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Abstract

This research aimed at providing an understanding into the waste management
options available for developing countries and also to provide insight into the possible
application of the processed materials during the waste management processes, thereby
helping in converting the waste materials which would have been a nuisance into
useful products. Pyrolysis and composting were utilized as the waste management

techniques for processing the waste materials for use in pollution reduction.

Carbon materials (biochar and hydrochar) were prepared in the pyrolysis aspect of this
research through dry and wet (hydrothermal carbonization) pyrolysis respectively.
Under the wet pyrolysis, comparisons were made between the conventional and the
microwave-assisted hydrothermal process for carbonisation of waste materials. Three
waste materials were investigated Prosopis africana shell (from Nigeria), rapeseed
waste (from the UK) and coconut husks (a well-studied material in carbon science).
The result shows that the microwave-assisted hydrothermal carbonization process
reduced the processing time from 4 hours to 20 minutes for the same level of
carbonisation. The biochar and the hydrochar from the pyrolysis and microwave-
assisted hydrothermal carbonization of one of the waste materials (Prosopis africana
shell) were applied in the adsorption of Pb?* and Cd?* from aqueous solution. In terms
of adsorbing the heavy metal ions from aqueous solution, the materials proved to have
high adsorption capacities than some previously studied adsorbents. Maximum
adsorption capacities for the hydrochar and biochar were 45.3 and 31.3 mg/g for Pb?*
and 38.3 and 29.9 mg/g for Cd?" respectively. Interestingly, the hydrochar from
microwave-assisted hydrothermal carbonization, which is a green chemistry approach,
was capable of adsorbing the metal ions more than the biochar from agqueous solution.
The adsorption process was dominated by chemisorptions as it followed the pseudo-
second-order kinetics and the adsorption data fitted the Langmuir isotherm model. The
thermodynamics study of the adsorption processes showed that it was spontaneous and

endothermic.

Microwave-assisted hydrothermal process and evaporation-induced self-assembly
(EISA) were also used to synthesize carbon monoliths, using a waste plant material as
the carbon precursor. The microwave-assisted hydrothermal process was not successful

in the synthesis of the carbon monolith; however novel carbon monolith was produced



using the EISA approach. The carbon monolith in comparison to the biochar and
hydrochar from the same material is not powdered, has higher surface area and

porosity which could enhance its adsorption capacities for heavy metal ions.

In the composting aspect of the research, the Prosopis africana shell showed that it can
be composted. The effect of an organic pollutant, in this case anthracene during a
starch amended co-composting process was evaluated through total dry matter and
extracellular enzyme activities of both starch specific (a-glucosidase) and non-specific
(B-glucosidase) substrate. The result showed that the effect of anthracene amendment
alone was not highly significant on the process. However, the interaction between the
anthracene and starch have consistent effects on the process, which is novel and should

be studied further to know the magnitude of sure interaction.

This research showed that the waste material (Prosopis africana shell) from Nigeria
can be processed into useful products using pyrolysis and composting. Further work
will be required in Nigeria outside the laboratory to see the real applicability of these
processed materials.
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Chapter 1
General Introduction
1. 1 Aims of the Project

This work investigates the waste management options for a developing country
(Nigeria). It is specifically aimed at studying how waste materials generated as a result
of population growth, agricultural practices, and from the huge natural resources
present in the country can be transformed into a form that will be of benefit in solving
other problems in the country, rather than being a nuisance by converting the waste
materials into useful products. These products can find application in solving
environmental problems, such as, remediating petrochemical pollution that usually
result from the exploration, refining and distribution of petroleum products from the
large oil reserve in the country. In addition, this project will provide an understanding
into the changes that took place in the waste materials during the processes of
conversion and how these materials have being converted to a useful form. In order to

achieve these aims the following objectives were set:

e To use dry and wet pyrolysis as a waste management technique for converting
the waste material into a biochar and hydrochar respectively, and to evaluate
their performance in the removal of heavy metal ions from wastewater.

e To use composting as a low cost waste management technique and monitor the
effect of organic pollutant on the composting process.

e To evaluate the possibility of converting the waste material into carbon

monolith.

The findings from this project will be useful in tackling waste management and
recycling problems in developing countries like Nigeria. This project as a whole will
help the Nigerian Government in meeting their Millennium Development Goals of
protecting the environment. It will provide possible alternatives to the available
methods for managing different varieties of organic waste materials mostly from
agricultural activities, which is the major occupation in the country, and lead to the
development of an effective and sustainable waste management strategy that will help
in the reduction of the volume of agricultural waste going to landfills and being

incinerated.
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1.2 The Need to Recycle Waste

Waste recycling refers to the collection, separation, clean-up and processing of
waste material into a material or product that is marketable [1]. Sustainable
development is something that is now of increasing importance to the world-wide
community. World leaders signed a global environment and development action plan
called Agenda 21 at the Earth Summit in Rio, 1992 [2], and since then a series of
actions aimed at waste reduction and increasing recycling have been taken by

individual governments.

However, waste management has been and is still a major problem developing
countries are facing, arising from population increase, and agricultural and industrial
activities. There is the need to manage the environment properly to meet environmental
standards and regulations as this is vital for sustainable development and remains the
central objective of the United Nation Millennium Declaration of September, 2000 [3].
The European community (EC) for example has passed its Landfill Directive since
April 1999, which asked European countries to reduce biodegradable waste sent to
landfill by 75% of their 1995 levels by 2006, 50% by 2009 and 35% by 2016 [4]. In
this regard, Nigeria still has a long way to go when compared to the European
community. Waste piles are still often seen by roadsides, rivers and other open spaces
in Nigerian cities causing environmental and health problems.

Traditional waste management techniques, such as, incineration and landfill
produce a low-value alternative due to their environmental impact which includes
generation of greenhouse gases, such as, carbon dioxide and methane. Leachate from
landfills is difficult to treat and may contaminate the water resources, this is in addition
to the large space required to meet the increasing land use for landfills. There is a need
to look for an alternative, such as, pyrolysis and composting. This led to the Nigerian

government funding this project to look into these alternatives.

1.3 Waste Management and Treatment Technologies

The concept of waste management has led to the development of alternative
waste treatment and disposal options which have minimal environmental impact, with

the aim of recycling and energy recovery with low pollution. These techniques include
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pyrolysis, gasification, composting and anaerobic digestion [1]. These techniques can
serve two important purposes: utilize large amount of waste produced in concentrated
areas and convert it into useful value-added material at a low cost. In recent times
studies have been conducted to analyse the feasibility of applying these techniques to

some less traditional waste, such as municipal sewage sludge and animal manure.
1.3.1 Pyrolysis

Pyrolysis is the thermal breakdown of biomass or organic waste in the absence
of oxygen to produce carbonaceous char (biochar), oil (bio-oil) and combustible gases
(syngas) [1]. The biochar is a high-energy-density solid (approximately 18 MJkg?), the
bio-oil is high-energy-density liquid (approximately 17 MJkg™), while the syngas is a
relatively low-energy-density gas (approximately 6 MJkg™) [5,6]. The amount of each
of the products formed is dependent on the conditions of the process particularly the
heating rate and the temperature. Waste materials are usually made up of complex
chemical compounds. For example municipal solid waste contains paper and cardboard
which are made up of large, complex polymeric, organic molecular chains namely
hemicelluloses, lignin and cellulose. In the same way waste originating from the forest
and other biomass are mainly composed of hemicelluloses, lignin and cellulose. Qil
and gas formation during pyrolysis results from these shorter molecules present in the
waste [1]. Generally, pyrolysis involves the heating of organic materials to
temperatures less than 400 °C in the absence of oxygen. Organic materials thermally
decompose releasing a vapour phase and a residual solid phase (biochar) at these
temperatures. During the process of cooling of the pyrolysis vapour, the polar and
high-molecular-weight compounds condense into liquid (bio-oil). The low-molecular-
weight volatile compounds remain in the gas phase (syngas) [7]. The physics and
chemistry occurring during the pyrolysis of waste biomass are very complex and
depend on both the nature of material and the reactor conditions [8,9]. The exact
mechanisms of thermal degradation of waste are not clear [1].

