For starch it can simply be vacuum dried, whereas alginic acid drying
is more complex requiring supercritical CQto ensure the mesoporous
nature of the material is maintained.

3. Thermal carbonisationthe mesoporous structure of the expanded and
dried materials is finally fixed by thermolysis. This stabilises the
materials so that they maintain their structure when exposed to a
range of different conditions(78) For the starch derived materials the
carbonisation process is catalysed using the organic acigara-
toluenesulfonic acid(59) Alginic acid has the advantage that it can self

catalyse its own carbonisation due to its natural acidic charact€65)
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Alginic acid _Starch

Heat A4 in water Heat 5 in water

(90°¢, 2 hr), (120°C/80 KFa,
retrograde at 5°C 45 min),
. | retrograde at 5°C

Solvent exchange
to ethanol, dry in
vacuum oven

Solvent exchange
to ethanol, dry in
supercritical CO,

1 Carbonised material l

Add ptoluene
sulforsc acid and
carboniize in No

Carbonise in Na

Starbon®

Figure 1.13 Schematic showing preparation proedures for starch and

alginic acid derived Starbor®.
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The surface properties of the materials can be cleverly controlled by
varying the temperature of carbonisation (between 200z 1000 °C)
that allows for the production of a range of materials with differat
functional properties. At lower temperatures (200 z 300 ©C) the
materials retain their polysaccharidelike character, as the
temperature is increased this is lost as much of the surface oxygen
content of the materials is removed. At high temperatures @ z 1000
oC) the materials become graphitidike with a high degree of surface

aromatic content(78)

This easily tuneable surface character enables the use of StarSoior a wide

range of applications as shown in Figure 1.14.

Carbonisation Starbon®
temperature: Functionality:
P A . A B}
' 900°C NS :I Chromatography
. 7000 LU
© Organic adsorption
' 500°C
g Ho—/=>=o
I--300°C - T — —
! R—O—R
: Metal adsorption & catalysis
i 100°C OH

Figure 1.14 Diagram showing the changing surface functionality of Starbch
with increase in carbonisation temperature and also which applications the

Starbon® can be used for dependent on their surface characteristics.

Starbon® materials have pore volumes and sizes equal to matefsaprepared

by conventional template routes with a number of added advantages: firstly
the Starbor® methodology is a simpler and less wasteful process than
templating.(79) Secondly utilising the natural porous structure of starch and

alginic acid as a temfate reduces thelikelihood of collapse that is associated
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with the use of micellar templates. These templates are liable to collapse
when exposed to thermal treatment for carbonisation resulting in a loss of

porosity.(80)

This highly successful researchnito the development of Starbof® has led on
to a number of further projects investigating their use in various applications
and how the materials perform in comparison with other, more conventional
porous materials. These include: the use of sulfonated (sth derived)
Starbor® prepared by impregnating Starbor® with sulphuric acid for a range
of esterification reactions of organic acids. The materials were very efficient
catalysts giving excellent yields with > 99% selectivity and outperforming
commercially available carbons e.g. DARCOand NORIP that were

sulfonated in the same way(78, 81)

Another previously researched application of starckderived Starbor® was

the formation of supported palladium nanoparticles (Figure 1.15). These
materials were effectively used for the catalysis of € coupling reactions,
such as, Heck, Suzuki and Sonogashira reactions, again giving high product
yields and selectiviies.(82) Finally, preliminary work has also been
published utilising alginic acidderived Starbor® as chromatographic
stationary phases for polar analyte separation$65) The materials were able

to successfully separate a mixture of different sugars giving sepsrons

almost identical to the separation columns used commercially.

i 7 L"’, ',':-»\::
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",50 nm : 50 HL

Dun

Figure 1.15 Transmission electron micrographs (TEM) of Pgstarch-
Starbon® materials prepared in (a) acetone and (b) ethano(TEM

micrographs reproduced with the permission of Dr ViyaBudarin.)
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Prior to this project, exploration into the use of Starbof as adsorbent
materials had only been preliminary with indepth analysis of their
performance remaining lacking. Therefore, one of the focuses of the work
presented in this thesis was ¢ determine the efficacy of Starbo# for the
removal of organic pollutants from wastewater and evaluate their efficiency
with other commercially available activated carbon adsorbents. Should
Starbor® prove to perform well they could offer a greener, more gstainable
alternative to the other adsorbents currently being used and also overcome
some of the short comings of other lowcost adsorbents that so far have not

been successfully employed on a large scale.
1.4 Supported metallic nanoparticles

As briefly mentioned in Section 1.3.5, starclderived Starbor® have
previously been investigated as supports for palladium nanoparticles. The
area of nanoparticles is one that is rapidly growing in interest and
importance and therefore another focus of this thesissi to further the
previous work using alginic acidderived Starbor® for nanoparticle

formation and also investigate other sustainable production methods.
1.4.1 What are nanoparticles?

The name nanoparticle describes nanosized structures in which at leashe
of its phases has a dimension in the nanometre size range of 1 to 100 (83)
This term can therefore be applied to a wide range of things or materials, for
instance: biological structures like viruses, cells and enzymes, or materials
such as polycrysals, porous solids with particle sizes in the nano range or
nanometre sized metal clusters (metallic nanoparticles) dispersed onto a

porous support.

Metallic nanoparticles (MNPs) are receiving more and more interest from the
scientific community due to the remarkable properties they present
compared to the bulk of the same metal. At the nanometre scale metallic
clusters only consist of a collection of a few atoms and as a result the atoms

are located on the surface (or one layer removed) as opposed to thearior 7
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as would be seen for bulk metal. This characteristic results in superior

catalytic activity and specificity of interaction of the MNP$84, 895
1.4.2 Colloidal vs supported nanoparticles

Unfortunately, the remarkable characteristic of MNPs of beg so highly
active is also the cause of the main problem associated with them: existing at
such a small size makes the particles thermodynamically unstable and when
MNPs are synthesised or present in a reaction as a colloidal suspension the
result is often aggregation and deactivation of the particles due to a decrease
in the surface area to volume ratio and the interfacial free energy of the
particles (Figure 1.16)(86) It is important to increase the stability of MNPs to

give them a longer lifetime duing storage and use.

Aggregation of MNPs

t=x -

8 o &2

No aggregation of MNPs
t=x g

82, 89,

Figure 1.16 Schematic showing the aggregation of MNPs with and without
stabilising agent(86)

The union of the two previously unrelated fields of porous materials and
nanoparticle technology offers a practical and efficient solutionto this
problem. Research has shown that the use of porous solids, with well defined
meso and microporous networks, as MNP supports can effectively reduce

particle agglomeration and have the added advantage of inhibiting MNP
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growth during their synthesis.(83) By careful choice of support or tailoring of

its characteristics the size and shape of MNPs can also be easily controlled.

Supported MNPs also offer the added advantage that they are more easily
recoverable than colloidal particles after use. Thus, deicing the proportion

of MNPs lost into the environment as waste. The concern over the release of
MNPs into the environment and the effect their bioaccumulation may have on
natural systems is growing rapidly(87) There is little understanding of the
unique toxicological properties of MNPs and their long term impact on
ecosystems and humang88) Therefore, utilising techniques to limit their

release, such as supporting the MNPs, is vital.
1.4.3 The importance of palladium and nanopatrticles in catalysis

Palladium is arguably the most ubiquitous metal currently used in organic
synthesis(89) Its great degree of versatility and ability to tolerate many
different functional groups means it can be used to conduct thousands of
different transformations with or ganic moleculeg90) Palladium is probably
most famous for its involvement in facilitating GC bond forming reactions,
such as the Heck and Suzuki couplings, which are fundamental to the fine

chemical and pharmaceutical industrieg91)

Homogeneous palladim catalysts have been most commonly used for this
type of synthesis in industry as they offer better efficiency and selectivity
than heterogeneous catalyst$92) However, use of homogeneous catalysts
has the major disadvantage of an inability to recoverhie catalyst after use. As

a result of this the palladium requires costly recovery from the reaction
waste stream. The key advantage of using heterogeneous catalysts is that due
to their insolubility they are simply recovered from the reaction mixture

usingfiltration and can be reused in subsequent reactions.

Fortunately, nanoparticle catalysts can bridge the gap between homo and
heterogeneous. Due to their small size MNPs can mimic metal surface
activation in catalysis as seen with homogeneous catalystiserefore offering

the same selectivity and efficiency, whilst also being separable from the
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reaction mixture (this is most easily achieved when using supported MNPSs)

So are recoverable and reusable like heterogeneous cataly$8)

Due to these favourablecharacteristics MNPs have gained much attention
from the research communities of both homogeneous and heterogeneous
chemists, however, industry has not yet adopted them into processes as
readily. What are limiting the widespread use of MNPs is likely themethods

of synthesis which are not yet viable on a large scale and further work is

required in this area.
1.4.4 Green synthesis of supported metallic nanoparticles

There are a wide range of different preparation techniques that have been
employed for the synthesis of MNPs. They can generally be divided into two
categories: bottomup approaches where atoms are assembled into
nanostructures or top-down approaches where material is removed from a
bulk leaving behind nanostructures(84) Some important techngues for each

methodology are listed in Figure 1.17.

NANOPARTICLE SYNTHESIS

1
v v

Bottom-up approaches Top-down approaches
I I

Bacteria Supercritical fluid synthesis Mechanical milling
| |
Yeasts Use of templates Etching
| |
Fungi <— Biological methods <—— Green synthesis Laser ablation
| |
Algae Plasma/flame spraying Sputtering
| |
Plants Atomic/molecular Electro-explosion
condensation l

l

Figure 1.17 Some important methods of nanoparticle synthesis, highlighting

where green synthesis techniques fit if{93)

From a sustainable chemistry perspective tomown approaches to MNP
production are highly undesirable due to the disproportionately large

amounts of waste that result from these techniques. For a bottomup
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approach, the synthesis requires three key constituents: a molecular
precursor (i.e. a metal salt), a molecular stabiliser and a decing agent(94)
Unfortunately, these techniques can involve many synthetic steps and often
use highly toxic chemicals, e.g. for the popular method of palladium
nanoparticles synthesis the metal precursor N&PdClh is first reduced by
NaBH; in a biphasic aganic-solvent-water system, followed by subsequent

addition of the stabiliser (4-dimethylamino)pyridine. (95)

In light of this, greener more sustainable synthesis methods are being widely
researched. It has emerged recently that the use of biological teuques
using plants or microorganisms as an environmentally friendly route to
MNPs could offer a suitable alternative to conventional synthesis
methods(93) Research in this area is still in early stages, however it has been
shown that the MNPs produced sing plants or plant extracts are more stable
and easier to produce on a large scale than those from other biological

systems.

These results have inspired some of the work carried out for this project
where natural materials, i.e. alginic acid and livingplants have been
investigated for their effectiveness in synthesis and support of palladium

nanoparticles.
1.5 Project aims

The aim of this thesis is to provide an irdepth investigation into the capture
of potentially harmful components from aqueouswvaste streams using starch
and alginic acid derived Starbofi as sustainable adsorbent materials
(Chapters 2 & 3).

In addition, another focus of this thesis is the development of greener
methods for the production of supported palladium nanoparticles (Chaters

5 & 6). Coupled to this the emerging problem of decreasing availability of
precious metals (e.g. palladium) that are vital for a vast range of chemical and

industrial applications is also discussed in detail in Chapter 4.
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Overall, the key themes thatrun throughout this entire work are that of
sustainability both of materials and the environment and in addition being
mindful of resource efficiency and remembering that nothing is available in a

boundless supply.
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Chapter 2

Starbon® characterisation and

application in dye adsorption

Aspects of the work presented in this chapter have appeared in:

H. L. Parker, A. J. Hunt, V. L. Budarin, P. S. Shuttleworth, K. L. Miller & J. H.
Clark, The importance of beingorous: polysaccharidederived mesoporous

materials for use in dye adsorptionRSC Advance2012,2, 8992-8997

Poster given at RSC Atmospheric and Environmental Chemistry Forum,
London, UK, June 2010

/| OAT DOAOAT OAOEI T CEOAT e forind@dyP 6 # EAT «
Montpellier, France, November 2011

Oral presentation given at Starbofi Day meeting, York, UK, September 2012

SEM images of starch, expanded starch and S300 wetgained by Dr.A.

Hunt, Green Chemistry Centre of Excellence, Universiy York, York, YO10
5DD.
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Chapter 2.

Starbon® characterisation and application in

dye adsorption

2.1 Introduction

Chemicals such as dyes and pigments are used in various sectors of industry
including textile manufacture, leather tanning, paper production, food
technology and cosmetics manufacture, to name but a fd®6) These
synthetic organic compounds consume vast quantities of water in their use
and have a visible effect on water quality. The annual production of dyes and
pigments is in excas of 7x10 tonnes, of which an estimated 215% is lost in
the effluent during the dyeing procesg97-100) In some caseswater
colouration can be observed in dye concentrations of less than 1 ppfh01,
102) Many of these dyes are toxic, even carcinogenipgrsistent in the
environment and non-biodegradable(103) The impact of releasing such
waste streams into water courses can be dramatic and poses a significant
hazard to both aquatic life and animals further up the food chain including
humans(104-107)

Many dyes are resistant to aerobic digestion, stable to light, heat, water and
oxidation making treatment a significant challengg108, 109 Biological,
chemical, and physical methods are available for the removal of such dyes.
Physical adsorption using ativated carbons as an adsorption matrix is

efficient and considerable attention has focused on their ugd.10-112)

There are a wide variety of biomass derived activated carbons that have
shown effective dye adsorption, however, these materials can be litad due

to cost, availability z both in abundance and worldwide location- and are
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frequently limited in practical use because of micropore size resulting in

large volumes required to improve rates of extraction(113)

Polysaccharides including starch andlginic acid are relatively inexpensive,
non-toxic, biodegradable, possess polyfunctionality, have great potential for
chemical modification and are found in nearly every geographical location on
the planet(114, 115 The extensive use of nofionic polysaaccharides (such as
starch) as asorbents, has been restricted by low surface area (< 12m?),
low degree of mesoporosity and limited potential to hydrogen bond with
dyes due to extensive intramolecular chain interactions. Anionic
polysaccharides (such as lginic acid) have also previously shown limited
success for use in adsorption, the main reason being electrostatic repulsion
between the polymer surface and the dyé47) The development of
polysaccharide derived, mesoporous materials, Starbén with large pore
volume and surface areas opens new doors to dye adsorption. Their
mesoporous nature makes them ideal materials for the uptake of large, bulky

molecules like dyes.

Within this chapter, the preparation and characterisation of Starboh and
their application as adsorbents for bulky dye molecules is described. By
varying the adsorbent type and preparation temperature a range of
mesoporous materials are produced and these are utilised to clarify the
importance of pore texture, surface functionality and dyemolecular size on
adsorption capacity. Commercially available activated carbon, Norit, is also

used in this work as a basis for comparison.
2.1.1 Aims

The overall objective of this chapter is to provide an introduction to the
Starbor® materials used throughout Chapters 2, 3 and 5. A description of the
preparation procedure will be given in this chapter, however, as this was not
the focus of this thesis it is only brief and for a more Hiepth description of

the development of these materials please see sxences(53), (65) and (59).
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The aims of the work presented herein:

A To investigate the influence that the nature of the native
polysaccharide has on the physiochemical properties of the Starb®n

A To optimise pore structure and surface functionality of he Starbor
for application in the adsorption of dye molecules.