1.3.1.1 Pyrolysis Technology

The use of pyrolysis in waste management is a very recent development, though
the use of pyrolysis for the production of biochar known as charcoal has been known
for thousands of years. The use of traditional earthen, brick, and steel kilns typically
emit volatiles to the environment during the production of biochar [1,7]. These have
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poor environmental reputations as they are associated with air pollution and
deforestation [10]. The designs of modern pyrolysers are such that they capture
volatiles for the production of bio-oil and syngas [11]. The bio-oil produced during
pyrolysis in particular has been investigated with the aim of either using the oil directly
in fuel applications or after upgrading to produce refined fuels. The bio-oil derived
during the pyrolysis of different varieties of waste has been shown to have complex
composition. It contains a wide variety of chemicals which may be used as chemical
feedstock. The bio-oil is characterised by a high energy density, which is a higher
energy content per unit weight, than the raw weight. The biochar can be used directly
as solid fuel or alternatively, it can be upgraded to activated carbon. The gases
generated during the pyrolysis process have a medium to a high calorific value and
may contain energy sufficient enough to meet the energy requirement of the pyrolysis
plant [12].

The thermochemical process conditions for transforming waste biomass into
renewable energy products can be altered to produce the desired biochar, bio-oil and
syngas, with the heating rate and the pyrolysis temperature influencing the product
distribution most. One advantage that pyrolysis has is that the gases or oil products
derived from the waste during the process can be used to provide fuel for the process
itself. The thermochemical technologies can be classified into four general categories
namely slow pyrolysis, flash pyrolysis, gasification, and fast pyrolysis [7]. Slow
pyrolysis involves heating the biomass to a temperature > 400 °C in the absence of
oxygen in a batch or continuous system. The heating rate is moderate usually in the
range of about 20 °C/min to 100 °C and a maximum temperature of 600 °C [1,7]. The
approximate product yields from slow pyrolysis are 35% biochar, 30% bio-oil, and 35%
syngas by mass [13]. Flash pyrolysis is carried out to maximise biochar production. It
involves heating of the waste biomass under moderate to high pressure in a retort.
Typical yield from flash pyrolysis are 60% biochar and 40% volatiles that is the bio-oil
and syngas [7]. The design of gasification is to maximise the production of syngas. A
typical gasifier is designed in such a way that it permits a small and carefully
controlled amount of oxygen to enter the reaction chamber. The oxygen allowed into
the reaction chamber causes partial combustion of the waste biomass which produces
the heat needed to keep the reaction going. A high temperature is required for the

reaction (800-1200 °C). At this high temperature a gasifier produces very small amount
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of biochar or bio-oil. The amount usually produced is 5-15% of biochar and traces of
bio-oil referred to as ‘tar’ can be produced by a commercial gasifier [7]. Fast pyrolysis
is carried out to maximise the production of bio-oil. The fast pyrolyzers are continuous
flow systems. Product yield during fast pyrolysis are typically 50-70% bio-oil, 10-30%
biochar, and 15-20% syngas by mass. Before putting the waste biomass into the fast
pyrolyzer it must be dried and ground to a particle size of less than 2 mm [7]. The
biomass is heated in the absence of oxygen within the pyrolyzer typically to a
temperature of greater than 400 °C in less than one second using one of various
technologies such as mixing biomass with pre-heated sand in a fluidized bed reactor.
As a result of the rapid heating, there is a thermal decomposition of the biomass to
vapour, aerosol and light gases. The volatiles must be rapidly separated from the solids
and cooled to maximise the bio-oil yield. A series of condensers are typically used to

accomplish these later processes [7].
1.3.1.2 Uses of Pyrolysis Products
Biochar

Biochar produced from pyrolysis is a combustible solid which can be burned to
produce heat energy in most systems that are currently burning pulverised coal. It has
been used for centuries as the method of producing charcoal for use as fuel and the
common charcoal product yields are within the range of 30-40%. Waste material
pyrolysis also gives a char product; the amount produced depends on the process
conditions [1,7]. Biochar has a low sulphur content [7]; hence technology for
removing SOx from emission is not required in the industrial combustion of biochar.
The feedstock type is substantially responsible for the ash content of biochar. Some
biomass sources contain relatively high silicon and after pyrolysis the silicon is
concentrated in the biochar. Examples of such sources with high silicon content include
rice husks and Miscanthus giganteus [7]. Scaling of the combustion chamber occurs
during the combustion of high Si biochar and this decreases the usable life of those
chambers. In metallurgy low-ash biochar is used as feedstock in the production of
activated carbon, which has many uses, such as, an adsorbent in removal of heavy
metals and organic contaminants from waste-water streams as well as to remove odour
from air streams [7]. The use of biochar as a soil conditioner is an emerging application

which is gaining more ground.
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Biochars have been reported to show the following benefits in some soil types

and certain crop species [11, 14-16]
- Increase soil pH
- Increase soil carbon levels
- Increase water holding capacity of the soil
- Increase biomass (crop) production
- Increase CEC, especially over the long-term
- Decrease emissions from soil of the greenhouse gases CO2, N>.O and CHj4
- Improve soil conditions for microorganism population (eg bacteria)
- Reduces fertiliser requirement in soil

However, it is important to note that the benefits listed above are dependent on
the feedstock materials used in the preparation of the biochar, the process conditions
and applications and have led to a huge and diverse range of responses that are often
contradictory. Some biochars have been seen to have adverse effects on crop
productivity, while some have been shown not to have any influence on some of the
factors noted above. There is need for more research to verify these effects and to
differentiate beneficial from detrimental biochar. The greatest positive effects of
biochar applications from studies have been in highly degraded, acidic or nutrient-

depleted soils.
Syngas

The gases produced during pyrolysis (syngas) of solid waste and biomass waste
are primarily a mixture of carbon monoxide and hydrogen. It also contains carbon
dioxide, methane, water and lower concentrations of other low-molecular-weight
volatile organic compounds (VOCs) [1,6]. The high carbon monoxide and carbon
dioxide concentrations are due to the oxygenated structures present in the original
materials, such as, lignin, cellulose and hemicelluloses. The gas also contains a
significant proportion of uncondensed pyrolysis oil in addition to these. Syngas has a

relatively low heating value (approximately 6 MJKg™?) when compared to that of
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natural gas (approximately 54 MJKg™?). Syngas, however is burned to produce heat
energy for various applications which include electricity generation and drying [7]. A
potential use of syngas formed through the pyrolysis of biomass for a small and
medium-scale pyrolyzer will be to produce the heat and electricity needed to sustain

the pyrolyzer itself.
Bio-oil

Bio-oil produced during the pyrolysis of biomass could be used in conventional
electricity generating systems, such as, gas turbines and diesel engines. However, the
properties of the bio-oil fuel may not match the specification of a petroleum derived
fuel and may need upgrading of the fuel or require the modification of the power plant.
The heating value and the chemistry of bio-oil vary substantially depending on the
nature of the feedstock and the conditions under which the pyrolysis of the feedstock
was carried out. In some instances the oil product is described as a liquid. It may
represent, a true oil, an oil/aqueous phase, separated oil and aqueous phase or for some
waste feedstocks, a waxy material [1]. Production of oil product from waste has the
advantages that the oil can be transported away from the pyrolysis process plant,
thereby de-coupling the processing of the waste from the product utilization. The oil
may be applied directly as a fuel, used as a chemical feedstock, upgraded using catalyst
to a premium grade fuel or added to petroleum refinery stocks [1]. Bio-oil from
biomass has high oxygen content, of the order of 35% by weight; due to the content of
lignin, cellulose and hemicelluloses in the biomass which are large polymeric
structures consisting mainly of carbon, hydrogen and oxygen. In the same way
municipal solid waste derived bio-oils have high oxygen content due to the cellulosic
components present in the waste, such as, paper, cardboard and wood. Bio-oils derived
from flash pyrolysis of biomass and municipal solid wastes tend to have a low
viscosity and consist of a single water/oil phase. The caloric value of the oil is reduced
due to the high water content. Higher viscosity liquid products are produced by slow
pyrolysis and tend to have two phases due to the more extensive degree of secondary
reactions which occur. Bio-oils produced from the pyrolysis of tyres and plastics are

composed mainly of carbon and hydrogen [1].
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1.3.2 Hydrothermal Carbonization

If pyrolysis is carried out in water under pressure, it is often called
hydrothermal carbonization. Such wet processes have been widely studied and are
known by various names. Hydrothermal carbonization is used here because it appears
to be the most accepted name for the process [17]. Other names by which the process is
known include wet torrefaction, hydrothermal pre-treatment, hot compressed water,
hydrous pyrolysis and coalification. Hydrothermal carbonization is a process that has
been known for a long time now; but fell into relative obscurity after its initial
discovery, and research activity to understand natural coal formation in the early 20"
century [18]. Recently, reviews of this process were published [19,20] and since then

several other authors have also reviewed this topic [18,21-24].

The use of conventional or dry pyrolysis has some drawbacks, such as, using
only dry feedstocks, generation of harmful gases such as CO, CH4, Cz-hydrocarbons
and PAHSs (polycyclic aromatic hydrocarbons), and production of oils. The gases need
to be recovered and converted into another useable form such as bioenergy, as their
release into the environment is harmful and should be avoided. This requires the use of
sophisticated and expensive equipment; thereby increasing the energy requirement and
the cost of the process. The process of pyrolysis also requires very harsh conditions and
high temperature [25-29]. Therefore it has become necessary to look for alternative
methods of preparing the material, of which hydrothermal carbonization offers such an

alternative.

The hydrothermal carbonization process involves the heating of biomass or
other materials under pressure in water at a temperature of about 180-200 °C to form
char and water-soluble organic substances [30,31]. During the hydrothermal
carbonization of biomass, decomposition of the carbohydrate structure takes place via
hydrolysis, an exothermic process, forming free sugar and other by-products [31,32]. It
represents an environmentally friendly and a simple technique in which biomass or
sugars are first converted into precondensed polymers and subsequently following
further dehydration/polymerization/condensation process into carbon rich, coal-like
derivatives [33]. A mechanism of transformation of carbohydrates into carbonaceous
material has been investigated using characterization techniques such as, *3C solid state

NMR and GC-MS and it was found that the process of hydrothermal carbonization
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takes place via 5-hydroxymethyl-fur-fural-1-aldehyde (HMF) as a monomer, while C-
C- linkages towards the final carbonaceous material occur via this intermediate
involving cycloaddition, polymerization and aldol condensation reactions, with the
latter being presumably reversible under the applied conditions (Figure 1.1) [26,30,34].
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Figure 1.1: Mechanism of formation of hydrochar particles from cellulose by hydrothermal
carbonization as proposed by Sevilla and Fuertes [30]. Permission for reproduction of figure has
been obtained from Elsevier [License Number: 3254781425848].
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The advantage of hydrothermal carbonization is that it involves mild reaction
conditions of temperature and pressure, and the material does not need to be dry, thus
eliminating the significant energy input required to remove water by evaporation. The
hydrothermal carbonization of biomass, unlike the pyrolysis, does not produce a lot of
harmful gases and the gases produced in the process are contained within the system.
The hydrothermal carbonization process can convert wet feedstock into carbonaceous
material at relative high yield without going through the energy-intensive drying before
or during the process. It is possible for the process to accommodate a variety of non-
traditional feedstocks which represent large, continuously generated, renewable
residual streams that need to be managed, treated and/or processed to ensure protection
to the environment. Examples are wet animal manure, sewage sludge, municipal solid

waste (MSW), human waste, as well as aquaculture and algae residue [35].
1.3.3 Energy Balance of Pyrolysis and Hydrothermal Carbonization

The energy balance is an important factor in determining the feasibility of a
biomass conversion process. This is usually the case when the char is used as a fuel. It
is also necessary for energy requirements determination to judge the economic
feasibility of using the processes for other purposes, such as, value-added products or
in soil amendment [35]. Some initial results have been published for biochar obtained
via pyrolysis [36,37]. However, a detailed energy use balance analysis for the
hydrothermal carbonization cannot be given yet as the research on the technical
development is still at the early stage. What can be discussed now is a comparison of
the energy balance of pyrolysis and hydrothermal carbonization on the basis of reaction
enthalpy, and followed by a qualitative comparison of the energy differences in

production processes [35].
1.3.3.1 Reaction Enthalpy

Pyrolysis and hydrothermal carbonization reactions can be exothermic. The
reaction parameters (temperature and time) and the nature of feedstock used determine
the amount of heat released. The approximate stoichiometric equations (Equation 1.1
and 1.2) give a rough estimate of the heat of reaction for each process. The equations
were deduced from experimental results in which cellulose (CeéH100s) was used as a
model material. Equation 1.1 is for pyrolysis adopted from Klason et al. [38] and
Equation 1.2 is for hydrothermal carbonization adopted from Bergius and Specht [39].
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Pyrolysis Hydrothermal carbonization
(Equation 1) (Equation 2)
Temperature range (°C) 300-500 180-250
Higher heating value of feed (MJ/kg) -17.6 -17.6
Heat of reaction (MJ/kg cellulose) -0.8 -1.6
Higher heating value of solid product (MJ/kg -11.3 -16.0
cellulose)
Higher heating value of liquid by-product -5.1 0
(MJ/kg cellulose)
Higher heating value of gaseous by-product -0.4 0
(MJ/kg cellulose)

Table 1.1: Comparison of the calorific nature of slow pyrolysis and hydrothermal carbonization of

cellulose [35]

Table 1.1 summarizes the higher heating values as obtained from Equation 1.1 and 1.2
CsH1005 — C3.75H225005 + 0.5CO> + 0.25C0O +2.88H,0 + C15H2003  (Equation 1.1)
CeH1005 — Cs.25H4005 + 0.75C0O2 + 3H20 (Equation 1.2)

Since the chemistry of neither the pyrolysis nor hydrothermal carbonization is
fully understood, these approximations should be treated with care [35]. It is important
to note that liquid organic reaction by-products that represent an important fraction
were not considered by Equation 1.2. Also, biomass, because of its high degree of
chemical complexity and heterogeneity, cannot be regarded as a well-defined reactant.
These theoretical estimations were supported by results of experimental calorimetric
measurements with cellulose. Mok et al. [40] reported values between 0.4-0.7
MJ/Kgcenutose for the slow pyrolysis of cellulose, while unpublished data reported by
Libra et al. [35] for a similar measurement for hydrothermal carbonization produced
approximately 1 MJ/kgceiuiose Values. Therefore, the calorific values of pyrolysis and

hydrothermal carbonization reactions are comparable to each other.