A To propose the possible adsorption mechanism on the surface of the

Starbor® using adsorption thermodynamics.
2.2 Results and Discussion

2.2.1 Preparation of Starbon ®

The preparation of the starch derived Starborf was carried out using the
method previously published by Budarinet al, and the preparation of the
alginic acid derived Starbo® was carried out using the previously published
method of Whiteet al.(59, 69

A typical method of peparation comprises three main stages:

1. Gelatinisation and expansion
2. Retrogradation and solvent exchange

3. Drying and carbonisation

Gelatinisation is defined as a simultaneous loss of crystal structure of the
polysaccharide and expansion of the polysaccharidgranule to produce
porosity.(116) To achieve this the polysaccharide (starch or alginic acid) is
mixed with water in a 1 g:20 ml ratio and heated for the desired timeThe
expansion of alginic acid is carried out at 363 K and ambient pressure
whereas starch requires slightly harsher conditions of 393 K/80 kPa due to
the more tangled nature of the polymer caused by the mixture of amylose

and amylopectin.

Once step one is complete a stike suspension is achieved and this is
allowed to cool to room temperdure. The mixture is then left to retrograde
for 24 hours at 278 K. This retrogradation allows the expanded

polysaccharide to slightly recrystalize thus adding stability to the pore
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structure created in the expansion. The next stage of exchanging water ia
lower surface tension solventz in this case ethanolz further protects the

porous network by preventing collapse when drying.

The method of drying of the expanded materials differs depending on the
starting material, whilst the starch derived materiak can be dried easily in a
vacuum oven this is not suitable for the alginic acid derived materials where
vacuum drying results in a loss of surface area of the materig|S3)
Supercritical carbon dioxide (scCg) was used to successfully dry the alginic
acid materials while also maintaining a high surface area. This is followed by
carbonisation of the materials under nitrogen to increase the stability of the
materials and preserve the pore structure. Due to the acidic nature and
occurrence of sodium and calam in alginic acid carbonisation can be carried
out directly.(117, 118 Starch does not possess the necessary characteristics
to self catalyse the carbonisation process and so is doped with 5% w/p-
toluenesulfonic acid which enables the carbonisation toccur. Heating of the
materials creates changes in the physical and chemical characteristics and,
for the purposes of this work, materials were prepared at 573, 723 and 1073
K to determine the affect different preparation temperatures has on the
adsorbentproperties of the materials. Six types of Starbdhwere synthesised
for this work described in Table 2.1 along with the abbreviated name that
will be used throughout this thesis. Norit, commercially available, activated

carbon was used as a basis for compson with Starbon®.

Table 2.1 Starbor® description and abbreviation.
Preparation
Starting material temperature Abbreviation
[K and°C]
Starch 573 /300 S300
723/ 450 S450
1073 /800 S800
Alginic acid 573 /300 A300
723/ 450 A450
1073 /800 A800
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2.2.2 Physical and chemical properties of Starbon ©®

Scanning electron micrograph (SEM) images of Starb®mshow the formation
of an increasingly porous structure from parent material to finally carbonised
product (Figure 2.1). The textural properties of starch derived Starbdh
differ significantly to those derived from alginic acid. The structure of S300 is
granular in nature, but A300 can be described as a fluffy, porous, wdke
structure. Transmission electron micrograph (TEM) images also further

exemplify this wispy feature of alginic acid and A300 (Figure 2.2).

Figure 2.1 SEM images (A) starch, (B) g@anded starch, (C) S300, (D) alginic
acid, (E) expanded alginic acid and (F) A300
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Figure 2.2 TEM images (A) starch, (B) expanded starch, (C) S300, (D) alginic
acid, (E) expanded alginic acid and (F) A300.

The solid state 33GMAS NMR spectra of a rangef dStarbor® materials
demonstrate near identical changes in surface functionality on heating of the
materials (Figure 2.3), original data available in Appendix 1). This can be
attributed to the inherent hydroxyl-rich nature of all polysaccharide
materials. At 573 K resonances between 5000 ppm disappear signifying a
loss of the acetal and alcohol functionalities of the polysaccharides. The
appearance of aliphatic carbons resulting from increased thermal
degradation of starch and alginic acid are representeby a broad resonance
between 1050 ppm. As the preparation temperature increases aromatic

rings, such as substituted phenols, benzenes and furans form cross linked

62



structures. At 723 K the relative intensity of aromatic carbon resonances is
significantly increased and the high field aliphatic resonance is decreased.
This is in good agreement with infrared (IR) data for both starch and alginic
acid Starbor? samples (Figure 2.4) and concisely shows the transformation
from hydroxyl-rich polysaccharides to &phatic/alkene groups and further

into highly aromatic materials.

Expanded alginic acid
Expanded starch

.

250 200 150 100 50 0
5/ ppm

Figure 2.3 Overlaid 13C MAS NMR spectra of expanded starch, S300, S450
(black) and expanded alginic acid, A300 and A450 (red).

This NMR data would indicate a move towards aromatic structes at higher
temperatures, however, the NMR probe was unable to be tuned for S800 and
A800. In addition it was not possible to analyse Norit using this technique. It
is speculated that this is an indication of a degree of electrical conductivity,
indicative of some graphitic character. Xay photoelectron spectroscopy
(XPS) analysis was used to enable surface characterisation of high
temperature materials and Norit. Table 2.2 shows different elements and

concentrations that were observed for the materials.
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Figure 2.4 IR spectra of (a) expanded starch, S300, S450 and (b) expanded
alginic acid, A300 and A450.

Table 2.2 Content of elements in Starbofi from XPS analysis.
% Atomic Content

C @) S Na Ca Si

S300 85.7 14.3 0.1 - - -
S800 98.3 1.8 - - - -
A300 81.9 16.1 0.4 1.0 0.7 -
A800 88.7 8.2 0.4 2.2 0.5 -
Norit 93.0 6.4 - 0.1 - 0.5
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As expected from NMR and IR analysis oxygen content is lower for the high
temperature materials, S800 and A800. S300 shows the presence of2SO
binding energy (BE) 168.0 eV, which is likely due to some residugd-
toluenesulphonic acid catalyst used in the carbonisation process. The
presence of elemental Na, BE 1072 + 1.0 eV, CaSEBE 347.5 + 0.2 eV and
CaO, BE 351.0 + 0.5 eV in A300 and A800msst likely a result of the alginic

acid extraction procesg.118)

Deconvolution of the C 1s and O 1s spectra of the adsorbents gives the
individual component peaks (Figure 2.5 and Figure 2.6). Depending on BE
each peak corresponds to different carbon ah oxygen species (Table
2.3).(119) S800 and A800 spectra clearly show the presence of aromaticity in
good agreement with NMR observation. S300 and S800 exhibit a relatively
large amount of surface € groups compared to A300 and A800 which may

affect the alsorbent properties.(120)

Analysis of Norit (Figure 2.7) shows that it compares well to Starb&hwith
similar surface characteristics to S800. It exhibits a similar degree of
aromaticity (28 % for S800 compared to 27 % for Norit), also the surface
oxygengroups are predominantly GO as with S800. Overall the XPS analysis
shows that Norit is an appropriate commercially available material for use as

a comparison with Starbor®.

Table 2.3 Composition of Starbo® components from XPS spectra.
%

Peak BE [eV] g?a(igncal _
S300 S800 A300 A800 Norit
Carbon | 284.7+0.2 GCC 53 32 66 37 27
[l 285.2+£0.3 GCC(Arn - 28 - 45 27
[l 285.8+0.3 CO 30 18 11 - 31
v 289.0+1.0 COO 17 22 23 18 6
\ 290.3+0.2 AAG # | - - - - 9
Oxygen | 531.3+0.2 GO - - 60 - -
[l 532.0+0.2 C=0 34 - - 100 19
11 533.4+0.2 GCO 66 100 40 - 81
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Figure 2.5 Carbon XPS spectra of Cls (a) S300, (b) S800, (c) A300, (d) A800.
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Figure 2.6 Oxygen XPS spectra Ols (a) S300, (b) S800, (c) A300A®&00.
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Figure 2.7 Norit XPS spectra of (a) carbon and (b) oxygen.

Nitrogen adsorption porosimetry was used to give a quantitative analysis of
the textural properties of the materials. Characterisation of the isotherms
produced from the analysis showed typ IV isotherm profiles with H3
hysteresis loop classification (Figure 2.8) for all of the Starbéh

materials.(121) The type IV isotherm can be divided into two distinct parts:

A The initial part of the isotherm (up to P/Po 0.8) can be attributed to
monolayer-multilayer adsorption. It is commonly interpreted as the
stage at which the monolayer is full and multilayer adsorption
begins(121)

A The hysteresis loop clearly seen at P/Po above 0.8 is generally
associated with capillary condensation and is significant of
mesoporous adsorbents. The H3 type loop is usually given by

adsorbents that contain slitshaped pores(122)

For S300 the low pressure, desorption volume (red) remains above the
adsorption volume (black), this is indicative of an adsorbent containing soe
micropore character (Figure 2.8 (a)). It is not possible to remove all of the
residual adsorbed nitrogen from inside the pores due to their small entrance
diameter.(121) Closer examination of the S450 and S800 isotherms show
that this is also occurringto a small extent. This feature is not apparent on
any of the alginic acid derived material isotherms suggesting that there are

little to no micropores present in these adsorbents.

67



The shape of the Norit isotherm most closely resembles the type | isotherm
indicative of microporous solids (Figure 2.8 (g)). These materials have
relatively small external surfaces and the limiting uptake is being determined

by the accessible micropore volume rather than internal surface argd.21)
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Figure 2.8 Nitrogen adsorption isotherms for (a) S300, (b) S450, (c) S800,
(d) A300, (e) A450, (f) A800 and (g) Norit.
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A summary of material properties is given in Table 2.4. The Brunauer
Emmett and Teller (BET) isotherm shows that the surface areas of starch
derived Starbor® increases from 332 to 535 rd g! with increase in
preparation temperature, this correlates with an increase in micropore
formation in the materials. A decrease in total pore volume and average pore
diameter is observed at higher temperatures due to shrinking fothe larger,

less stable macro and mesopored.23)

The trend in surface area is similar for A300 to A450 with an increase in
surface area and microporosity. However, surface area sharply decreases
from A450 to A800, this may be attributed to the coaleseee of micropores
into mesopores at higher temperatures. As with S300 to S800 a reduction in
average pore diameter was also observed between A300 and A800 due to the

contraction of pores.

Table 2.4 Porosimetry characteristics of Starbo® and Norit.

S300 S450 S800 A300 A450 A800 Norit
SseT[M?2 /1] 332 402 535 280 402 265 798
S>2nm [mErl] 153 131 133 214 232 247 102
Total pore
volume 082 069 0.75 1.41 1.36 1.08 0.57
[em3 gl
Average pore
diameter [nm] 17 12 12 19 17 15 4
desorption
Microporous
volume 0.17 015 022 0.11 0.14 0.04 042
[cm3 /]
% 20 22 29 8 10 4 79
Microporosity

Norit exhibited the highest BET surface area of all of the materials at 7982m
g1, this is characteristic of an almost completely microporous solid. Due to
Norit exhibiting similar surface functionality compared to Starbor® (as seen
from XPS analysis) and the lack of any mesopore character in Norit it is an
ideal material for comparison with Starbor® as it can help to determine the

affect of mesoporosity on adsorpbon.
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2.2.3 Dye adsorption capacities related to material properties

To understand the adsorption on the material surface and to establish the

relationship between pore textural properties and the adsorption ability, the
adsorption of methylene blue (MB),acid blue 92 (AB), Nile blue A (NB) and
mordant yellow 10 (MY) were studied by the Starbofi materials (Figure 2.9),

for comparison Norit was also used as an adsorbent.
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Figure 2.9 Structures and dimensions of (a) methylene blue, (b) acid blue 92,
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Table 2.5 Adsorption capacity and surface area of dye coverage

Methylene blue Acid blue 92 Nile blue A Mordant yellow 10
: Surface % of . Surface % of . Surface % of : Surface % of
Adsorption areaof  surface Adsorption areaof  surface Adsorption areaof  surface Adsorption areaof  surface

([:r?]%agllt]y coverage covered ([:r?‘]gagllt]y coverage covered ([:r?%aglf]y coverage covered ?i%a;;ay coverage coverec
[m?g] [m?g] [m?g] [m?g]
Norit 42 81 10 49 72 9 66 152 19 50 59 7
S300 36 70 21 27 40 12 40 92 28 24 28 8
S450 49 95 24 41 60 15 46 106 26 22 26 6
S800 52 101 19 39 57 11 61 140 26 76 90 17
A300 186 361 129 82 120 43 83 191 68 12 14 5
A450 108 209 52 72 106 26 54 124 31 6 7 2
A800 97 188 71 108 158 60 53 121 46 67 80 30

aPercentage based on surface area calculated from &tisorption.
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Table 2.5 compiles the adsorption capacities of MB, AB, NB and MY on the
various materials, this data enabled an estimation of the dye surface area

coverage, using the size of each dye molecule (Figure 2.9).

An order of adsorption capacity for MB, a catimic dye, was: A300 >> A450 >
A800 >> S800 > S450 > Norit > S300. A300 was a highly effective adsorber of
MB, adsorption capacity was 186 mg-gwhich is more thanfour times higher
than Norit at 42 mg gl. The calculated surface area of dye coverage was
higher than BET surface area for Nadsorption, this could be due to high
carbonyl oxygen functionality of the adsorbent surface (Table 2.3) resulting
in a high affinity between the dye molecule and the adsorbent, as represented
below:(120)

C=0-+MB % C=O--MB

It can also be attributed to large mesopores, average diameter of 19 nm,
allowing for effective diffusion of dye into the pore structure (Table 2.4). The
adsorbed MB is able to occupy all the porous volume, giving the appearance

of a larger surfacearea of dye coverag¢124)

The adsorption capacities of the materials for AB are in the order of A800 >

A300 > A450 >> Norit > S450 > S800 > S300. A800 is the most efficient
adsorbent for this dye, exhibiting twice the adsorption capacity of Nori108

mg g! compared to 49 mg ¢), this is due to the combination of high

i AOT T O1 OEOU AT A EECE AOT i AGEAEOU- O1 ENO
A ET OAOAAOQEIT O xEOE OEA EOAA Al AAGOIT O
aromatic ring and multipule bonds(125) A300 adsorption of AB is
significantly lower than MB adsorption, likely caused by electrostatic

repulsion between the anionic dye and anionic polymer surfacgl7, 120

For MB and AB adsorption the materials S300, S450 and S800 exhibit
significantly lower adsorption capacities than A300, A450 and A800 and
similar capacities compared to Norit for both dyes. As S300, S450 and S800
exhibit pore volumes and diameters closer to the alginic acid derived
materials than Norit it can be assumed that this is not th&ctor limiting dye

uptake. Rather it could likely be due to the high concentration of-O groups
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(such as hydroxyl groups) on the surface of the starch derived adsorbents

and Norit that results in their similar adsorbent capacities.

Figure 2.12 Methylene blue-polysaccharide interactions: (a) dipoledipole

hydrogen bonding interactions, (b) Yoshida Fbonding.
In this case molecules are likely to be attracted to the surface due to:

a. Dipole-dipole interactions between the hydrogen on the adsorbent
surface and the electropositive groups on the dye (Figure 22).
b. Yoshida hydrogen bonding between the OH groups arttle aromatic

rings (Figure 2.12.

This correlates well with observations for similar systemq47, 126, 127
However, this highly functionalised surface can also give rise to hydrogen
bonding with the water present in the system, thus, competing for adsorption
sites and vastly reducing uptake of the dy€l28, 129 The higher degree of
graphitisation of the alginic acid derived materials preventghis competition

occurring.