It is important to note that the reaction mechanisms involved in the processes
are complex and are highly dependent on the conditions of the reactions. For instance,

despite the overall reaction being exothermic, the initial phases of both pyrolysis and
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hydrothermal carbonization are endothermic. As a result of this, mild pyrolysis and
hydrothermal carbonization is endothermic, because of the endothermic nature of

cellulose hydrolysis [35].
1.3.3.2 Process Comparison

Some guidance in the choice between pyrolysis and hydrothermal carbonization
can be obtained through the theoretical energetic considerations. From the point of
view of thermodynamics, at certain water content the use of pyrolysis becomes
uneconomical. There exists a threshold at which hydrothermal carbonization becomes
more energetically efficient than the pyrolysis process. Theoretical comparison of
wood combustion with and without hydrothermal carbonization as a pre-treatment
process has been used for the illustration. Erlach et al. [41] reported that pre-treatment
with hydrothermal carbonization is more efficient for feedstocks having a water
content of more than 50%, while a comparison of the amount of heat required for the
evaporation of water to the heat of cellulose pyrolysis reaction (Equation 1.1) showed
that when the water content is above 30%, the energy required to evaporate the water is
more than that supplied by the heat released during pyrolysis [35]. In some process
designs, the feedstock is preheated by the product gas [38]. A process in which such a
design is used is capable of converting cellulose with up to 70% water content without
an external energy supply, but pyrolyzing cellulose with a higher water content will
result in part of the char being burnt which reduces the yield. For example at
approximately 90% water content all the char would need to be burnt [35]. This value

will be lower for biomass because less energy is released during carbonization.

In the case of hydrothermal carbonization, the feedstock does not need to be
dried therefore heat for water evaporation is avoided. However, the water has to be
heated, but the amount of external heat required is accepted to be substantially lower
than that of drying in pyrolysis. Also, other aspects that require energy, such as,
transportation of energy of water-rich feedstocks and post-processing of the hydrochar
e.g. dewatering need to be considered as well. An advantage of the hydrothermal
process in terms of energy can be expected if the product can be utilized without
predrying, or when their dewaterability of the hydrochar compared with that of the

drying of feedstock in pyrolysis is improved [35].
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1.3.4 Composting

Composting is the science of degradation of organic waste into a useful product
by the action of micro-organisms. It is an aerobic process, rather than anaerobic. The
process of composting occurs in nature at various levels, on a small scale at the
household level and on the large scale via composting schemes where organic waste
from different collection points are composted at large central facilities. It is a
relatively fast degradation process reaching a stabilized product within 4-6 weeks.
Several modifications have been made to this natural process with a careful monitoring
of the process to attain the goal of having high quality end products. Composting is
associated with reclamation and recycling a way of saving and reusing natural
resources, where the degraded product is a stabilized product which is added to soil to
improve soil structure, especially for clay soils, or where it can act as a fertilizer
improving the nutrient content, or as a mulch to retain moisture in the soil [42]. The
process of composting helps to remove a large fraction of organic biodegradable waste
from a waste stream and in this way helps compliance with environmental standards.
Food, garden waste, paper and board, wood and some textiles constitute the
biodegradable part of municipal solid waste and therefore have the capacity to be
composted [1]. There are other major sources of organic waste suitable for composting
apart from organic waste from domestic sources and park and garden waste deposited
at civic amenity sites and these include agricultural waste, sewage sludge, food waste
and forestry waste [43]. In terms of management of biodegradable waste, a large scale
centralised composting facility is viewed as an alternative to incineration and waste
landfill.

As stated earlier, the process of composting is aerobic; therefore it relies on a
plentiful supply of oxygen. There is a need for a regular aeration to maintain the
aerobic conditions. Three stages usually characterize the composting process. The first
stage which is usually characterized by an increase in temperature, and a high rate of
microbial activity. During this stage, simple carbohydrates and proteins are readily
biologically degraded by mesophilic micro-organisms, followed by thermotolerant and
thermophilic micro-organisms as the temperature rises above 45 °C [44]. The second
stage is the stabilisation stage and it involves the biodegradation of the waste by
thermophilic micro-organisms, the process is exothermic, therefore the temperature in

the compost pile can reach up to 70 °C [45]. This is the active phase of composting.
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Thermal destruction of weed seeds and pathogenic micro-organisms occur at the high
temperature stage. The third stage is the maturation stage and this stage is characterized
by lower temperatures and the presence of humic substances. The maturation stage
takes several weeks to reach completion and it involves further biodegradation of
intermediate compounds. After maturity, sieving and grading to remove un-composted

materials and contaminants, such as, glass, plastics and metals are carried out.
1.3.4.1 Biological Processes Taking Place in Composting

During the composting process metabolism and mineralization of simple carbon
compounds, such as soluble sugars and organic acids takes place by heterotrophic and
heterogeneous micro-organisms. The exothermic process taking place and the high
metabolic activity produces an increased temperature in the compost heap which
cannot be dissipated because of the low thermal conductivity and consequently the
temperature rises. The rise in temperature kills pathogenic micro-organisms and allows
only thermophilic micro-organism to be active. Fungi and actinomycetes degrade
cellulose, lignin, starch and pectin. The activity of the fungi and actinomycetes micro-
organisms increases with decrease in temperature and also moisture and pH. Intense
decomposition of cellulose occurs throughout the process, but particularly during the
final stages, mostly through degradation by a eumycete micro-organism. The
basidiomycete group of fungi are responsible for the degradation of lignin [1]. During
the process nitrogen content also decreases through the formation of ammonia and
volatilization. An overall decrease in C:N ratio results from the loss of carbon dioxide
and water from the carbon- and hydrogen-containing constituents of the waste,
representing a relative increase in nitrogen overall to carbon. In addition, nitrogen

fixation from micro-organisms slightly increases the nitrogen content later [1].
1.3.4.2 Factors Influencing Composting

For the composting process to progress smoothly and to obtain good quality
compost as the end product, the following factors are necessary. Natural decomposition
progresses faster and yields a quality product under controlled conditions. The rate of
composting, just like the rate of animal or plant growth, can be affected by many
factors. In addition, organic substances to be used for composting should be free of any

kind of contaminant or toxic compounds, such as, surfactants, detergents, phenolics,
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and pharmaceuticals, which either directly or through their metabolism is capable of

posing health risks. The following factors were identified by Williams [1]:

Oxygen Content: For the aerobic condition to be maintained, a minimum oxygen

content of 18% is recommended in the compost.