For the adsorption of NB and MY the alginic acid derived Starb®rperform

less effectively exhibiting lower adsorption capacities closer to those of the
starch-derived materials and Norit. The order of adsorption capacity foNB

is: A300 > Norit > S800 > A450 > A800 > S450 > S300 and MY is: S800 > A800
> Norit > S300 > S450 > A300 > A450. Comparison of uptake of the two
cationic dyes NB and MB shows that the adsorption capacities of S300, S450
and S800 stay relatively constantespite the slight differences in chemical
structure of the dyes. The substantial decrease of approximately half in the

adsorption capacity of A300, A450 and A800 is difficult to explain. There are
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some subtle differences between NB and MB such as: thedamn of an
aromatic ring, the exchange of sulphur for an oxygen and the increase in the
steric bulk of the molecule due to the addition of ethyl groups. However, none
of these changes on their own are likely to have a significant effect on dye
adsorption, therefore, it must be a combination of these factors.
Unfortunately the adsorption capacity of MY by A300 and A450 is very low,
as with AB this is likely caused by electrostatic repulsion between the surface
of the adsorbent and the dye. This effect imcreased in this instance due to
the lack of electropositive groups (e.g. sulphur and aromatic rings) present in
MY to counter the effect of the electrofwithdrawing oxygen groups(125)
For S800 adsorption capacity of MY is almost double that seen for ABis
result would suggest that adsorption in this case is not so dependent on the
chemical nature of the dye but rather that size of dye influences adsorption

capacity.

The microporous material Norit, demonstrated low adsorption with only a
small amount, between 7z 19%, coverage of the total surface area achieved.
It has been previously reported that for adsorbents with small pore
diameters pore blockage may occur due to the aggregation of bulky
molecules, such as dyes, in the pore orifi¢g@20) Therefore the full surface
area of the adsorbent cannot be utilised, reducing effectiveness of adsorption.
This combined with the low pore volume of Norit are the likely causes of the

poor adsorption capacity.
2.2.4 Adsorption isotherm analysis of dye adso rption by Starbon ®

In order to investigate the mechanism of dye adsorption on to the Starbén

the experimental data were applied to the Langmuir, Freundlich and
Dubinin-Radushkevich (BR) isotherm equations. The constant parameters of
the isotherm equations for this adsorption process were calculated by
regression using the linear form of the isotherm equations. The constant
parameters and correlation coefficient (R) are summarized inTable 2.67

Table 2.12(graphs showing original data and isotherm fittirg can be seen in

Appendix 1).
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2.2.4.1Langmuir isotherm

Langmuir proposed an equation to determine the monolayer adsorption

capacity of a solid130) The Langmuir adsorption isotherm has been

successfully applied to many adsorption processes. The linear form of the
isotherm is represented by the following equation:

Fm +

gL e

Where Ce is the dye concentration aquilibrium (mg L-1), ge the adsorption
capacity at equilibrium and a (L mg?) and K_ (L gl)are Langmuir adsorption

constants. Qis the monolayer adsorption capacity of the solid (mg-§.

This model assumes monolayer coverage of adsorbate on the horeogous

surface of the adsorbent. This isotherm makes the simple assumption that
adsorption is occurring at specific homogeneous sites within the adsorbent
and once an adsorbate molecule is occupying this site no further adsorption

can take place on i{131)
2.2.4.2Freundlich isotherm

The Freundlich equation is employed to describe multilayer adsorption on
heterogeneous surfaces, which is characterised by the heterogeneity factar

The empirical equation is written as:

The linear form of the equation is used for this work and can be obtained by

taking the logarithm:

i iirm

[ Tag T

Where kf is the Freundlich constantand is linked to adsoption capacity of
the solid. The heterogeneity factorn, signifies the intensity of adsorption. An

n of close to or greater than unity indicates favourable adsorption of the
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adsorbate moleculeg(132) The Freundlich equation is related to the Langmuir
equation however it models for adsorption on an amorphous or
heterogeneous surface where the amount of adsorbed material is the
summation of adsorption on all sites. This isotherm describes multilayer
adsorption.(133, 139

2.2.4.3Dubinin-Radushkevich isotherm (IR)

The equation proposed by Dubinin and Radushkeviatan be used to describe
adsorption onto porous solids, it assumes no homogeneous surface of the
adsorbent(135) Assuming the adsorption is limited to a monolayer the R
equation can be used to estimate the energy of adsorptiqd36) The

equation is written as:

Ly
Ag A g

The linear form of the equation was used to model the adsorption, where
the Polanyi potential, is equal to:

[ Tag 7 1ay La

£ | —
47T —

Where ¢n signifies the monolayer saturation capacity (L 4q AT fhe + 6
constant of adsorption energy which gives the mean free energy (E) of
adsorption per molecule of adsorbate when it is transferred to the surface of
the solid from the solution and can be calculated from the following
relationship: (137)

¥ I/I—_[E
The mean adsorption energy (E) gives information about chemical and
physical adsorption, where E in the range of-86 kJ mol! indicates physical

adsorption of the adsorbate(138) This isotherm is not suitable for solids

with fine micropore systems(139)
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Table 2.6 Norit isotherm parametersa

Isotherm parameters MB AB NB MY
Langmuir

a_ (L mgt?) 0.42 + 0.09 0.16 + 0.004 3.9 + 0.59 3.0 + 0.15
@Q (mg g?1) 12.0 + 134 18.3 + 16 59.5 + 587 23.6 + 1357
R2 0.9069 0.9985 0.9326 0.9399
Freundlich

kf 0.57 + 094 - - - 64.6 + 136 28.9 + 26
n 0.32 + 0.05 - - - -1.4 + 0.49 -5.6 + 1.3
R2 0.9407 - - - 0.8235 0.9303

D-R

gmx10-3[mol g1] - - - - - - - - - - - -
+0 -@mott J7] - - - - - - - - - - - -

E (kJ moit) - - - - - - - - - - - -

R2 - - - - - - - - - - -

apData with an R less than 0.75 has not been included.




Table 2.7 S300 isotherm parameters

Isotherm parameters MB AB NB MY
Langmuir

a_[L mg1] 6.0 + 0.19 0.11 + 0.02 - - - 0.01 + 0.002
Q [mg g?] 0.96 + 132 11.1 + 16 - - - 1105 + 30.6
R2 0.8588 0.9001 - - - 0.9225

Freundlich

Kf - - - 3.1x107 £+ 1.4x106 25 + 24 0.72 + 0.26
n - - - 0.20 + 0.02 0.81 + 0.18 0.81 + 0.08
R2 - - - 0.9826 0.8499 0.9768

D-R

gmx10-3[mol g?] - - - 122.3 + 848 62.3 + 529 - - -

+ 0 -@rpott I7 - - - 1.4 + 0.19 0.93 + 0.26 - - -

E [kJ mot?] - - - 6.0 + 042 7.35 + 1.0 - - -

R2 - - - 0.9615 0.8550 - - -

aData with an R less than 0.75 has not been included.




Table 2.8 S450 isotherm parameters

Isotherm parameters MB AB NB MY
Langmuir

a_[L mg1] 0.24 + 0.02 0.25 + 0.03 2.0 + 0.28 - - -

Q [mg g?] 44.9 + 8.6 13.7 + 95 23.1 + 78.0 - - -

R2 0.9839 0.9734 0.9170 - - -
Freundlich

Kf 12.9 + 1.2 3.1 + 13 69.3 + 149 0.04 + 0.04
n 2.5 + 0.26 2.0 + 0.35 -2.5 + 0.96 0.47 + 0.05
R2 0.9601 0.8852 0.8021 0.9400

D-R

gmx10-3[mol g?] 0.70 + 0.17 0.26 + 0.10 - - - 3156 + 100.9
+0 -Bmoit 17 0.29 + 0.04 0.28 + 0.08 - - - 15 + 0.06
E [kJ mot?] 13.1 + 0.89 11.4 + 1.15 - - - 5.8 + 0.12
R2 0.9673 0.8878 - - - 0.9969

aPata with an R less than 0.75 has not been included.




Table 2.9 S800 isotherm parameters

Isotherm parameters MB AB NB MY
Langmuir

a_[L mg1] 77.8 + 0.58 0.85 + 0.009 0.28 + 0.08 - - -
Q [mg g?] 70.3 + 407 45.3 + 215 84.8 + 66.1 - - -
R2 0.9999 0.9998 0.8602 - - -
Freundlich

Kf 177.4 + 51 0.01 + 0.03 20.7 + 50 3.9 + 23
n 1.9 + 0.05 0.44 + 0.06 2.2 + 052 0.82 + 011
R2 0.9986 0.9590 0.8205 0.9528

D-R

gmx10-3[mol g?] 16.4 + 28 - - - 12.4 + 15 - - -

+ 0 -Prpott I7 0.33 + 0.02 - - - 0.61 + 0.02 - - -

E [kJ mot?] 12.2 + 0.30 - - - 9.03 + 012 - - -
R2 0.9952 - - - 0.9985 - - -

aData with an R less than 0.75 has not been included.




Table 2.10 A300 isotherm parametersa

Isotherm parameters MB AB NB MY
Langmuir

a.[L mg1] - - - 0.08 + 0.03 9.1 + 021 - -
Q [mg g1] - - - 5.2 + 59 2325 + 893 - -
R2 - - - 0.8152 0.9974 - -
Freundlich

Kf 4.3x108 + 15x1C¢ - - - 4.8 + 0.76 - -
n 0.87 + 0.07 - - - -1.2 + 0.06 - -
R2 0.9707 - - - 0.9914 - -
D-R

gmx10-3[mol g1] 7.6x1 + 4.5x108 - - - - - - - -
+ 0 -@mpott I7| 0.64 + 0.06 - - - - - - - -
E [kJ mot?] 8.86 + 0.39 - - - - - - - -
R2 0.9767 - - - - - - - -

apData with an R less than 0.75 has not been included.




Table 2.11 A450 isotherm parametersa

Isotherm parameters MB AB NB MY
Langmuir

a[L mg?] 183.7 + 0.5 0.07 + 2.8x104 2.1 + 0.17 -
Q [mg g1] 157.4 + 282 51.4 + 0.64 608.0 + 2614 -
R2 1.000 0.9999 0.9867 -
Freundlich

Kf 145.3 + 211 3.5 + 0.75 261.3 + 445 -
n 9.9 + 24 1.2 + 0.09 2.4 + 0.38 -
R2 0.8199 0.9887 0.9031 -
D-R

gmXx103[mol g1] 0.81 + 0.18 0.58 + 0.13 13.5 + 24 -
+ 0 -@mpott I7| 0.06 + 0.01 0.39 + 0.04 0.27 + 0.02 -
E [kJ mot?] 29.8 + 39 11.3 + 057 13.6 + 0.40 -
R2 0.8700 0.9701 0.9930 -

apData with an R less than 0.75 has not been included.




Table 2.12 A800 isotherm parametersa2

Isotherm parameters MB AB NB MY
Langmuir

a_[L mg1] 5.6 + 0.59 0.16 + 0.03 16.0 + 0.38 - - -

Q [mg g?] 1782 + 1124 1846 + 150.3 597.6 + 2721 - - -

R2 0.9780 0.9215 0.9977 - - -
Freundlich

Kf - - - 29.8 + 81 345.9 + 753 15 + 0.68
n - - - 2.1 + 0.26 3.9 + 0.59 0.67 + 0.06
R2 - - - 0.9587 0.9101 0.9783

D-R

gmx10-3[mol g?] - - - 2094 + 1635 6.3 + 35 - - -
+0 -Hrpott I7 - - - 1.1 + 0.25 0.15 + 0.05 - - -

E [kJ moll] - - - 6.6 + 0.73 18.4 + 28 - - -

R2 - - - 0.9070 0.7672 - - -

aPata with an R less than 0.75 has not been included.




For S300 (Table 2.7) AB, NB and MY best fitted to the Freundlich equation,
this is expected as the large pore diameter, 17 nm, allows for good
accessibility to the pores and multilayerfilling. It was only possible to
adequately fit the MB data to the Langmuir isotherm which suggests only
monolayer coverage is being achieved which could be caused by
unfavourable interaction of the dye with the adsorbent surface. Overall for
S450 and S80Ghe Langmuir isotherm also gave the best fitting to the data,
with the exception of MY which was best described by the Freundlich
equation. Due to MY being the smallest dye it is likely to fit easily into the

adsorbent pores resulting in multilayer adsorgion.(140)

MB adsorption on A300 (Table 2.10) correlated well to the Freundlich

isotherm, this is in agreement with the experimental observations where

very high adsorption of MB above the gt of the adsorbent was observed,

clearly signifying multilayer and pore filling is occurring. The heterogeneity

AFAAOT O 016 1T &£ nm8yx EO OAOU Al T OA O1 OITE
adsorbed. AB adsorption onto A800 (Table 2.12) also showed the best

affinity to the Freundlich isotherm. This is expected dudo the very high
AACOAA T £ AOT T AGEAEOU 1 £n! ADDOARDET T hAA
adsorbate and adsorbent and adsorbate and adsorbate. A combination of this

along with the large pore diameter and relatively flat conformation of AB

stacking andmultilayer adsorption is easily achieved. This can also be seen

for MY. For the remainder of the dyes adsorbed onto A300, A450 and A800

the Langmuir isotherm gives the best fitting to the data. Unfortunately due to

the poor uptake of MY by A300 and A45@ was not possible to achieve good

isotherm analysis of the data. For the adsorbents where it could be modelled

the mean free energies of adsorption (E) calculated from the-R isotherm

were all in the range of physisorption(141)

Overall adsorption by Nait showed best affinity to the Langmuir isotherm.
This is in accordance with the microporous nature of the material meaning
that only monolayer coverage can be achieved. Not unsurprisingly the-®
isotherm could not be used to model the data due to the hae of the
adsorbent(139)
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2.2.5 Thermodynamic study of adsorption of MB and AB

To further understand the adsorption process taking place between Starbén
and dye thermodynamic parameters were evaluatedTable 2.13and Table
2.14) (graphs showing original data can be seen in Appendix 1). This study
was only carried out for adsorption of MB and AB on S300, S800, A300, A800
and Norit as these systems gave the best adsorption data to enable analysis.
The analysis was carried out at 5 K intervals across amnge of temperatures
from 298 K to 318 K.

p)
>
p)
(@}
>
o)

AEA OAT 60 (1 ££& ANOAOGEITT xAO OOAA OI
AT 601 PU | 33Qq
oA 7
EREE
Where K is the equilibrium constant at temperature T (K) and R gas constant
(8.314 J mott K1). The Gibbs free energy was calculated to determine the

feasibility of adsorption, using the equation:

o 4wt

Pl i £/ OEA AAOT OAAT OO OEi x A bl OEOEOA OAI
endothermic adsorption process taking place, in this case adsorption

increases with increasing temperature of the system, this is common for this

type of system(142) Adsorption in a solid/liquid system such as the one

presented here takes place in two steps: (a) desorption of the molecules of

solvent (water) previously adsorbed by the adsorbent (b) adsorption of the

adsorbate. Endothermic adsorption suggests that the adsorbate and

adsorbent are not strongly interacting on the surface and that the energy

required to first displace the water molecules already adsorbed on the

adsorbent is larger than the energy being produced by adsorbent/adsorbate

interaction.(143)

The value of entropy is also positive due to increased randomness at the
solid/solution interface upon uptake of dye, due to the release of solvent
(water) from the surface of the adsorben{144) 4 EA OAI OAO T & 33 & O !
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and A800 are significantly larger that the values for S300 and S800, this may
indicate that different modes of adsorption of MB are occurring for the two

materials.

Figure 2.13represents potental relationships between the dye and different
adsorbent surfaces. Differing interactions of the dye, for example, a flat
orientation of the dye with the adsorbent surface compared with end on
adsorption of the dye, will release different amounts of solva& (water) from
the surface and therefore affect the entropic value. The very large entropy
values of A300 and A800 could suggest that the dye is adsorbing flat onto the

surface which is possible due to the large pore diameters of the materials.

Table 2.13 Thermodynamic parameters of methylene blue adsorption.
Temp. InK 3’ 3 ( 33 R2
K] [kJ motl] [kJ motl] [J moltK-1]

Norit 298 1.2 -2.9 372 + 44 1296 = 14.8 0.9592
308 1.0 -2.7
318 0.7 -1.9

S300 298 -0.8 1.9 208 + 0.8 622 + 25 0.9961
308 -0.6 1.6
318 -04 1.1

S800 298 -0.9 2.2 280 + 26 855 + 88 0.9653
308 -0.8 2.0
318 -0.8 2.1

A300 298 0.6 -1.4 1044 + 99 3464 + 33.2 0.9649
308 0.5 -1.3
318 0.6 -1.6

A800 298 0.7 -1.7 1106 + 59 3779 + 19.8 0.9887
308 1.2 -3.1
318 3.7 -9.7

This theory is supported by the high value of enthalpy for these adsorbents
indicating relatively high energy input into the system is required to release
xAOAO &£O01T i OEA OOOEAAA O AT AAT A AAOT

negative demonstrating that adsorption is spontaneous in these cas€s44)
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(a) Mesoporous surface, flat dye adsorption:

(b) Microporous surface:

Value of entropy (AS)

(c) Mesoporous surface, end on dye adsorption:

0.0..1

«am» Dye molecule
Point of contact
Water molecule

Figure 2.13 Schematic representation of water release caused by dye
adsorption on to (a) mesoporous surface, flat orientation, (b) microporous
surface and (c) mesoporous surface, end on orientation. (The points of
contact between the dye and surface are highlighted imrange.)

(Components of image not drawn to scale.)

As discussed in Sectio2.2.3due to the nature of S300 and S800 interaction
with cationic dyes such as MB is likely t@ccur through interaction with the
electron rich atoms which could feasibly lead t@nd on orientation of the dye
1 AAAET ¢ O1T 1 AOO OAT AAOGA 1T &£ xAOGAO AT A A 11 x/
biT OEOEOA OAI OAO 1T &£ 3' OEIi x AAOT OPOEIT 1T &£ OEA
i AOAOEAI O xEEAE [ AU OOCCAOO OEEO EOI &

(@}
O
>
M
>\
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Table 2.14 Thermodynamic parameters of acid blue adsorption.
Temp. LnK 3’ 3 ( 33 R2
K] [kJ mol1] [kJ mol1] [J motK1]

Norit 298 -1.1 2.7 474 £+ 47 1493 = 153 0.9715
308 -0.5 1.3
318 -1.2 3.2

S300 298 -2.4 5.9 152 + 15 366 = 5.2 0.9503
308 -2.5 6.4
318 -2.6 6.9

S800 298 -1.7 4.2 58.2 + 15.1 165.5 + 50.6 0.8224
308 -1.6 4.1
318 -1.7 4.5

A300 298 -2.7 6.7 277 + 17 626 + 57 0.9922
308 -2.8 7.2
318 -2.9 7.7

A800 298 -0.05 0.1 406 + 8 1265 £ 26.2 0.8915
308 -0.8 2.0
318 0.08 -0.2

AEA OAI OAOG T &£ 3( ATA 33 A O '™ AAOI OPO

The reduction in the enthalpy and entropy of 300, A300 and A800compared

to MB adsorption suggest that there is less of an enthalpic barriefhe values

I £ 33 A0 3ynm AT A 'ynn AOA 1 OAE Al T OR
adsorption, this implies that adsorption of AB on to these adsorbents may be

occurring via a similar mechanism. The increase in entropy of S800 (from

85.5 KJ mot for MB to 165.5 kJ mol! for AB) point toward a flatter

orientation of the dye on the adsorbent surface. However the entropy values

of S800 and A800 are not high enough to indicate that this is happening to

the same extent as seen for MB. Therefore, it is possibleat adsorption of

the dye isdue to stacking of the dye molecules onto one another and thus less

solvent (water) is released from the adsorbent surface and the entropy is

1T xAOAAS 4EA OAI OAO 1T &£ ' AOA All bl OE

of the non-spontaneous nature of the adsorption process.
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AEA OEAOI T AUT ATEA DPAOAI AOGAOO =3 ( ATA
relatively similar for MB and AB, this would suggest that the adsorption
process is unaffected by the nature of the dye but rathes limited by the
nature of the adsorbent The only significant difference can be observed for
OEA OAI OAO i1 £# 3° xEEAE AOA 1T ACAOEOA
This difference is likely to be causes by the cationic vs anionic nature of the

dyesaffecting how favorably they interact with the surface of the adsorbent.
2.2.6 Comparison of rate of adsorption of MB and AB

Information relating to the kinetic adsorption activity of Starbor® was vital

for its use in applications, such as water treatmen
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Figure 2.14 Rate of uptake of methylene blue by Norit, S800 and A800.

Figure 2.14 plots the adsorption of MB onto three adsorbents versus time.
A800 showed the fastest rate of adsorption, with the majority of the dye
being adsorbed within the first 60 minute and Norit is the slowest and least
efficient of the materials. A similar correlation was observed for AB
adsorption (Figure 2.15). These resllts gives evidence for the importance of
larger pore in adsorbents as they allow for free transportation of the dye

within the pore structure leading to fast uptake of the dy€145)
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Figure 2.15 Rate of uptake of acid blue by Norit, S800 and A800.
2.3 Conclusion

Mesoporous materials were successfully prepared from starch and alginic
acid starting materials without the use of a template. Characterisation of the
materials using porosimetry showed that the alginic acid derived Starbéh
exhibit a higher degee of mesoporosity than the starch derived Starbch
This is a likely result of the tangled nature of starch due to the branched
amylopectin chains that restricts pore sizes. Solidtate NMR, IR and XPS
analysis showed the changing surface functionality fothe materials with
increasing preparation temperature, from an oxygen rich surface (S300 and
A300) to an aromatic surface (S800 and A800).

Highly efficient adsorption of dyes can be achieved using all of the Starlsan

The results show that Starbof have better uptake capacities than

commercial activated carbon, Norit, for the majority of dyes tested despite
having significantly smaller surface areas thus showing that large pore
volumes and pore diameters are principally important for fast and effective
dye uptake. In particular, A300 and A800 adsorbents with mesoporosity of
above 80%, pore diameters between 14 19 nm and pore volumes above 1
cmigl, but with less than 300 mM gl surface area, show high adsorption

capacities, e.g. A300 shows adsorption capity of 186 mg ¢ for MB, more
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than four times higher than Norit. Kinetic analysis also showed the
advantages of large pore diameters and volumes in allowing for fast and
effective uptake of dyes, with A800 being the fastest to uptake dye and Norit

the dowest.

Isotherm analysis showed that the adsorption data for Starbdhcorrelated
well to either the Langmuir or Freundlich models depending on the
adsorbent/adsorbate system. The ER model could also be applied to the
majority of the materials and showedthat the adsorption process occurring
was physisorption. Norit adsorption data was best modelled by the Langmuir
isotherm which is to be expected for a material that it almost entirely
microporous as no multilayer adsorption can occur. Thermodynamic
parameters for all of the systems were useful to gain further knowledge of
the adsorption mechanism that was taking place. It showed that the pore size
and surface functionality of the adsorbent strongly influenced the interaction
with the dye. All of the valuesof enthalpy and entropy were positive
indicating endothermic adsorption was occurring and also that randomness
was increasing in the system due to the release of water from the adsorbent
interface. The magnitude of enthalpy and entropy varied and were gerally
much higher for the alginic acid materials than the starch materials. It was
concluded that two different modes of adsorption were occurring: for A300
and A800 it was likely that the dye was being adsorbed in a flat orientation
leading to more waterrelease and higher thermodynamic parameter values,
whereas for S300 and S800 the dye was being adsorbed in an e

orientation, thus reducing water release from the surface.

Overall, it can be concluded that for the adsorption of dye molecules as
investigated here it is advantageous to use adsorbents with a large
mesoporous character, such as Starbén rather than microporous

adsorbents regardless of surface area of the materials.
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Chapter 3

Use of Starbon® for adsorption of

phenolics

Aspects of the work presented in this chapter have appeared in:

Poster given at RSC Atmospheric and Environmental Chemistry Forum,
London, UK, June 2010

/ OAT DOAOAT OAOEI T Algge:riewk lesoukdds for indpgiry?8 # E AT «
Montpellier, France, November 2011

Oral presentation given at Starbofi Day meeting, York, UK, September 2012
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Chapter 3.

Use of Starbon® for Adsorption of Phenolics

3.1 Introduction

Phenolic compounds are releasednio the environment as part of many
industrial effluents, including; petroleum refineries, steel foundries and
herbicide industries.(146) They are potentially toxic and carcinogenic, posing
significant threat to the biosphere. Therefore, it is imperative hat they are

removed from wastes for safe disposal.

Work in Chapter 2 has already shown that Starbéhare efficient adsorbers of
large organic molecules such as dyes, however, their affinity to adsorb small
organic molecules has not before been investigated. Herein, work is
presented showing the feasibility of four Starbo® adsorbents S300, S800,
A300 and A800 and commercially available activated carbon, Norit, for
removal of a range of phenolics from aqueous solutions. As in Chapter 2 the
affect of differing polysaccharide type on adsorption capacity is investigated,

along with the effects of contact timeand adsorption temperature.

Six phenols were used for this work, these particular molecules were chosen
as they gave an array of functional groups, were water soluble and many are

involved in pharmaceutical processesKigure 3.1).
3.1.1 Aims
The aims of the work presented herein:

A Determine the influence of mesoporosity and surface functionality of
Starbor® on the uptake of phenolic compounds.
A To ascertain the effect, if any, of differing phenolic functional groups

on their adsorption by Starlon®.
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A Propose a potential mechanism for phenolic adsorption onto the

surface of Starbo® using thermodynamic and phenol desorption

studies.
OH OH OH
CH, F
Phenol (P) O-Cresol (OC) 2-Fluorophenol (2F)
OH
OH
NH,
OMe
3-Aminophenol (3A) 4-Methoxyphenol (4M)

Figure 3.1 Structures, names and abbreviations (in brackets) of the six

phenolics used.
3.2 Results and Discussion

3.2.1 Effect of phenolic concentration on adsorption capacity

The effect of initial phenolic concentration on adsorption was investigated at
a concentration range from 25 to 200 mg at 298 K (Figure 3.2. Overall, for
all adsorbents and phenols the adsption capacity increased with increase
in phenolic concentration due to improved interaction between the phenolic

and Starbor?® at higher concentrations.

For most of the phenolics saturation of the adsorbent can be observed above
150 mg L1 indicating there are a finite number of adsorption sites available

on the adsorbent.
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Figure 3.2 Effect of initial phenolic concentration on adsorption capacity of

The high temperature materials (S800 and A800) aréhe superior adsorbers
for all of the different phenols, what these results demonstrate is that one of
the limiting factors for adsorption is the surface properties of the adsorption
material. Moreno-Castillia observed that surface chemistry of the adsornt
has a great influence on adsorberadsorbate interactions and he considered
it the main factor in the adsorption mechanism from aqueous solutionEl28)

In the case of aromatic compounds adsorption is generally understood to be
achieved by interaction between then-electrons of the aromatic ring and the

surface of the adsorben(129) This mechanism of adsorption would explain
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the poor adsorption by S300 ad A300 due to the oxygerrich, highly

functionalised surface of the adsorbent that can give rise to-blonds with

water and can vastly reduce adsorptior{147)

Table 3.1 Adsorption capacities of Starbof compared with other adsorbents

from the literature.

Adsorbent Surface Phenol Temp.  Adsorption Ref.
area K] capacity
[m2 g?] [mg 9]

S800 535 Phenol 298 87 Current
o-Cresol 90 work
2-fluorophenol 133
3-aminophenol 101
4-methoxphenol 118

A800 265 Phenol 298 89 Current
o-Cresol 113 work
2-fluorophenol 104
3-aminophenol 139
4-methoxphenol 128

Norit 798 Phenol 152 Current
o-Cresol 180 work
2-fluorophenol 193
3-aminophenol 149
4-methoxphenol 145

Coir pith 167 2-chlorophenol 308 18 (148)

carbon

Apricot 1306 Phenol N/D 120 (149)

stone shell m-Cresol 101

50% HsPQ p-Cresol 108

500°C 2-chlorophenol 120

scr?eclf””t 1062 p-chlorophenol 297 334 (150)

Wood; Pica 1699 309

Coal; SP 865 231

Straw 322 129

Tire 346 206

As in previous work, Norit was used here as a basis for comparing the

performance of Starbo® with a commercially available activated carbon.

Norit was seen to exhibit higher adsorption capacities than Starb&h The

small sizes of the phenoliccompounds (relative to dye molecules for

instance) allow them to access even the smaller pores of the adsorbent and
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therefore the high mesoporosity and wide pore diameters of Starbéhis no
longer such an advantage for adsorption. The materials with largesurface
areas, such as Norit, can uptake more of the adsorbqtE51) Comparison of
Starbor® adsorption capacities with literature data for a range of other
adsorbents supports this observation as the materials with the larger surface

areas present the besphenolic uptake (Table 3.1).
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Norit S800 A800

Figure 3.3 Surface area of phenolic coverage (bar) and % of adsorbent

surface uilised during adsorption (line and dot) for Norit, S800 and A800.

A calculation of surface area of phenolic coverage and comparison of this
with the surface area of the adsorbent used during adsorption (% surface
coverage), Figure 3.3, gives more information about the affect adsorbent

characteristics have on uptake.

Whilst Norit shows higher adsorbent capacity than both the Starbdh
materials, analysis shows that approximately only 50% of the available
surface area is being utilised. This is also true for S800, however for A800
percentage surface coverage is >85% with surface coverage of 3A being as

high as 116% of the available surface.
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Similar occurrences were previously observed for the adsorption of dyes
(Chapter 2, Table 2.6) and demonstrate the importance of mesoporosity and
large pore diameters of adsorbents to allow access to the entire interior pore
structure of the material, thus enalling effective uptake. For example, if the
surface area of A800 could be increased to that of Norit (while maintaining
the same degree of mesoporosity) then an adsorption capacity of 416 mg g

for 3A could potentially be achieved.
3.2.2 Discussion about likely phenolic adsorption mechanisms

At this point, prior to more in depth analysis of the data it is important to

discuss potential modes of adsorption that could be occurring for the uptake

of phenolics to be referred to throughout the remainder of thehapter.

&1 O OEEO xI1 OEystam, propAsAd by HufEer And Sanders, where

OEA AOIT i AOEA OET ¢ EO AAOAOH&mkWok AO A bl OE
sandwiched inAAOx AAT Ox1 1T ACAOQE O AledttonAegndty CAA Al T OAO
will be used, illustrated inFigure 3.4 (a)(152)

(a) @ (b)

OH

1

........ 1

1
O X

! I

@ Adsorbent surface

how phenol interacts with adsorbent surfacg152, 153

It is generally understood that small aromatic molecules interact with
adsorbent surfaces throughO E Aeleatrons surrounding the aromatic ring
rather than through the phenolic hydroxyl group or any other possible
substituents present (Figure 3.4 (b)). Depending on the characteristics of the
adsorbent surface a number of different interactions can oce, the major

ones being:
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Hydrogen atoms present on the adsorbent surface can-AT 1T A xEOE OEA
electrons of the aromatic ring. Bonding strength is comparable to that of
benzenewater complexes, approximately 7.5 kJ mdl(154) In aqueous

systems, like the ones used in this chapter, competitive water adsorption

could limit this type of interaction.(155)

3.2.2.2n-n A1 AdArOr@tcéptor interactions

These are electrordonor acceptor (EDA) interactions wheren = non
bonding electrons at the adsorbent surfac€155) Such interactions have been
shown to contribute significantly to retention of aromatic molecules onto

adsorbent surfaceq.156)

3223~ ET OAOAAOQETT O

This type of interaction is favoured by strongly adsorbing aromd A- A
systems such as the graphene sheets found on the surfaces of activated
carbons(155, 153 This type of interaction is strongly controlled by the

electron-deficiency of the phenol ring and therefore is favoured in the

presence of electronwithdrawing substituents.