Temperature: A temperature in the range of 30-35 °C is necessary to give maximum

micro-organism activity.

Moisture Content: High moisture content should be avoided, since this produces
anaerobic conditions by occupying intraparticle spaces. Biodegradation is significantly

reduced at moisture content below 40%.

pH: Fungi develop better in acidic conditions. Bacteria prefer a pH that is near neutral.

A pH in the range of 5.5-8 is necessary for optimal composting to be achieved.

C:N Ratio: Slow decomposition results from higher values of C:N ratio while lower
ratios result in nitrogen loss. The optimal ratio in the starting waste material should be
about 25.

Size Range of Waste Material: The surface area of the waste material increases with
the shredding of the starting material and results in enhanced rates of composting.

1.3.4.3 Composting Technology

As mentioned previously, the composting process is an aerobic biodegradation
process and therefore aeration of the waste is required. Several methods are available
for the aeration to be achieved. The cost increases as the process increases in
sophistication and control. The aeration processes include ‘windrow’ system, aerated

static piles, in-vessel systems and vermicomposting.

The ‘Windrow’ System: In this system the biodegradable waste is being piled into an
elongated conical heap or windrow, which is about 50 m in length, 3-4 m in width and
2 m high. Mechanical turning is used to turn the waste periodically. The process begins
with the turning rate of one turn per day at the initial stage of the composting to one
turn per five days towards the end of the process. The purpose of the turning is to
release trapped heat, moisture and stale air and introduce fresh air. The windrows are

usually placed on a gravel bed to help in the collection of any leachate formed during
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the process. They are usually arranged in rows to allow mechanical vehicles to move

up and down each row turning the waste, hence fully aerating the pile periodically [1].

This method has several advantages over other methods which include simple
management, low cost, and in some cases the windrows can be constructed near the
fields where the composted material may be applied later. It is also possible to use
standard farming equipment to shred and turn the material. However, windrow
composting when compared with other composting technologies is laborious and are

subject to exposure from the weather.

Aerated Static Pile or Forced Aeration Systems: In this system a fan is used to blow
or suck air through the pile of the composting waste. The compost pile remains
undisturbed and is located on an aeration block. Here, finished compost acts as a filter
for even distribution of air via a perforated pipe covered with a porous based material.
The filter and perforated pipe allows the compost pile for composting to be constructed
over it. Height of 2-3 m, 2-6 m width and 30 m length are typical dimensions of a
forced aeration system. The passage of the air through the pile is carried out either
continuously or periodically. The odours from the compost are contained in the system
if the air is drawn through the pile, this also allows for treatment and control if required.
Heat is transferred from the inner pile to outer region, when air is blown up through the
compost pile [1]. Once the pile is formed, no turning or agitation will be required as
long as the air supply is sufficient and distributed uniformly, the active composting

may be complete in approximately 3-5 weeks.

This method is a more concentrated method of composting as it allows for
higher and broader piles requiring less land area than the windrows. This makes it
easier for the system to be covered with a roof or enclosed within a building. Forced
aeration can shorten the composting period, since it allows for closer process control.
Variations in temperature are reduced in the larger pile size as a result of the
homogenous aeration. It also improves conditions for destroying pathogens. Lack of
turning and insulation layer conserves nitrogen, limiting release of odours. In the
suction aerated systems the odours can be collected and treated. The main
disadvantages associated with this process are the potential for short circuiting by
channelling of the airflow and clogging of the aeration pipes resulting in an uneven

compost product.
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In-vessel Systems: In this system closer control of temperature, moisture, aeration and
waste mixing rates are allowed [46]. These include containers, such as, enclosed halls,
silos or towers, tunnels, rotating drums or reactor tank systems [44]. In silos or tower
systems biodegradable waste is fed to the top of the silo and composting takes place as
the waste moves down the tower. It is a vertical unit operating on a continuous basis.
After several days duration the compost is collected at the bottom of the tower, this is
followed by a maturation stage. Large floor area where composting takes place inside a
purpose-built composting building is required in composting in enclosed hall. Some
form of mechanical agitation may be involved in tunnel composting systems which are
large systems which may be either batch or continuous. In rotating drum systems the
waste is being placed in a long rotating drum having typically dimension of 3-4 m in
diameter and 50 m long. It is also combined with forced aeration [44]. While the waste
is continuously stirred and tumbled, the air continuously passes through the rotating
drum. Several days in the drum is the typical residence times and the composting
process would require a subsequent maturation stage to reach completion. A more
sophisticated composting system is the composting tank reactor. Here, a series of
augers which are perforated are used to stir the waste, which allows air to be blown

into the composting waste pile [1].

The advantages of this method are minimal weather problems, reduced labour
requirements, better control of odour, faster composting, closer process control,
reduction in land area requirements and consistent quality composted organic material.
In-vessel composting however, does not guarantee the realization of these advantages.
Many problems may arise which require expensive solutions. The disadvantage of the
in-vessel technology is the high capital cost. The maintenance and operation of these
systems requires a lot of expense and a higher level of knowledge and skill when
compared to the other technologies.

Vermicomposting: This involves using selected species of earthworm, such as,
brandling worms (Eisenia foetida) and redworms or red wigglers (Lumbricus rubellus)
to carry out composting of biodegradable waste. The temperature of the process is
normally kept below 35 °C and the process takes place in long troughs. The
earthworms are relied on to mix, aerate and fragment the waste, combined with the

biodegradable process of the micro-organisms in vermicomposting process [1].
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The advantage of this method is that it does not require the use of heavy and
expensive equipment as used in the other technologies. The earthworm in this
technology carries out the roles of turning and maintaining the material in an aerobic
condition reducing the need for expensive equipment. The product from
vermicomposting is homogenous, has the desirable qualities and may have reduced
levels of contaminants. The major drawback in this technology is the temperature
requirement which must be maintained below 35 °C for the survival of the earthworm.
This temperature is low when compared with other thermophilic technologies where
the thermophilic bacteria can raise the temperature of the material to above 70 °C. The
temperature of the vermicomposting is lower than the acceptable level to kill pathogens.

Hence, the product fails the EPA rules for pathogen reduction [47].
1.3.4.4 Drawbacks of the Composting Process

The composting process is a biodegradable process and as a result leads not
only to formation of compost, but also to the formation of other products in which
product treatment and control may be required. If the moisture content is high it may
result in the formation of leachate, which may have composition and properties similar
to the leachate formed during the early stages of landfill. The leachate is usually
collected via channels and depending on the level formed is either treated on site or
discharged to the sewer. Volatile organic compounds (VOCs) are usually the
constituents of gaseous emission from the composting process. The emissions are
potentially toxic and characterized by malodour [1]. Micro-organisms, such as, bacteria,
fungi spores and actinomycetes also constitute part of airborne emissions resulting

from the composting process [44,48].
1.4 Conclusion

Management of waste materials is very critical considering the impact waste
materials have on the quality of life and the environment. Globally, billons of tonnes of
waste materials are generated annually from human and non human activities, there is
an urgent need for these waste materials to be removed from the environment and
converted into a form that will be beneficial to humans and the environment rather than
being a nuisance. Traditional waste management techniques, such as, incineration and
landfill which have been used in the past have environmental impacts, such as,
generation of greenhouse gases, carbon dioxide and methane, and also pollution of
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water bodies arising from run-offs from landfills. Alternative waste treatment and
disposal techniques such as pyrolysis and composting have minimal environmental
impact, and have been on the increase in recent times. The products from these
processes have been utilized in pollution reduction and have also served as source of
energy. Considering the advantages the pyrolysis and composting techniques have over
the traditional method of waste management, the potentials of these techniques should

be explored further and new waste materials should be investigated.
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Chapter 2
Pollutants in the Environment
2.1 Introduction

A pollutant is defined by the United State Environmental Protection Agency
(USEPA) as any substance introduced into the environment that has the capacity to
adversely affect the usefulness of a resource [1]. It can also be defined as any chemical
that can cause harm to the environment [2]. Introduction of pollutants into the
environment can be through point source (single source, usually through industrial
activities) or through non-point source (non-specific source, usually through
agricultural activities). In general, pollutant introduction is significantly through the
form of waste, sewage, by-product of a manufacturing process, accidental discharge,
agriculture, or by other human activities [3]. These pollutants can easily enter the
human body via food, water, air or absorption through skin contact in agriculture,
industrial or residential settings [4]. Damage to the central nervous system, lungs,
kidneys, liver, blood compositions and other organs, as well as, lower energy levels
may result from such pollutants at high exposure levels, and in extreme cases, may
result in, insanity, paralysis, coma and even death may follow within weeks of the
onset of symptoms [5,6]. The following summaries the damage caused to the

environment by pollutants [3].

- Human health damage arising from specific chemical substances present in air,
water and food.

- Damage to the natural environment which subsequently affect soil, water,
vegetation, crops and animals.

- Damage caused by smoke, dust, chemical fumes, noise, refuse dumps that
affect the beauty of the environment.

- Long-term damage which may not be noticed immediately, for example low-

level absorption of carcinogenic substances into the body.

There has been increasing global concern, over the last three decades about the
public health impacts of environmental pollution, particularly, the global burden of
disease. It has been estimated by The World Health Organization (WHO) that a quarter

of the diseases facing mankind today arise from prolonged exposure to environmental
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pollutants. However, most of these environment-related diseases are not detected easily

and may have been acquired during childhood and manifested later in adulthood [7].

2.2 Types of Pollutants in the Environment

Pollution of the environment could be by heavy metals, organic pollutants or
both. Heavy metal pollution occurs through natural and anthropogenic sources. Mineral
weathering, erosion and volcanic activity are the most significant natural sources, while
anthropogenic sources include industrial and agriculture activities, such as, mining and
mineral processing, battery manufacturing, electroplating, smelting, application of
fertilizers and pesticides, and also through waste dumping [8-13]. Organic pollutants
on the other hand are released into the environment through sources, such as, burning
of fossil fuels, incineration of waste, petrochemical production and automobile exhaust
processes. Various industrial activities and technological development have also led to
the discharge of these pollutants, such as, insecticides, fungicides, herbicides,
butadiene, and dyes posing a significant threat to environment and public health
[14,15]. Safe and effective disposal of waste from various industries processes is
always a challenge for industries and environmentalists, as any unsuitable disposal may
affect the environment adversely because of their accumulation in the food chain,

toxicity and persistent nature [14].
2.2.1 Heavy Metals

Some metals are referred to as heavy metals because of their toxicity and high
densities. For example, Cd = 8.64 g cm™, and Pb = 11.3 g cm™, in comparison with
other common metals such as Mg with density of 1.7 g cm™. Elemental toxicity
depends on the element’s chemistry and concentration as well as the mode of contact
and biochemistry of the host organism. Ironically, some metals which are toxic at high
concentrations may be essential to life at low concentration. Heavy metals are of
concern in the environment because of their toxicity to humans and other animals, and
their non-biodegradable nature. Heavy metals occur naturally, but their concentrations
in natural waters can be increased by anthropogenic activities [16]. Heavy metals such

as lead and cadmium and their compounds are characterised by very low volatility and
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it is assumed that these metals are transported in the atmosphere only in the

composition of aerosol particles [17].

Cadmium

Cadmium is a toxic and non-essential element which is released into the
environment through natural (geogenic) and anthropogenic (industrial and agricultural)
activities [18-21]. Cadmium is similar to zinc chemically, and both metals frequently
undergo geochemical processes together. Both metals have +2 oxidation states in water.
Acute cadmium poisoning in humans has resulted in kidney damage, high blood
pressure, damage to testicular tissue and destruction of red blood cells [22]. Its
chemical similarity to zinc is responsible for most of the physiological action of
cadmium. In some enzymes cadmium may replace zinc, thereby altering the
stereostructure of the enzyme and impairing its catalytic activity, causing disease
symptoms [22]. The cadmium concentration in drinking water should be very low. The
permissible concentration of cadmium in drinking water is 0.003 mg/L according to the
World Health Organisation (WHO) guidelines [23]. The natural and anthropogenic
activities through which cadmium enters the environment include weathering of parent
rock, volcanic eruption, mining, metal plating, waste disposal, sewage sludge disposal,
composts, or fertilizers application and have led to its accumulation and leaching to
water bodies under certain soil and environmental conditions. This eventually results in
an increase in its concentration in food crops [24-26]. The concern about cadmium is

its accumulation in the environment and entry into the food chain.
Lead

Lead exists naturally in the Earth’s crust, and is usually found in soils, plants,
and water at trace levels with lead bearing limestone and galena (PbS) contributing
lead to natural water in some locations in addition to other pollutant sources [22,27].
The occurrence of metallic lead in nature is rare; however, occurrence of lead ores is
widespread, which has made it the most widely scattered toxic metal in the world due
to man’s actions [27]. Lead pollution arises from a number of sources; industrial,
waste incineration, coal burning and mining processes and also formerly from leaded
gasoline. Lead occurs in water in the +2 oxidation state and is a toxic heavy metal

which can enter the human body via inhalation and ingestion from different sources,
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such as, contaminated air, water, soil, and food [27]. In adults, acute lead poisoning has
caused dysfunction in the Kidneys, liver, peripheral and central nervous systems,
reproductive system, blood pressure and also resulted in sickness or death, while mild
lead poisoning causes anaemia [22,28]. The susceptibility to lead is more in children
than in adults, with the exposure causing effects which are irreversible on the cognitive
performance during childhood [29]. Recently, the focus on lead poisoning has been on
the larger population of asymptomatic children with lesser exposures than adults
exposed to high doses in industrial settings [28]. Environmental pollution due to lead
became a cause of major concern in the 1970s, and led to the ban on the use of lead
additives in gasoline in the western world. Body burdens of this toxic metal have been
on the decrease in recent decades as evidenced from hair samples and blood [30],
largely the result of the reduction in lead used in plumbing, paint and other products
that come in contact with food or drink [22]. Lead is not a major problem in drinking
water except in isolated cases and the lead concentration in drinking water should also
be very low, with the permissible concentration of 0.01 mg/L according to the World
Health Organisation (WHO) guidelines [22,23].