The Xray photoelectron spectroscopy (XPS) analysis of S800 and A800
(Chapter 2, Figure 2.8 and Table 2.5) shows that the surfaces of these two
materials differ quite substantially; whilst 40% of S800 surface contains
hydroxyl and carbonyl graups, only 18% of the A800 surface contains
carbonyl functionality (with no hydroxyl groups being seen) with aromatic
carbons making up the majority of the surface (45%). (Norit most closely
resembles S800 in its surface characteristics.) From this ¢could be theorised
that it is likely that for S800 adsorption is taking place predominantly
through a combination of HA  AT-A ET OAOAAOET T Oh xEAOQORZ
aromatisation of the A800 surface would suggest that adsorption is most
I EEAT U Ol -k A Bricibns. TheE following isotherm and kinetic
analysis of the adsorption data will serve to prove or disprove this

hypothesis.
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3.2.3 Adsorption isotherm analysis of phenolic adsorption

In order to investigate the mechanism of phenol (P), -oresol (OC), 2
fluorophenol (2F), 3-aminophenol (3A) and 4methoxyphenol (4M)
adsorption on Starbor® and Norit the experimental data were applied to the
Langmuir, Freundlich and DubininRadushkevich (BDR) isotherm equations
(Figure 3.5. The parameters of the isothermequations for this adsorption
process were calculated by regression using the linear form of the isotherm
equations. The constant parameters and correlation coefficient @R are

summarized inTable 3.2to Table 3.4
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Figure 3.5 Langmuir adsorption isotherms for (a) S800, (b) A800, (c) Norit,
Freundlich (d) S800, (e) A800, (f) Norit and ER (g) S800, (h) A800, (i) Norit.

In most cases the data for Norit can be best modelled by the Langmuir
equation with correlation coefficients between 0.9799% 1.0000 thisis in line
with the previous results for dye adsorption and is a product of a relatively
uniform adsorbent surface and a high degree of microporosity which

prevents multilayer formation.
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Table 3.2 Norit adsorption isotherm parameters2
Isotherm

P oC 2F 3A 4M
parameters
Langmuir
a_[L mg1] 042 + 0.12 7.4 + 3.2 0.30 + 0.01 1.3 + 0.83 1.1 + 3.9x10%
Q [mg g?] 1695 £ 122 188.0 + 6.3 283.3 + 36.7 155.0 £+ 64 213.7 = 0.31
R2 0.9799 0.9966 0.9382 0.9933 1.0000
Freundlich
Kf 700 + 5.2 548 + 5.4 100.1 + 6.7
n 36 + 049 15 = 0.17 1.7 £ 0.14
R2 0.9481 0.9618 0.9860
D-R
gmx104[mol g?] 451 + 6.6 321.4 + 190.6 232.8 + 58.8
+0 -Drpott J7 22 £ 0.23 49 + 0.73 40 + 0.25
E [kJ moll] 15.0 =+ 0.77 10.1 = 0.76 11.2 £+ 0.36
R2 0.9696 0.9173 0.9918

aPata with an R less than 0.75 has not been included.




Table 3.3 S800 adsorption isotherm parameters.

Isotherm p oc oF 3A AM
parameters

Langmuir

a[L mg] 1.4 + 0.65 0.75 + 0.47 0.72 + 0.56 15 + 1.3 155 + 55
Q [Mg ] 1004 + 1.2 946 + 2.2 1318 + 59 1012 + 2.4 118.6 + 0.32
R2 0.9994 0.9966 0.9899 0.9972 1.0000
Freundlich

Kf 50.2 = 2.9 492 + 0.84 726 = 1.5 60.6 = 2.7 104.2 + 1.8
n 57 = 0.66 58 = 0.20 6.0 =+ 0.32 6.6 = 0.83 141 + 1.8
R2? 0.9372 0.9924 0.9864 0.9401 0.9503

D-R

gmx10-4[mol g 196 = 1.2 13.6 + 0.19 182 + 0.73 203 + 1.3 12.7 + 052
Kb Fmat2 J7] 1.9 + 8.4x102 1.3 + 1.9x10%? 1.2 + 5.8x102 1.8 + 8.7 x102 0.48 *+ 4.6x102
E [kJ mot] 16.3 + 0.36 19.8 + 0.15 20.1 + 0.47 16.5 + 0.39 322 =+ 15
R2 0.9940 0.9987 0.9952 0.9933 0.9733




Table 3.4 A800 adsorption isotherm parameters.

Isotherm P ocC oF 3A AM
parameters

Langmuir

a_[L mg?] 8.2x102 + 7.3x103 7.6x102 *+ 6.2x103 1.9x103 *+ 2.8 x10% 0.1 + 1.4x103 3.4 + 0.60
Q [mg gl 403 + 7.1 31.4 + 0.64 206.2 + 37.7 2416 + 15.2 146.0 + 6.3
R2 0.9919 0.9975 0.9113 0.9919 0.9962
Freundlich

Kf 7.8 + 0.34 8.0 = 0.54 0.5 = 0.02 222 + 1.3 108.0 + 5.6
n 2.8 + 9.1x102 3.6 =+ 0.24 1.1 + 1.4x102 1.1 + 5.7x102 3.8 + 1.3
R2 0.9966 0.9754 0.9996 0.9919 0.8339

D-R

gmx104[mol g?1] 12.3 + 0.81 55 + 0.18 51.1 + 34 6425 + 2159 235.6 + 318.6
+ 0 -Drpott I7 3.6 + 0.16 2.6 + 8.5x102 9.4 + 0.19 7.0 + 0.48 41 + 1.3
E [kJ moft] 11.8 + 0.26 140 + 0.23 7.3 + 7.3x1072 85 + 0.29 111 + 1.8
R2 0.9942 0.9956 0.9988 0.9861 0.8345




Similarly, S800 also correlates most favourably to the Langmuir model and as
discussed in Section3.21 A0 AAOT OPOEI 1T Al OAOACA EO
available surface area it is expected that adsorption will not go beyonithe
monolayer. In addition, since the surface of S800 is not entirely uniform, a
result of residual oxygen functionality leading to heterogeneous energy
across the surface, the Freundlich model also shows good fittingqB.9372 7
0.9924). The adsorption @ergies calculated from the BR equation are
slightly higher than those seen for dye adsorption, especially the energy for
4M uptake, 32 kJ mot. For adsorption, the adsorption energy is the energy
required to transfer 1 mol of adsorbate to the surface ofhe adsorbent and
therefore high energy could be due to fewer possible groups available on the
phenolic (compared to dyes) that can interact with the adsorbent surface
(see Chapter 2, Figure 2.11) and thus it requires more energy to transfer the

adsorbatefrom solution to the surface of the adsorben{158, 159

The monolayer adsorption capacity for S800, & calculated from the
Langmuir constants showed little change across the range of phenols.
However, the values of @for AB00 exhibit considerable varation, covering a
range of 31.4z 241.6 mg ¢ for the different phenolics. This result would
suggest that adsorption by S800 is relatively unaffected by the nature of the
phenolic molecule whereas it is influential for adsorption by A800. Large
variation can be seen for AB00 across all of the isotherm parameter$gble
3.4), whereas the S800 constants remain relatively similar regardless of the
characteristics of the adsorbate moleculeTable 3.3. Figure 3.5gives a clear
visual representation of this ob&rvation. Interestingly, what this result could
indicate is a difference in the modes of adsorption occurring for S800 and
A800 which is likely to arise from the differences in the material
characteristics, such as, the higher degree of surface aromatigati seen in

A800 compared to S800 affecting the interaction with the adsorbate.

For A800 the calculated adsorption capacity increases in the order of: OC < P
<< 4M < 2F < 3A, it is interesting to observe that this data trend demonstrates
a close correlation to the order of electrondensity on the phenol ring which

changes depending on the ring substituent: P > OC > 4M > 2F > JAble
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3.5). By the addition of electron withdrawing groups there is less electron

density on the phenol ring which results in beter uptake by A800, which may

AA ET AEAAOGEOA 1T £ -AABT OB QBN D Bie®hedDCE 2
surface area calculations for A800 Kigure 3.3 it is clear that multilayer
adsorption, possibly through stacking of the phenolic molecules, is likely
ocaurring for some of the adsorbates. The superior correlation of the A800

adsorption data with the Freundlich isotherm also serves to support this

hypothesis.
Table 3.5 Charge distribution of phenolic
compounds.

Electron-density2

Aromatic ring Phenoloxygen
Phenol -0.51 -0.23
o-Cresol -0.48 -0.23
2-Fluorophenol -0.36 -0.22
3-Aminophenol -0.09 -0.23
4-Methoxyphenol -0.40 -0.23

a Calculated using HyperChem.

3.2.4 Stacking of phenolic molecules

7EAT AAOT ODPDOEIA EIl OR@®AAG OGHE AdSorbénhsDrfadeA 1
and the phenol ring it is possible for further adsorption to take place beyond
the surface of the adsorbent through selftacking between aromatic
structures to form adsorbate multilayers(155) A-stacking of molecules is
favourable asit maximises van der Waals interactions between the surfaces
of the aromatic rings, however, this is not the overall force that controls
stacking associationg153) Two factors are responsible for driving or
I Ei E Gskatkiig, both acting by affecting the electrostatic interactions of
the molecules(147, 152, 153

1. Orientation of adsorbate molecules

2. The functional groups present on the aromatic ring.

Hunter and Sanders carried out experimental and computational work
AGAI ETET C OEA OOAAEET C CAI gshseodnsy £ 111
From the computational calculations they proposed three likely orientations

of the aromatic species (Figure 3.6). Experimentahvestigations showed that
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(b) face-to-face stacking of molecules was unlikely to occur due to repulsion
I £ OEA 1 AcA ORléckdn @loudskE Fo3@rinarisenthe work they
DOAPAOAA A OAO T &£ 001 A0 O Aobsysteled ET x ET OAC

are governed:

201 AAp A OHOAADET T  Ad-fhc&dedretdy (Figird 3.64a) C A

201 Aanc AP OT OET 1T A-toifaBel stadkell Qeordtry (Fifurk B.6

(b)).
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(a) Edge-to-face (b) Face-to-face (c) Off-set stacked
stacked

Figure 3.6 Possible arrangements of phenolics (a) edgm-face, (b) stacked
and (c) off-set stacked, with denoting favourable attraction andcrosses
for repulsion of the molecules.

AEA AAAEOQOEIT 1T &£ PI1AOEOEI ¢ OO04@mE OOAT O coOi O
has a major influence on the electrostatic interactions of the molecules and
OEAOA £l OA AtgeriygAgéodetri@Efdrmed. An electron donating
COT ODP j %$' qQ xEII ET AOA A OAsyster hcreBsind AOOT T  AAT C
electron repulsion which daminates any stacking geometry, inversely the

presence of an electron withdrawing group (EWG) will remove electron
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between molecules, this effect is represented in Figure 3(153, 16) For the

adsorption of phenols by A800 it seems probable that stacking is arising via

the off-set stacking geometry, with the degree of offset decreasing and the

AAOT OOAAEI EOU 1T £ OOAAEET ¢ ET AOAAOEIT ¢ xE
the ring, reflected by the trend in adsorption capacity(.152)

)yO EO OOAEOI O 1TI1-OAEIOEGAOAKXER 1A AEG EBHIUD
presence of any additional, noraromatic functional groups present on the

adsorbent surface(147) Therefore the increased hydroxyl ad carbonyl

surface functional groups present on S800 (Chapter 2, Table 2.5) will prevent

this from occurring offering further explanation for the lower adsorption

AADPAAEOEAO 1T £/ PEATTTEAO xEOE 0O00O0OITCIU %

«~—— EDG ~—H «——EWG

Figure 3.7 Schematic representation of the déct the substituent has on the

w2 o~ s oA

framework, red AOA A O Aekedtrorxibulls, EDG = electron donating
group and EWG = electron withdrawing groug153)

3.2.5 Effect of time on phenolic adsorption

Adsorption of phenolics over time was also investigated to determine how
each of the different materials behaved (Figure 3.8). An initial phenolic
concentration of 100 mg ! was used and samples were taken at regular time

intervals for analysis of uptake.
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What was clear from the results is that generally adsorption is taking place in
two stages; initially fast adsorption takes place where the bulk of the
phenolic is adsorbed, this is then followed by continued slow adsorption until
equilibrium is reached (this occurs within 24 hours)(143) From closer
examination of the data it would appear that S800 reaches equilibrium faster
than the other two materials and in some cases, such as adsorption of (d) 3A
and (e) 4M, only a one step adsotmn process is occurring with no further

uptake after the rapid, initial uptake.

100 | 100
(a) (b)
80 80 -
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40

Phenol removed / %
Phenol removed / %

—=— Norit —=— Norit
20 —e— S800 20 - —e— S800
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oF 4 : : A ; ; ; ; - ; 0F 4 ; : ; ; ; ; : : :
0O 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time / min Time / min
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Figure 3.8 Rate of uptake of (a) phenol, (b) @resol, (c) 2fluorophenol, (d)
3-aminophenol and (e) 4methoxyphenol on Norit (black), S800 (red) and
A800 (blue).
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Norit and A800 however take considerably more time to reach equilibrium,
in some cases hours longer, e.g. Figure 3.8 (b) and (d). For Norit this long
second adsorption step is a likely result of the narrow pore diameters which
limits adsorbate diffusion into the pore network.(117, 14§ Conversely, for
A800 it is the large pore diameters that affect the rate of adsorption and in
this case the resulting ability of multilayer stacking to take place slows the

process of reaching equilibrium.
3.2.6 Kinetic modelling of rate of phenolic adsorption

To further understand the rate of phenol adsorption a suitable kinetic model
is required to examine the data and attempt to determine the contribution of
different mechanisms towards adsorption and also potential rate contrdihg

steps, i.e. mass transfer or chemical reactions.

There are a wide variety of models available that have been applied to
describe adsorption in a batch process however the majority are impractical
due to their mathematical complexity(162) The most frequently applied
kinetic models for adsorption from the liquid phase are the pseuddirst and
secondorder equations and commonly for these models adsorption process
validity is based on R values and @ values(163) Plots of all of the data can

be found n Appendix 2.
3.2.6.1Pseuddfirst-order model

For this model the linearised form of the Lagergren pseudérst-order
equation is used:

0T 1y ——"1 11T,

Where ¢ is the amount of phenol adsorbed (mg-¢) at equilibrium, q: is the
amount of phenol adsorbed at time t (min), k(min-1) is the pseudecfirst-
order rate constant of adsorption. A straight line of log(erqt) vs. t suggests

the applicability of this kinetic model(164)
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3.2.6.2Pseudesecondorder model

The following equation was used to determine the appropriateness of the

pseudo-secondorder model for the adsorption process:

Where k (g mg! minl) represents the pseudesecondorder rate
constant(165)

3263 AT CEAIi 60 ANOAOEI 1
Using BAT CEAI 60 ANOAOEIT OEA EET AOEA AAOA
determine whether pore-diffusion is the only rate controlling step in the

adsorption process:

F
m ll«a[:—liAD m

If the data fits the model it irdicates that adsorption is solely limited by pore
diffusion.(143) 7 EA OA | s &re c@nstaritsAv isthe volume of solution

(I) and m is the mass of adsorbate (g/l).

Comparison of the R values for the pseudefirst-order and pseudesecond
order equations shows that the pseuddirst-order model is not as good a fit
for the data as the pseudeecondorder model (Table 3.6. Also the values of
ge in the pseudaofirst-order are much lower thatthe experimental values. The
pseudo-secondorder model exhibits excellent R coefficients, between
0.9972 and 1.0000 for all of the adsorbents. The ge values calculated are
closer to those seen in the experimental data although they are still slightly
lower indicating that the adsorption process occurring is more complicated
that this model suggests. The Xkinetic constants achieved for this data have
been found to be comparable to those found in the literature for similar
systems(143, 169

" Al CE A didb shdvié @easonable fitting to the data although it is not
adequate to suggest that poraliffusion is the only rate limiting step in the

adsorption process {[Table 3.7). This result corresponds to the idea discussed
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in Chapter 2 that adsorption is a muistep process involving not just
adsorption of the required adsorbent but also desorption of solvent
molecules (water) adsorbed onto the adsorbent surface and is therefore
dependent on a range of aspects. However, the good fitting does suggest that
pore diffusion is an important factor in the uptake of phenol by Starbchand
also the trends seen in the rate constants gk match the experimental trends
seen for S800 and A800 which adds more validity to the dafd.61)

For the pseudesecondorder model S800 &hibits the largest rate constants
(k2) indicating that this is the fastest adsorber of the three tested. Rate
constants for Norit and A800 are lower, thus adsorption is slower which
correlates well with the observed experimental data (Figure 3.8). Norit rad
S800 exhibit similar trends in the order at which the phenolics are adsorbed,;

P has the highest rate, followed by 2F, OC and 4M and finally 3A has the

lowest rate constant.

In previous, separate studies carried out by Zogorskat al. and Liuet al. both
have observed that steric effects of the phenolic are an important limiting
factor in uptake especially in microporous adsorbents, such as Norit, as the
molecules have difficulty in moving within small poregq161, 166 This
compares well to the data presnted here as the compounds with bulkier

substituent groups, i.e. 4M and 3A, are the slowest adsorbed.

The rate constants for AB00 do not match this trend, with the rate constants
decreasing in the order of: P>3A>4M>0C>2F. It is unclear what is causing
this to occur and requires added investigation. However, it is interesting to
note that the constants and trends obtained for S800 and A800 are agaias
seen with the adsorption isothermsz almost completely opposing. Therefore,
this further emphasises thedifference in the mode of adsorption taking place

for each adsorbent.
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Table 3.6 Pseudafirst and secondorder kinetic parameters for the

removal of phenolics by different adsorbents.
Pseudclst-order

ge [mg g?] k1 x10-3 [min-1] R2
Norit P 16.0 = 1.2 76 + 15 0.8934
ocC 387 + 11 7.2 + 0.87 0.9575
2F 280 £ 1.2 75 £ 14 0.8748
3A 61.0 + 1.0 3.7 £ 0.37 0.9607
4AM 384 £ 1.1 56 + 0.85 0.9350
S800 P 135 = 11 1.0 =+ 0.87 0.9793
ocC 158 = 11 9.7 + 0.93 0.9818
2F 185 + 1.1 97 + 1.0 0.9775
3A 152 =+ 1.0 36 + 041 0.9615
4AM 138 + 1.1 52 + 0.66 0.9529
A800 P 198 = 11 25 = 0.58 0.9008
ocC 409 + 11 48 + 0.59 0.9558
2F 380 + 1.0 38 + 0.17 0.9940
3A 293 =+ 1.0 35 =+ 046 0.9482
4AM 198 + 1.1 1.8 £+ 0.57 0.8096
Pseude2nd-order
-4
Qe [mg gl] [g rlT:Zg);an“nl] R2
Norit P 570 + 014 138 = 15 1.0000
ocC 848 + 0.51 55 £ 0.80 0.9998
2F 787 £+ 0.34 81 + 1.2 0.9999
3A 105.6 = 24 1.7 + 0.34 0.9972
4M 1049 + 0.69 44 + 0.68 0.9998
S800 P 61.3 £+ 0.07 295 = 34 1.0000
ocC 68.1 + 0.10 237 =+ 31 1.0000
2F 806 + 081 197 = 26 0.9997
3A 61.3 + 0.49 98 + 22 0.9997
4AM 814 + 028 138 = 26 0.9999
A800 P 558 + 035 111 = 22 0.9998
ocC 855 + 11 33 + 071 0.9995
2F 772 + 1.8 32 + 1.0 0.9983
3A 614 + 1.7 56 + 23 0.9976
4AM 70.8 £ 0.93 41 + 0.90 0.9995
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Table 3.7 " AT CEAI 60 EET AOEA Al 1 O¢
phenolics by different adsorbents.
] ks R2
Norit P 0.21 + 0.027 0.018 *= 8.9x104 0.9366
OC 030 = 0.023 0.018 + 7.7x104 0.9773
2F 0.25 + 0.022 0.020 = 8.2x104 0.9683
3A 0.32 +* 0.011 0.017 * 3.3x104 0.9955
4M  0.38 + 0.016 0.019 * 5.7x104 0.9928
S800 P 0.12 £ 0.005 0.023 *= 2.1x104 0.9945
OC 0.13 = 0.015 0.024 + 6.3x104 0.9635
2F 0.20 £ 0.012 0.025 = 5.0x104 0.9897
3A 0.11 £ 0.004 0.022 = 1.8x104 0.9930
4M  0.13 + 0.014 0.028 * 6.9x104 0.9598
A800 P 0.12 £+ 0.012 0.018 = 4.0x104 0.9819
OC 0.27 = 0.011 0.018 * 3.5x104 0.9948
2F 0.26 + 0.014 0.016 = 5.3x104 0.9910
3A 0.20 £ 0.008 0.016 = 2.7x104 0.9928
4M  0.17 + 0.021 0.021 = 9.8x104 0.9526

3.2.7 Effect of temperature of the adsorption of phenol

The effect of temperature and initial phenol concentration onadsorption

capacity was also investigated at concentrations ranging from 25 to 200 mg
L-1 and temperatures of 298 to 318 K (Figure 3.9). For A800 there was a clear
correlation between an increase in adsorption capacity and increase in

temperature, indicating that the process in endothermi€167)
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Figure 3.9 Effect of temperature on adsorption capacity of (a) S800 and (b)
A800.
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No such trend exists for S800, the adsorption capacity appears to decrease
initially between the temperatures of 298 z 308 K followed by a marked
increase at 313 K. Finally at 318 K the adsorption capacity decreases again
below that at 298 K. Overall this could be considered a decrease in
adsorption capacity with increase in temperature that would suggest that the

process is exothernic.

There are a number of factors affecting adsorption at elevated temperatures

that can affect both the adsorbate and adsorbent. These can include:

A Changes in the hydration spheres of adsorbaté.68)

A Possible increase in water adsorption wititemperature.(168)

A Weakening of Hbonding (intra and intermolecular) of the adsorbate
at higher temperatures making it more available for adsorption{167)

A Distortion of adsorption sites on adsorbent and alterations to the
chemistry of the adsorbent surfac€168-170)

A Potential for target molecules to escape the adsorbent surface at high

temperatures.(171)

As these tests were carried out under the same conditions for both materials

it seems fair to assume that the differing behaviour of the two materials is

not due to any variation in the behaviour of the adsorbate. The controlling

variable is most likely to be the differing surfaces of S800 and A800. The high

hydroxyl content of the surface of S800 would be liable to accept water more

readily at higher temperatures, thus disrupting HaA  ET OAOAAQET 1 O xEOE
phenol(170) The carbonyl groups that are most active inta ET OAOAAOQEI 1 O
will also decrease in efficiency at higher temperatures thus leading to an

overall decrease in capacity168) It is not clear why there is a sudden

increase in adsorption capacity at 313 K. Such a sharp change in behaviour

could suggest that an energy barrier has been overcome at this point and that

the adsorption of phenol has become favourable over the adsorptn of

water, however further investigation would be needed to confirm this. What

is more simple to explain is the decrease in capacity at 318 K which can be

accounted for by the escape of phenol from the surface of the adsorbent due
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to HA AT/ BT @Ashét Baing sufficiently strong enough to trap the
phenol.(171, 172

For A800 water adsorption will also be increasing at higher temperatures as

there is still some oxygen functionality present on the surface, however this

appears not to inhibit adsorpion z as there is an increase in uptakez
demonstrating the Ha  AT-A ET OAOAAOQOET 1 O AOA 1160
AAOT OPOETT 1 AAEAT EOI -A ARAICAOEA COE TAIGD AlliIO
increase in temperature results in a rise in the energy of the system
facilitating adsorbent-adsorbate interactions and also the adsorbate

AAOT O AsfadkiAg imeractions leading to high adsorption capacities. The

energy involved in these interactions is sufficiently great that within this

temperature range phenol cannot esape from the surface.
3.2.8 Thermodynamic study of adsorption of phenolics

Thermodynamic parameters were also determined for the materialsTable

3.8, Table 3.9and Table 3.10. For Norit and both Starbo® materials the 3G

values for all of the moleculesstudied were negative inferring that the

adsorption is favourable and spontaneous in nature3H and 3S were

AAl AOI AGAA &EOiT i OEA O1TBPA AT A ET OAOAADO
found in Appendix 2). The calculated values &H are all below 40 K mott

indicative of physical adsorption which is in agreement with the values

calculated from the DR isotherm.

For S800 adsorption of OC and A800 adsorption of P, 3A, 4M, the values of
enthalpy are positive indicating endothermic adsorption, thus uptak is
increasing with increasing temperature. As discussed in Chapter 2 adsorption
in a solid/liquid system such as the one presented here takes place in two

steps:

1. desorption of the molecules of solvent (water) previously adsorbed by
the adsorbent

2. adsorption of the adsorbate
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Table 3.8 Thermodynamic parameters of phenolic adsorption byorit.
Adsorbate T?}?]]p' LnK [kJs:noil] [kJs;nE)I-l] [ mf;rlg K] Re
P 298 0.11 -0.27 43 + 22 139 + 7.1 0.5874
303  -0.03 0.08
308  -0.04 0.11
313 0.08 -0.22
318 0.04 -0.11
oC 298 1.2 -3.0 266 + 3.8 97.2 + 121  0.9608
303 1.2 2.9
308 1.3 -3.3
313 1.7 -4.3
318 1.7 -4.4
2F 298 0.97 2.4 173 + 45 641 + 146 0.8718
303 0.87 2.2
308 0.90 2.3
313 1.2 -3.1
318 1.2 -3.1
3A 298 1.6 -4.0 372 + 02 1382 + 06 1.0000
303 1.9 -4.7
308 1.7 -4.4
313 2.3 -6.1
318 3.1 -8.1
4M 298 25 -6.2 354 + 36 1392 + 119 0.9790
303 2.7 -6.7
308 2.6 -6.6
313 35 9.1
318 3.4 -8.9

Endothermic adsorption suggests that the adsorbate and adsorbent are not
strongly interacting on the surface and that the energy required to first
displace the water molecules already adsorbed on the adsorbent is larger
than the energy being produced by adsorbent/adorbate interaction within
this temperature range(143) The value of entropy is also positive in these
cases due to increased randomness at the solid/solution interface upon
uptake of the phenolics. Due to disruption of the hydration layers around
adsorbernt and adsorbate leading to an increase in the degrees of freedom of
water.(173, 179
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Table 3.9 Thermodynamic parameters of phenolic adsorption by S800.

Temp.

3

3 (

33

Adsorbate " LNK g o [kJ mol] [ mott K1] Re
P 208 030  -0.74 43 + 070  -111 + 22 0.9470
303 035  -0.89
308 029  -0.75
313 027  -0.71
318 017  -0.46
oc 208 065  -16 42 + 031 195 + 1.0 0.9838
303 066  -17
308 056  -1.4
313 054  -14
318 074  -20
oF 208 077  -19 56 + 14 102 + 43 08893
303 094  -24
308 096 @ -24
313 092  -24
318 093  -25
3A 208 022  -055 -104 + 26 244 + 82 08855
303 025  -0.63
308 017  -043
313 010  -0.26
318 019  -051
4M 208 1.1 27  -116 + 064  -363 + 21 0.9940
303 1.2 3.0
308 092  -24
313 11 2.8
318 097  -26

The adsorption of P, 2F, 3A and 4M onto S800 and OC and 2F onto A800 all

exhibit negative enthalpy which corresponds to exothermic adsorption

where uptake will decrease with increasing temperaturg175) The values of

entropy are negative which slows a decrease in the degrees of freedom of
the adsorbed specie§176, 173 The VA1 OA O

adsorption could be reversible(177)
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Table 3.10 Thermodynamic parameters of phenolic adsorption byA800.
Adsorbate T?}?]]p' LnK [kJ::noI-l] [kJTnE)I-l] ] m§r13 K] Re
P 298  0.06 -0.15 34 + 036 112 + 11 009782
303 011 -0.29
308  0.03 -0.07
313  0.07 -0.18
318  0.06 -0.15
ocC 298 1.5 -3.6 -19.0 + 32 -51.8 + 99  0.9458
303  0.17 -0.44
308 0.72 -1.9
313  0.64 -1.7
318  0.45 -1.2
2F 298  0.88 2.2 -125 + 0.01 -34.7 + 0.01 1.0000
303 058 -1.5
308 0.85 2.2
313  0.46 -1.2
318  0.47 -1.2
3A 298  0.21 -0.52 340 + 014 1189 + 0.45 0.9996
303 0.11 -0.28
308 029 -0.76
313 048 -1.3
318  0.30 -0.82
4M 298  0.57 -1.4 291 + 040 970 = 1.3  0.9999
303 061 -1.5
308 1.0 2.3
313 1.2 -3.2
318  0.94 -2.5

A comparioon of this data to that obtained for dye adsorption (Chapter 2,

Table 2.14 and Table 2.15) shows that all of the parameters for phenolic

adsorption are much smaller, this is not surprising as the decrease in size of

the phenolic molecules compared with MBand AB it is expected that less

water will be released from the adsorbent surface and less disruption of
EUAOAOET T OPEAOAOh OEOO OAOGOI OET ¢ ET 11 xAO
Aol OEAOI EA 3( OAI OAO &£ O PEATITITEA AAC

AOT OPOET 1
is more favourable than for larger organic molecules.
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are almost the same), as with the isotherm parametershese differences
show that although adsorption capacity for the two materials is similar (and

spontaneous) the mode of adsorption occurring is different.
3.3 Conclusion

The materials S800 and A800 have been shown to be suitable adsorbents for

the removal of a range of phenolic compounds from aqueous waste.
Adsorption capacity ranged from 87z 139 mg L1, which was favourably
comparable to other biobased adsorbents. The high mesoporosity and large

pore diameter of A800 allowed for highly efficient uptakewith >85% surface

area coverage. If the surface area of A800 could be increased to that of Norit

whilst maintaining the current mesoporosity this material would prove a

highly efficient adsorbent. The adsorption data was successfully modelled

using the Largmuir, Freundlich and DR isotherms. The Langmuir model gave

the best fitting for S800 whereas the Freundlich isotherm better described

the A800 data. This indicated that multilayer adsorption was occurring for
Lynmh 700 1 &E DIOW AE Eadsiging EoleOuied

S800 exhibited the fastest rate of uptake compared to A800 and Norit which

were considerably slower to reach equilibrium adsorption capacity. The best

kinetic model to represent adsorption by these materials was the pseudo
secondorder based on the best Rand g values. Thermodynamic analysis of

the adsorption data for S800 and A800 at different temperatures resulted in

T ACAOEOA &' &£ O Al 1T &£/ OEA AAOI OAAT OO
AAOT OPOET 18 4EA OAI € forGhe bddorptian of Aerolics 3 A OA
than those calculated for dye adsorption (Chapter 2) due to the effect of less

water released from the adsorbent surface during phenol uptake.

Throughout analysis of all of the data for S800 and A800 it appears
consistently opposite. This is most obvious in the case of the thermodynamic
parameters where when S800 exhibits endothermic adsorption A800 is

exothermic and vice versa. The major conclusion that can be drawn from this
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is that two different modes of adsorption aretaking place for the two

materials. Phenolic adsorption by S800 is most likely via A  AT-A 1

ET OAOAAOCEI T O AAOxAAT AAOI OAAT O -AT A AAOT OAA
interactions dominate. Therefore the materials respond differently to

variables such as temperture and phenolic character.