2.2.2 Organic Pollutants

Organic pollutants in the environment are compounds which are made up of a
carbon skeleton and are usually associated with atoms of oxygen, hydrogen, nitrogen,
sulphur and phosphorous. These atoms could be an integral part of the molecule, or
alternatively could be present in the functional groups. The functional groups present in
the molecule are responsible for certain properties of the molecule. For example, the
presence of carboxyl (-COOH) and hydroxyl (-OH) functional groups in a molecule
increase its polarity, making it more water soluble [16]. The —COOH is also capable of
making the molecule acidic as a result of dissociation of H*. The various structural
forms in which an organic molecule exists, for example saturated and unsaturated
chains and rings has resulted in a diverse range of organic contaminants [16]. Organic
pollutants in the environment can originate from natural and anthropogenic sources.

Organic pollutants present in the soil environment can interact or move into the
mineral fractions and organic matter, as well as the atmosphere and water. In the long

run, however, the organic pollutants will either dissipate or persist. Compounds which
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persist are those with low volatility, low solubility or those that have molecular
structures that resist degradation (e.g. polycyclic aromatic hydrocarbons). On the other
hand, highly volatile, highly soluble or easily degraded compounds (e.g. aldehydes,
alcohols and ketones) will be destroyed or lost to the environment [16]. The vapour
pressure of a compound controls its volatility, while the polarity governs its solubility
and this depends upon molecular structure, molecular weight and functional groups.
Degradation is a subject of both biological and abiological processes, although with
large quantity of microorganisms in soil the potential for biodegradation is high.
Abiological degradation process takes place through oxidation, reduction, hydrolysis
and photo-oxidation [16].

In the soil, organic pollutants interact mainly with either the mineral or organic
component of soils through two possible routes, namely, (a) adsorption, which is a
surface phenomenon, and (b) entrapment within the soil mineral or components [16].
The properties of the molecule, that is, its aqueous solubility, vapour pressure;
concentration and hydrophobicity as well as the properties of the soil determine the
nature and the extent of the interaction. Soil factors include the type and amount of soil
organic matter, clay content and mineralogy, pore size and pore structure and the
microorganism present. The end result of the two processes of adsorption and
entrapment is the decrease in both the biological and chemical availability of soil-
associated contaminants with time. As a result, the proportion of the compound in the
available fraction decreases with time, while the proportion of compound in the non
available fraction increases with time. The process which is called ‘ageing’ could cause
a decrease in the rate and extent of degradation an organic pollutant suffers in the soil
environment [16]. Organic pollutants attached to soil particles exist in four fractions
which can be differentiated by the ease with which they can be released or desorbed
from the particles. These include (a) a rapidly desorbed fraction (b) a slowly desorbed
fraction (c) a very slowly desorbed fraction (d) non-extractable (bound) residues. The
non-extractable residue refers to the fraction of an organic compound (or its
metabolites) that persists in the matrix following an extraction process that has not
changed either the compound or matrix substantially. Bound residues usually represent
an extreme end-member of ageing. The size of each of these fractions is dependent on

the length of contact time between the soil and the pollutants. [16].

41



Polycyclic Aromatic Hydrocarbon (PAHS)

Polycyclic aromatic hydrocarbons (PAHSs) are chemicals that are composed of
two or more fused aromatic rings which can occur naturally (from volcanic activity and
forest fires) in the environment and can also originate from anthropogenic activities,
such as, incomplete combustion of coal, oil spillage, gasoline, and garbage [31]. Many
PAHSs are highly carcinogenic, even at relatively low concentrations, mutagenic and are
toxic to aquatic life. PAHs are of concern in the environment because they are toxic,
bioaccumulate and persistent in the environment for a long time, with persistence
increasing with increase in the molecular weight [32]. They vary in behaviour, some
vapourise easily in air, while others do not break down easily in water. Solubility in
water decreases with increase in molecular weight [33]. PAHs are used in the
production of dyes, plastics and pesticides. Although, PAHs are major air pollutant,
soil acts as the ultimate depository for them. They enter the human body through
different routes, such as, breathing of contaminated air, skin contact with contaminated
soil or products like coal tar and heavy oil. Once in the body, PAHs can spread and

target fat tissues and organs like kidney and liver [32].

2.3 General Concerns about Pollutants in the Environment

Concern about environmental pollution has been on the increase globally over
the years, due to the exponential growth in human population and the changes in
productivity and consumption habits, increase in affluent lifestyles and use of resources,
increase in number of industries and continuing development in technologies. These
have led to rapid generation of municipal and industrial solid wastes, which in turn has
resulted in the pollution of the air, water and soil [34]. In Nigeria, there has been a
dramatic increase in lead, cadmium and PAHs emissions into the environment in recent
times, mostly from anthropogenic activities, such as, industrial activities, oil spillage,
vehicular exhaust, and bush burning. Although the government is still working to have
a proper document on the level of the pollution, they are already putting adequate
measures in place in order to minimize the risk of the adverse health effects of such

exposure, which this project set out to address.
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2.3.1 Air Pollution

The major cause of air pollution is through anthropogenic activities, although a
number of natural activities may release different pollutants in the environment.
Hazardous chemicals can also get into the environment through accidental discharge;
however, a number of air pollutants are released into the environment from industrial
processes and other human activities and may have an adverse effect on human health

and the environment [35].

Gases, volatile organic compounds (VOCs) and particulates can cause air
pollution. They can be in the form of persistent organic compounds, such as, polycyclic
aromatic hydrocarbon; and heavy metals, such as lead and cadmium [35]. The nature of
these compounds is an important consideration for compounds that escape into the
atmosphere. Hydrophobic compounds are compounds that have no affinity for water
and they include a number of VOCs and semivolatile organic compounds, while
hydrophilic compounds readily dissolve in water and are removed by precipitation
(rain) [36]. Methanol is an example of a hydrophilic compound, while dichloromethane
is an example of a hydrophobic compound [36]. These pollutants can be emitted to the
atmosphere by a range of sources, namely anthropogenic emissions from human
activities, such as, burning fossil fuel and biogenic emissions through the breakdown of
organic materials by microorganisms. It can also be emitted from natural sources, such
as, volcanic eruptions, forest fire and desert dust.

There are a number of atmospheric pollutants which are in the form of
particulate matter or aerosol, mostly referred to as particulates. They are emitted from
various industrial processes into the atmosphere via sources, such as, power plants
emitting fly ash, combustion of coal, wood, biomass, oil, gasoline/petrol and diesel
[36]. They could also be formed by the reaction of gases which occur when particles
characteristic of photochemical smog are formed from sunlight, VOCs, and nitrogen
oxides in the atmosphere. Particles which are heavy tend to settle rapidly and deposit
on buildings, surface of plant leaves and on soil, while the lighter ones remain in the
atmosphere longer and travel further away from their sources. Hydrophilic particles are
readily removed during rainfall and may enter into water sources thereby polluting the
hydrosphere [36].
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2.3.2 Water Pollution

Increase in industrialization, agricultural and human activities have resulted in
increase in the pollutants, such as, heavy metals, dyes, pesticides, pharmaceuticals,
detergents and other persistent organic pollutants (POPS) entering water bodies in
recent times [37]. Many of these pollutants remain unknown, due to new chemical
compounds that are continuously developed and brought to the market as a result of
this rapid industrialization and sooner or later will find their way into the aquatic
systems [37]. These are in addition to pathogenic microorganisms that enter water
bodies via untreated sewage, septic tanks, and runoff from farms, waste dumps and
landfills. This has led to unprecedented health hazards that were not previously in
existence coming to light and has resulted in the need for further legislation [38].