The key information gained about Starbofi from this chapter is that the
different characteristics of the two materials strongly influences the way they
adsorb. It could be concluded that for water treatment applications that S800
is the superior material for a number of reasons; firstly adsorptia capacity is
relatively unaffected by the characteristics of the phenolic and secondly the

adsorption rate is faster than A800.
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Chapter 4

Elemental sustainability and prospects

for elemental recovery

Aspects of the work presented in this chapter have appeared in:

J. R. Dodson, A. J. Hunt, H. L. Parker, Y. Yahg# Clark, Elemental
sustainability: towards the total recovery of scarce metal€Chemical
Engineering and Processing: Process Intensificati@af12, 51, 6978
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Some of the wok included in this chapter was carried out in collaboration
with Dr. J Dodson, Institute of Chemistry, Federal University of Rio de Janeiro,

Cidade Universitaria, Rio de Janeire, 2194909, Brasil.
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Chapter 4.

Elemental sustainability and prospects for

elemental recovery

4.1 The issue of elemental sustainability

Climate change and peak oil crises have been making headlines with
increasing intensity over the past decade and consequently solutions are

being sought to lessen our dependence on oil. With wnelegislation and key

AOUU DPEOAOAO TEEA Oiilx AAOATT OAAETTITC

technological change, can we be assured that everyone in the world will be

able to enjoy a sustainable, high standard of living in the future?

Unfortunately, there is a serious problem. As new technologies are developed
to tackle one challenge we are creating another through resource deficit.
Many of the new low carbon technologies that are being touted as our
saviours; wind turbines, electric cars, energy samg light bulbs, fuel cells and
catalytic converters, require rare and precious metals for their
production.(178) But traditional supplies of these elements are running out.
Reserves of indium for example, vital for LCD screens, solar cells and

semiconductors, may be used up in 13 yea(4.79)

Unlike oil there are no bicderived alternatives for palladium or platinum.
These are unique and finite elements and we are quickly dispersing them
throughout our environment, making their recovery costly and difficult.
Additionally, it is not just the elements we consider exotic that are getting
more difficult to access many more elements that play a crucial role in our
lives including phosphorous, aluminium and copper, are being depleted at a

remarkable rate (Figure 4.1).
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Figure 4.1 Number of years remaining of rare and precious metal reserves if

consumption and dispasal continues at present ratg179)
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A key concern regarding the availability of these elements into the future is
their abundance and ease of accessibility. Currently, the majority are mined
and extracted from primary ore in highly energy intensive proceses. Figure
4.2 shows the distribution of these elements across the globe. What is evident
is that concentrations of these elements are localised in limited areas, for
example, South Africa possesses 89% of the worlds platinum group metals
(PGMs) reserveAs oil is to the Middle East so elements will become to their
locations as demand continues to increase. China has already realised this
bi OAT OEAT AT A T1x EAO AT1T0011 1T £ 11O0A
earth metals(180) This raises issues abousecurity of supply. Countries
whose manufacturing or technology base depends on imported metals are
beginning to look for alternative sources, whilst other countries and
companies, including Toyota, dependent on rare earths are racing to secure

control of mines in Australia, South Africa and Greenland.80)

Current methods of mining also have a considerable impact on both the
environment and our health. The discharge and dispersion of mining waste
has led to elevated levels of metals in surrounding sodnd water courses,

resulting in destruction of vegetation and crops. This contamination can also

enter the food chain due to initial uptake by edible plant$181)

We have only to study the recent trends in the price of many metals to realise
that demand s catching up with the supply. The price of indium rose a
staggering 800% in 6 years from approximately $85kg in 2002 to $685/kg

in early 2008182, 183 As the recent economic crisis hit, manufacturing

halted causing world commodity prices to plummet, idium alone dropped to

$300/kC ET ¢mnmw8 (1 xAOAOh OEEO AEAT 80 OAI /

$650/kg (2010) as consumer demand has once again risen with several
governments introducing incentives for electronic goods or cars to kicktart
their economies. This has resulted in predictions that the demand for some
elements will soon outstrip supply(179) The key question is what will
happen to the prices next and how will demand for these metals that
underpin our technologically advanced lifestyles be ntesustainably in the

future.
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Figure 4.2 Distribution of rare and precious metal reserves around the

world. (184)
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Reuse, recover, recycle must be the answer. The recovery and recycling of
metals from waste streams is a cost effective and environmentallyeneficial
route to valuable materials. Research has indicated that significant energy
saving can be made through recycling of meta(d85, 186§ Current
aluminium recycling supports 49% of aluminium consumption in the
US(187) It saves 95% of the energy ad generates only 5% of the CO
compared to the mining and electrolysis of alumina from bauxite orgl85)
Also, steel recycling saves 74% of the energy, 90% of virgin materials,
reduces 86% of air pollution, 40% of water use, 76% of water pollution, 97%
of mining waste and a considerable amount of consumer wastes generated,

when compared with production from virgin materials.(185)

Table 4.1 Elements with the lowest remaining reserves, their main uses and the

percentage supply supported by recycling187)

Element Uses & Reliant Technologies % consumption
met by recycling

Hafnium Alloying agent, nuclearcontrol rods, 0%
computer chips

Rhodium/ PGMs Alloying agent, industrial catalyst, catalytic 0%
converters, fuel cells

Silver Catalyst, electronics, higkcapacity 16%
batteries, antimicrobial in medicine

Gold Catalysts, electronics, coating space 43%
satellites, dental and medical implants,
nanotechnology

Gallium Semiconductors, solar cells, MRI contrast 0%
agents

Germanium Semiconductors, solar cells, catalyst, optice 35%
equipment

Indium Alloys, photocells, LCD and touch screens 0%

Antimony Semiconductors, alloys, batteries, 0%

pharmaceuticals, catalyst, flame retardants

On the other hand, there is little or no recycling of elements that are
important for current and emerging uses, e.g. platinum, indium, gallium and
hafnium, Table 4.1. At the end of their life the products containing these

elements; mobile phones, televisins and computers, are ending up in
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landfills or being incinerated and the elements are being lost. Japan has

calculated that it has accumulated three times more gold, silver and indium in

its waste, due to its high turnover of electronic goods, than the avid uses in

a year(188) This emphasises the potential and necessity for a new approach

to our waste. We must attempt to recover all elements and reuse them in

closel TT DBAA OUOOAI 6 AEOEAO AU OAAI OAOET ¢ OEAI
from landfill sites, incineration ashes or waste waters, or designing the direct

recycling of elements through intelligently designed disassembly of materials

at their end of life. These measures should limit the demand for new supplies

of elements, increasing the lifetime of oureserves infinitely.

This chapter will go on to discuss methods for achieving elemental
sustainability, discussing municipal solid waste as a viable source of metals,
introducing current and developing techniques that could be used for their

recovery and emphasising gaps in our knowledge. The main focus here will

be on rare and precious metals.
4.2 Municipal solid waste

In comparison to the dispersed emissions of GGrom the combustion of
fossil fuels, elements in solid waste have for many years, partieuly in
industrialised nations, been collected, separated and concentrated, making
municipal solid waste (MSW) a prime target for the recovery and recycling of

elements.

MSW is the waste that is collected from municipalities including households,
small businesses and local governments and includes paper, plastic, organic
waste, glass, textile and metals. Exact figures of the amount of MSW produced
globally are difficult to obtain due to the use of different metrics and a lack of
data collection in many caintries or the presence of informal waste collection
and recycling(189) Data from the United Nations Environment Programme
(UNEP) estimated 338 million tonnes of MSW were produced annually in
2001,(189) whilst 540 million tonnes were estimated by the Orgaisation of
Economically Developed Countries (OECD)90) Nevertheless although
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some areas of the world have reduced the levels produced, data indicates

that globally MSW levels are on the rise as income levels increg4®0)

In the recent past, the majority of MSW generated in industrialised nations

has ended in landfills as contained and controlled management systems.
However, as a result of environmental concerns related to greenhouse gas
emissions and leaching of toxic compunds, land use pressures and the

economic costs of waste disposal, alternative waste disposal methods are
being adopted. Levels of recycling and composting are on the rise, however,
incineration or waste combustion has expanded quickly in many countries

that can afford the infrastructure costs. This has occurred both for reasons of
waste reduction and energy recovery, despite concerns about emissions
(Figure 4.3).

Czech Republic
Greece [
Hungary
Sovena___ T

Portugal T

France e e
Denmark
Japan I
Netherlands
Germany ,! -
|
0 25 50 75 100

% Municipal Solid Waste

[ Landfill Incinerated [l Composted [ Recycled

Figure 4.3 Contribution of different treatment methods to municipal solid

waste disposal h different countries around the world.(191, 192

Metals are a minor contribution in terms of the individual household MSW

composition, with a typical Swiss rubbish bag containing 2.6 kg neferrous
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metal, 3.3 kg of iron and 1.2 kg of electronic and eleatal waste a year, or
3.5% of the total waste(189)

In terms of elemental sustainability, MSW is therefore a vital source for the

capture of noncarbon elements. Current research areas include:

1. The sourceseparation and capture of elements through recyaig
DOl COAi i AGh OOOAAT T ETEITCO6S
2. 4EA AQAAOAOQGEIT 1T &£ AGEOOETI ¢ 1 ATAEEIT OEOAQ

3. Use of ashes from incineration plants.

4.3 Source-separation and recycling of metals from post -

consumer waste

Developing closedioop lifecycles via the sourcesepaation and recycling of
waste is vital for ensuring elemental sustainability. Frequently, when demand
and costs increase for a particular element, alternative elements with similar
properties can be used, however, this is not a solution to the challenge of

elemental sustainability.

The recovery and recycling of metals from wastes is not new, however, many

challenges remain to extend recycling systems to more elements and to

improve current recycling rates. Particularly important is improving

OAO0T AOKUAIAET @A OAOAOh OOAE OEAO OEA &£EO1 AOGEIT |
rather than it being incorporated into a larger bulk material as an

impurity. (193)
4.3.1 Current recycling rates

Surprisingly, considering the importance of metals for technological

advancaments relatively little information is available on how efficiently non

renewable resources are recycled and how they flow from extraction to use

Ol AEODPT OAI 8 2AAAT 61 U OEA '"11TAAIT -AOGAIT O &

Resource Panel evaluated the glob&ecycling rate information for sixty-nine

—;

metals, mainly based on order of magnitude expert assessmer{t93)
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For most ferrous metals the End of Life Recycling Rate (E®R) was
estimated to be over 50%, for norferrous metals the levels were mainly
between 307 60%, for precious metals between 4 70% and for speciality
metals the majority of recycling rates were below 1% (Table 4.2)193) The
influence that these levels of recycling have on the recycled content of new
products mainly depends on the dmand for the element in question. The
lifetime of the product that the element is incorporated into can also restrict
recycling as this causes a delay in the availability of elements from a product

for recycling and reuse.

Table 4.2 Recycling rate of elements and recycled content of new
products.(193)
Metal Recycled Content of EOLRR [%]
new products [%]
Ferrous elements
Chromium 18-20 85-95
Manganese 37 53
Iron 30-50 70-90
Nickel 30-40 55-65
Niobium 22 50-55
Molybdenum 33 30
Vanadium - <1
Non-ferrous
Magnesium 33 39
Aluminium 30-35 40-70
Titanium 52 91
Cobalt 32 68
Copper 20-37 42-53
zZinc 18-27 20-60
Tin 22 75
Lead 40-60 40-95
Precious metals
Gold 30 15-96
Iridium 15-20 20-30
Palladium 50 60-70
Platinum 16-50 60-70
Rhodium 40 50-60
Ruthenium 50-60 5-15
Silver 20-30 30-95
Osmium <1 <1
Speciality elements
Antimony <10-25 <5-85
Arsenic <1 <1
Barium - -
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Bismuth - <1
Boron - <1
Beryllium 10-25 <1-7
Cadmium 25-75 15
Gallium 25-50 <1
Germanium 35-50 <1-76
Indium 25-50 <1l
Lithium <1 <1
Mercury 25-50 1-60
Rhenium 10-25 >50
Scandium - <1
Selenium 1-10 <5
Strontium - <1
Tantalum 10-25 <1-35
Tellurium - <1
Thallium 0 0
Tungsten 46 10-65
Yttrium 0 0
Zirconium 1-10 <1
Rare-earth elements
Lanthanum 1-10 <1
Cerium 1-10 <1
Praseodymium 1-10 <1
Neodymium 1-10 <1
Samarium <1 <1
Europium <1 <1
Gadolinium 1-10 <1
Terbium <1 <1
Dysprosium 1-10 <1
Holmium <1 <1
Erbium <1l <1l
Thulium <1l <1l
Ytterbium <1 <1
Lutetium <1 <1
Hafnium - <1

4.3.2 Technology

Metallurgical processes have been developed for the extraction and
separation of ores which have particular elemental combinations that are

Al OT A TAOOOAIT I U (D Havevlr, tHede @@rbidationsfaee0 O O 8
different to those thatare found in consumer products. The growing number

of element combinations and the miniaturisation of electronic components

make the recycling of products increasingly complex. Particularly when
precious elements are diffused throughout a product at extmaely low

concentrations, or when both valuable and hazardous substances are
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interconnected(195) Vehicles are a good example for demonstrating the
complexity and challenges involved in creating closetbop recycling systems
(Figure 4.4).

4.3.3 Contaminatio n

When products are sent for recycling they are usually only partially
dismantled to separate valuable distinct fractions of recyclables before
shredding to break the materials down and liberate the different elements.
These processes, as well as the imafialloys used, can result in contamination

of the recyclates.

Engine:
Aluminium, steel

& cast iron,Mg alloys,
stainless steel
&porecelain

Body:

Steel & cast iron,
Al, Zn alloys,
stainless steel,
fibres, rubber

Battery: and plastic

Pb alloys
and plastic

Exhaust:
Stainless steel,

PGM alloys, Zn alloys,
steel, cast iron and

porcelain
Gear box:
Aluminium, steel, Electronics:
cast iron and Mg alloys Lights: Cu alloys, Pb
Cu alloys, glass alloys, PGM alloys
& plastic and plastics

Figure 4.4 Location and combination of different elements in a typical

passenger vehicle(194)

This is particularly the case for EOLlvehicles where shredded particles are
physically separated into ferrous materials, aluminium, copper, zinc, stainless
steel and Automotive Shredder Residue (ASR) mainly composed of nron
metallic materials(196) These separate streams will then enter metalirgical
recycling processes, however, they will all be contaminated to some extent
due to imperfect separation processes and shredding, particularly at joints

connecting different materials(197) The ultimate result of contamination is

135



that contaminating dements will be lost from the functional elemental
lifecycle, and that the quality of the contaminated elements will reduce after
each lifecycle, downgrading its potential applications unless it is diluted with

higher purity primary products (Figure 4.5).

In order to overcome this, new systems and methods are needed based on
knowledge of the elements in products so that full disassembly of items
occurs initially, when separation of the elements will not be possible during

metallurgical processing.

Ore
metal 2

Recycling
Losses
M1 + M2

Figure 4.5 Contamination of metals by other elements during lifecycle.

For instance in a car with an engine made mainly of aluminium (Figure 4.4),
every effort should be made to separate any iron such as bolts which will be
difficult to remove from the molten metal. Meanwhile, Platinum Group Metals

(PGMs) may be combined with copper scrap, in which they will dissolve

easily and can be recovered by electrolytic refining194)
4.3.4 Precious and special metals

As hinted above particular challenges exist for theecycling and recovery of

precious and special metals from postonsumer products. Although levels of
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recycling from many industrial applications, such as spent catalysts, can be
greater than 90% levels, recovery from consumer products such as cars and
eledronics only reaches around 4Q; 70% and down to less than 1% for some

important elements such as indium used in LCD scree($93)

The recovery of some of these elements are problematic due to their
concentrations at ppm levels, such as PGMs in circuit bda or indium in
LCD screens or distribution throughout an entire product, such as car
electronics which are usually lost during shreddind195) In contrast
autocatalysts can be cut from the exhaust and fed directly into the
appropriate recycling stream, dhough even with this easily separable
component only about 50% of the PGMs contained within them are
recovered(198)

To overcome some of the challenges of low concentration distributive
elements alternative approaches need to be taken such as designpr@ducts

for disassembly. Changing consumer and industry attitudes towards
products, for instance by leasing items so that they can be returned to the

manufacturer at their end of life, could also help.
4.3.5 Design for disassembly

Design for disassembly is an approach that aims to design materials at their
inception so that different parts of the product that cannot be easily recycled
or reused together can be easily separated to aid the development of a
closedloop materials system As discussed above particular problems are
present when two materials that need to be recycled in different ways are
bonded together or are difficult to separate, such as different types of plastics

in a single toy or mixed cotton and synthetic polymerlothing.

An example of design for disassembly is the suggested redesign of the
location of the wire harness in cars, the collection of wires that link the
electronic devices and are rich in copper. Currently these are considered too
labour intensive to remove and generally end up in the automotive shredder
waste, however, some research has suggested that a different routing could

make it accessible for extraction throughout the vehicle, whilst connecting it
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to the body of the car would make it easier to etach. This could enable a
greater proportion of the copper from this component, around 10 kg per car,

to be recovered(199)

44 AEA AGAAOAOEIT 1 &£ AGEOOET C
Considering the vast spectrum of MSW disposed of in municipal lanitf it is
clear that they could offer a potential source of a range of elements and as
such the concept of landfill miningz excavating waste from landfills and

subsequent extraction of resourcesz has been suggested as a means to

exploit this supply.

The concept of landfill mining can be traced back as far as 1953 where it was
used as a way to obtain fertilizers for orchard$200) Since then interest has
been sporadic reflected by the fluctuation in number of publications in the
area over the last coupleof decades (Figure 4.6), interest appears to peak in

the mid-nineties but has since dropped off to only 2 studies per year.

Number of research papers

L0 R e

1990 1995 2000 2005 2010

Figure 4.6 Number of research papers focusing on landfill mining from 1988
72011.(201)

There are a number of potential reasos for this lack of interest, such as,
economic instability or less demand for landfill space due to alternative

waste management technology being used. However, from studying the
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literature the most likely cause is a lack of feasibility of obtaining usead)

recyclable products from landfill sites determined by past researcfl01)

Theoretically, the recovery of resources by landfill mining would fit well in to
a speculative idea of creating a circular economy. Unfortunately, in practice
there is a signifi@ant lack of certainty to the whole area. One problem is that
the specific contents of individual landfill sites are hard to ascertain,
especially for those that have been used for a long period or were closed up
some time ago. There is also insufficient formation of what types of
environmental or atmospheric pollution may be caused by opening up and
disturbing sites. Finally, the development of suitable technologies to enable
landfill mining and separation, recovery and reuse of the excavated contents
is still very much in the early stages. Much more work is required to prove
efficiency, capacity and suitability of different technologies for use in
reality.(201)

Despite these difficulties with implementing landfill mining there is still a
possible way to recover metals that does not require the necessity for
excavation. A range of emissions are given off by current and sealed landfill
sites, the most significant being a liquid leachate which contains a wide range

of compounds including metals which could ptentially be recovered.
4.4.1 Potential of metal recovery from landfill leachate

Landfill leachate is defined as the aqueous effluent generated as a
consequence of rainwater percolation through waste§202) Leachate
production increases for landfills that are open and those with less
compacted waste as water can penetrate more easily. Landfill leachates
contain a large number of compounds as a result of the biological and
chemical breakdown of the refuse inthe landfill.(203) The composition is
greatly dependent on the type of waste, the location and the age of the
landfill. Figure 4.7 illustrates the structure of a standard sanitary landfill,
with leachate being collected at the bottom of the landfill usin@ collection

system it then flows into the sump where it can be piped to the surface.
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At present the research into the characterisation of landfill leachate is being
carried out with a view to preventing environmental contamination by
removal of harmful o toxic substances that it contains. However, the data
collected by this work can be used to give an impression of the potential
metal content of the leachate with a view to recovery in the future. Omaet
al. has carried out a very thorough characterisatn of landfill leachate
samples from 12 Swedish landfill sites and have successfully identified 400
compounds, including 40 metals, in a range of concentrations contained
within it (Table 4.3).

Compacted clay base &

geomembrane liner _ Sump

Leachate collection
system

Figure 4.7 Structure of the base of a sanitary landfill shomg leachate

collection system(204)

As this data demonstrates the concentrations of metals in leachate are not
trivial, with significant concentrations across all classes of metals. Currently,
research into leachate is focused on developing technologiekat will treat
leachate in order to lower toxicity through removal of a range of organic,
inorganic and biological substances rather than to remove and concentrate
the metals, considerable work is still required into developing suitable
techniques and teclmologies for recovery of metals from this highly
hazardous source. The wide range of metals present in the leachate does
offer promise that in the future it could provide more economical and easier

access to resources contained within landfills.
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4.5 Use o ashes from incineration plants

The definition of incineration is the controlled burning of solid, liquid or
gaseous waste. Due to the increases in MSW being produced incineration is
becoming a large and integral part of modern municipal waste management,
especially in countries with limited landfill space availablg204) The primary
purpose and advantage of municipal solid waste incineration (MSWI) is the
resulting reduction in the volume (up to 90%) and mass (up to 70%) of the
waste (205, 209 The recovey of heat energy produced by incineration to

generate electricity offers a secondary advantage of this proce§204, 205

Table 4.3 Metals found in landfill leachate and sediment samplgR07)
Leachate Leachate sediment
FICTIY [mg/kg]
Min Max Min Max
Ferrous elements
Chromium 1.4 - 1500 4.0 - 124
Manganese 30 - 1400000 954 - 3000
Iron 160 - 5500000 13500 - 285000
Nickel 10 - 13000 2.9 - 68
Niobium 0.04 - 0.9 14 - 0
Molybdenum 0.04 - 223 83 - 37
Vanadium 2.0 - 23 102 - 69
Non-ferrous
Magnesium 13800 - 15000000 1680 - 6900
Aluminium 24 - 579 27400 - 7430
Cobalt 1.7 - 1500 0 - 26
Copper 5.0 - 10000 1.9 - 1890
Zinc 13 - 1000000 59 - 1890
Tin 0 - 3.5 95 - 32
Lead 1.0 - 5000 8.7 - 500
Precious metals
Palladium 0.04 - 0.2 1.3 - 0.3
Platinum 0.04 - 0.02 0.05 - 0.002
Silver 0.04 - 0.3 1.6 - 0.7
Speciality elements
Antimony 0.04 - 6.0 15 - 0
Arsenic 10 - 1000 0.9 - 258
Barium 2.0 - 1370 676 - 2950
Bismuth 0.02 - 0.1 0.7 - 0.2
Cadmium 0 - 400 0.1 - 11
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Germanium 0.04 - 0.3 8.2 - 0.1
Indium 0.04 - 0.06 0.18 - 0.06
Lithium 0.4 - 622 111 - 11
Mercury 0.05 - 160 0 - 2.5

Scandium 0.3 - 1.0 24 - 14
Selenium 0.02 - 113 7.6 - 0.6
Strontium 0.2 - 1430 523 - 356
Tantalum 0.01 - 0.01 0.40 - 0.22

Tellurium 0.04 - 0.05 0.06 - 0.04

Thallium 0 - 0.28 0 - 0

Tungsten 0 - 2.9 0 - 0

Yttrium 1.0 - 6.6 146 - 50

Zirconium 1.0 - 10 291 - 160
Rare-earth elements

Lanthanum 0.04 - 8.3 134 - 14
Cerium 1.4 - 1500 4.0 - 124

Neodymium 0.04 - 0.9 0 - 14

Samarium 0.2 - 1430 523 - 356
Terbium 0.04 - 0.05 0.06 - 0.04

Various incinerator designs are used however most are based on the mass
burn incinerator, as this is the most straightforward incineration technology
available. This technology requires very little processing of the MSW
received, generally only the removal of large bulky items (e.g. white goods),
bulky combustible items (e.g. mattesses) and hazardous waste. The process
consists of three main parts: incineration, energy recovery and air pollution
control, a schematic diagram of a typical massurn incinerator is shown in
Figure 4.8.

During MSWIa number of residues (or secondary wastes) are produced that

can be categorised as:

A Flue gases (e.g. SONG, HCI, HO)
A 0OAOOEAOI AOCGA 1 AOOAO AAOOEAA Au OEA CAO
A )T AET AOAOGETT OAOGEAOA 1T 0O OAT OOI i AOGE®
Studies of waste input and subsagent output into these residues as a result
of incineration show that any inorganic, metalcontaining waste fed into the
incinerator is contained within the bottom and fly ash fractions post

incineration.(208) These residual ashes can be generated on largeales, for
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example, each year in Sweden waste incinerators produce about 700,000
tonnes of bottom ash and 200,000 tonnes of fly ag209) These ash fractions
can contain a vast and varying mixture of potentially hazardous substances
making their disposal complex as they present a threat if accidentally
released into the environment. The most common method of disposal is
landfilling with or without further treatment depending on the different
requirements of the country where they are produced, although tis is not an
ideal solution. Importantly, apart from containing hazardous substances
MSWI ashes can also contain significant amounts of valuable metals, such as:
Cu, Zn, Ag and Au leading to interest in its prospective for exploitation and
OO0A A0 EAIE A% AR & 8

QL,@ oW

Figure 4.8 Schematic diagram of a typical masburn incinerator: (1) Tipping
area (2) Storage area (3) Crane (4) Feeding chute (5) Combustion chamber
(6) Bottom ash recovery (7) Boiler (8) Air pollution control (9) Flue
(stack).(208)

4.5.1 Characterisation of and metal concentrations in MSWI ashes

Results from various studies into the metal content of bottom and fly ash
produced from MSWI show the presence of a wide range of ferrous, non
ferrous, precious, speciality and rare eatt metals within it (Table 4.4). What

is apparent is that the concentrations of different metals can fluctuate
extensively depending on the source of the ash which would suggest that
metal content of ash is strongly influenced by the MSW feedstock being
incinerated which in turn is largely influenced by locality and municipality of

the incineration site.(211)
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Table 4.4 Concentrations of elements identified in MSWI bottom and fly ash.

Concentration Concentration
Metal
range [mag/kg] range [mg/kg]
Bottom ash Ref. Fly ash Ref.
Ferrous elements
(205, (205,
Chromium 13 - 1400 212- 13 - 1900 212,
214) 214)
(205, (205
Manganese 0.8 - 8500 212, <0.7 - 3100 212)’
213)
] (212- i (212,
Iron 32000 84000 214) 420 10000 214)
(205, (205,
Nickel 9.0 - 510 212, 6.5 - 2000 212,
214) 214)
Niobium 23 - N/D (219 0.2 - N/D (214)
i (212, i (212,
Molybdenum 7.9 33 214) 0.7 a7 214)
(205, (205,
Vanadium 10 - 90 212- 0.7 - 150 212,
214) 214)
Non-ferrous
. (212,
Magnesium 9700 - 12000 213) 8200 - 14000 (212
. ] (212- i (213,
Aluminium 16000 85000 214) 663 47000 214)
(205, (205,
Cobalt 99 - 700 212- 1.1 - 1700 212,
214) 214)
(205, (221015,
Copper 80 - 25000 212- 45 - 4000 212’
214) 214)
Zinc 200 - 20000 212- 605 - 150000 212’
214) 214)
(205, (szf’
Tin 31 - 1300 212, 30 - 8200 ’
214) 212,
214)
Lead 98 - 6500 212, 200 - 19000 212’
214) 214)
Precious metals
Gold 0.2 - 19 (213 N/D - N/D -
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215)

: ) ) (211,
Palladium 0.03 N/D (212 3.6 18 212)
: ) (212, )
Platinum 0.1 N/D 214) <1 N/D (212
oo o
Silver 2 - 62 212- 1.2 - 700 212’
215) 214)
Speciality elements
. ) (212, ) (211,
Antimony 7.6 120 213) 170 2600 212)
_ ] (205, )
Arsenic 1.3 230 213) 15 751 (205)
(205,
Barium 47 - 2700 213, 37 - 9000 (205,
214) 214)
(211,
Bismuth 1.2 - 57 (22114? 1.6 - 142 212,
214)
(205, (205,
Cadmium 03 - 61 212, 5 - 2200 212,
214) 214)
(211,
Gallium 19 - 24 (22114? 0.3 - 164 212,
214)
(211,
Germanium 0.2 - 1.5 (22114? <1 - 27 212,
214)
. ] (213, ) )
Hafnium 1.8 2.7 214) N/D N/D
(211,
Indium 0.2 - 2 (22114? 0.1 - 23 212,
214)
Lithium 81 - N/D (214) 0.9 - N/D (214)
Mercury <0.01 - 3 (205) 0.8 - 73 (205)
: ] (213, )
Scandium 0.9 2.1 214) 0.1 N/D (214)
Selenium 02 - N/D (214) 0.2 - N/D (214)
Strontium 122 - N/D (214) 7.8 - N/D (214)
) (212- ) (213,
Tantalum 1.1 5.3 214) 0.1 43 214)
. ) ) (211,
Tellurium <1 1.2 (212) 1.8 12 212)
Thallium <1 - N/D (212) <1 - 2.0 (212)
Tungsten 11 - 22 (221133’ 6.0 - 9.0 (212
Yttrium 48 - N/D (214) 3.0 - N/D (214)
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Zirconium 65 - 81 (221143’ 27 - 57 (221143’
Rare-earth elements

Lanthanum 24 - N/D (213) N/D - N/D -
Cerium 35 - N/D (213) N/D - N/D -
Praseodymium 1.9 - N/D (219 N/D - N/D -

Neodymium 7.1 - N/D (214) 0.2 - N/D (214)
Samarium 1.7 - N/D (213) N/D - N/D -
Terbium 064 - N/D (213) N/D - N/D -

Waste containing large amounts of electrical goods for example would have
much higher concentrations of the elements indium, antimony and gold
compared with construction waste that is likely to contain higher
concentrations of iron.Wastes containing large amounts of plastics have also
been seen to have above average amounts of antimony which may be a result
of antimony trioxide (Sk,G3) commonly used as a flame retardant in plastic
products.(216) The presence of metals in bottom ashotnpared to fly ash is
also seen to differ for separate incinerator plants and this is due to different
incineration parameters which influence partitioning of metals into each
ash(208) What this data shows is that the metal content of ashes cannot be
generalised, rather it must be determined on a caséy-case basis. This is
problematic as MSWI residues cannot be relied upon therefore as a constant,

continuous feedstock of metals.
4.5.2 Precious and special metals

The concentrations of precious and speciahetals in MSWI ash appears to be
very small and potentially insignificant (palladium levels only 0.03 mg/kg)

however a comparison of these measured concentrations in bottom and fly
ash compared with concentrations for metals in the continental crust shows
encouraging results: palladium present in fly ash is approximately 20,000

times higher than crust concentration (Figure 4.9 and Figure 4.10).

This is due to the MSWI concentrating these metals that are present only in
small amounts in consumer productg211) Yet, as seen with recycling of
metals, due to the extremely heterogeneous nature of MSWI wastes the

separation, recovery and reuse of these elements can be problematic and
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varying speciation and contamination is highly likely due to the presence of

somany other elements.

Figure 4.9 Ratio of the precious metal concentration measured in MSW and
4AUT T 080 AT 1T AAT OOAOGETT OAI OAO ET AT 0O

maximum concentration values achieved for each meta{317)

Figure 4.10 Ratio of the speciality element concentration measured in MSW
AT A 4AUIT 0680 AT 1T AAT OOAOETT OAlI OAOG ET A

maximum concentration values achieved for each meta{317)
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