Water bodies become polluted either by the direct discharge of the pollutant
into the water bodies or from water coming from diffuse sources, such as, soil runoff or
the atmosphere. Surface water as well as ground water can become polluted. Pollutants
can get into the ground water from contaminated surface water that flows from the
surface downward. Leachate from waste that has been improperly disposed of on the
surface or in landfills can move through the soil into ground water or surface water,
this is another pollutant source of great concern. Hydrophilic chemicals in particular
have the tendency to remain dissolved in water and move with the flow of surface
water or ground water, while hydrophobic species, such as, PAHs in water have a
greater tendency to be held in sediments or mineral surfaces as the water moves from

surface to ground water [36].

2.3.3 Soil Pollution

Soil is a very precious resource which needs protection and conservation
because we live on it, but its utility by humans has resulted in its contamination [39].
Pollution of the soil arises from industrial, agricultural, waste disposal and deposition
of particulates from the atmosphere which could result in an excess of any element or
compound, through direct or secondary exposure [40]. The concern about soil pollution
is on the increase in many countries worldwide, this is due to the detrimental effects on
humans, other life-forms, and the subsequent migration of the pollutants to water
bodies which could have a short-term or long-term effect on the environment [41].
Amongst the ubiquitous soil pollutants are the persistent organic pollutants and heavy
metals. Significantly elevated levels of these pollutants co-exist in soils in previously
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heavily industrialised areas [42]. Soil characteristics and individual geochemical
associations of each of these pollutants control whether their elevated concentrations
are transferable to soluble, bioavailable and mobile fractions. In the soil, the transport
of the pollutants is largely through the movement of groundwater and leachate through
rock formations composing aquifers [36]. The pollutants in the groundwater are
continuously exposed to the mineral surface and may be adsorbed by it in cases where
the aquifer mineral is composed of finely divided matter, such as, sand. Usually, the
aquifer is made up solid rock fractured into fragments through which the ground water
may flow quickly and over a long distance. When this is the case the pollutants do not
have a good opportunity to be taken up by the mineral surface. This leads to a rapid
appearance of pollutants from an infiltrating water source in well water supplies of
drinking water. At lot of cases have resulted in which pollution at the surface due to
heavy metal or organic solvent have moved through the groundwater source to appear
in a well used as water source [36]. Researchers have been challenged as a result of
these, to urgently develop new, effective, less expensive and innovative techniques to
help in the cleaning up of polluted sites [43].

2.4 Environmental Remediation Techniques

With the concern and level of pollutants in the environment, there is a need for
remediation in order to alleviate worries and restore the way of life in contaminated
communities. Remediation is a process of reclamation or restoration of the polluted
environment to its natural condition as possible and it aims to convert the pollutants to
a harmless product or to remove them completely from the environment through
chemical processes, such as, chemical oxidation, solvent extraction, photocatalytic
degradation, and electrokinetic/electrodialytic remediation; biological processes, such
as, bioremediation and phytoremediation; and physical processes, such as, thermal
processes and adsorption. Remediation processes however, rarely takes place without
side effects, which can be expensive, disruptive socially, or cause damage to the
environment [44]. The feasibility and perceived success of environmental remediation
processes is dependent not only on the reduction or complete removal of the pollutant

and the direct economic costs of remediation, but can be constrained by other factors,
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which include, social and environmental consequences, and broader economic and

political implications of the processes [44].

Soil pollution with organic and inorganic pollutants occurs globally; therefore
remediation is necessary to reduce the risk of transfer of these pollutants to proximal
waters or receptor organisms by using approaches that are more environmentally
friendly than unsustainable waste disposal options [40,45]. The modern agenda seeks
to apply processes that are cost effective to meet remediation needs of polluted soils
and bind or remove pollutants, while providing conditions that are favourable to plant
growth and stimulate ecological restoration [46-48]. Bioavailability and mobility of
pollutants are now being recognised by regulators on environmental risk and have led
to adoption of a risk-based approach when assessing soil quality [49,50]. Such
regulators are more concerned with the pollutants effect, rather than just the total soil
concentration and encourage remediation strategies that address such pollution

consequences rather than merely reducing total soil concentrations [40].

2.4.1 Chemical Techniques for Environmental Remediation
Solvent Extraction

Solvent extraction strategy involves removing the pollutants from soil using a
single solvent or mixtures of solvents and involves the extraction of a compound by
desorption from the binding site in the matrix, followed by elution from the solid into
the extraction fluid in soils [51]. A typical example is soil washing in which the
pollutants are separated from the soil matrix by solubilizing them in a washing solution,
such as water, methanol, acetone, dichloromethane and propanol [52]. It is usually
applied as an ex-situ process. This process has been used successfully in the removal of
heavy metals, hydrocarbons and semi-volatile organic compounds from polluted soils,
but it is less effective in the treatment of soils polluted with volatile organic
compounds and pesticides [52]. Pollutants, such as, heavy metals with low aqueous
solubilities, usually require the presence of an acid or chelating agent for effective
removal [53], this is because there are four ways in which solvents can be used to
mobilize metals in soils: (a) changes in the acidity, (b) changes in solution ionic

strength, (c) changes in the redox potential and (d) formation of complexes. The

46



efficiency of metal removal however depends mainly on the characteristics of the soil
and metal (e.g. crystallinity, solubility), chemistry of the extractant and the processing
conditions [52,54]. Other approaches in solvent extraction include using non-toxic and
biodegradable extraction agents, such as, cyclodextrins and vegetable oil as well as
using supercritical and subcritical fluids [55]. The advantage of this approach is that it
can treat organics and heavy metal. However, it cannot reduce the toxicity of the heavy

metals and leads to the introduction of chemicals into the environment [56].
Chemical Oxidation

Oxidation reactions can be utilised to remediate polluted soils, sediments and
water. It is a versatile remediation technique, which provides a rapid and extensive
removal of both high and low recalcitrant compounds [57]. Chemical oxidants are used
to oxidize organic pollutants into water and carbon dioxide or some other products,
such as, alcohols, ketones, aldehydes and carboxylic acids which are easily
biodegradable [58]. This aggressive process removes pollutants that are either adsorbed
to the soil organic matter or present as non-aqueous phase liquids. Different kinds of
oxidants have been used [59,60], which include the more commonly used Fenton’s
reagent (hydrogen peroxide and ferrous iron) and ozone [55,57]. The advantage of this
approach is that it is suitable for the remediation of organics; however it generates
hazardous oxidizing chemicals [61].

Photocatalytic Degradation

Photocatalytic degradation has recently been applied in the remediation of
polluted soils. This process uses photocatalysts, such as, TiO2, ZnO and ZrO;
semiconductor particles to promote redox reactions capable of destroying or
mineralising organic pollutants in the presence of ultraviolet-irradiation and/or sunlight
to carbon dioxide and water. The technology has been widely used for wastewater
treatment [55,62,63]. The advantage of the approach is that it is inexpensive as it uses
sunlight and ultraviolet radiation. However, widespread use of the photocatalyst could
lead to its accumulation in the environment, which could also have potential health

impacts on people exposed to it [64].
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Electrokinetic/Electrodialytic Remediation

Electrokinetic remediation can be used in the in-situ treatment of low
permeable soils polluted with heavy metals, organic pollutants and radionuclides [55].
The technique is based on the principle of applying a low level direct current electric
potential through electrodes, placed in the polluted soil. lonic pollutants are transported
by electromigration to the oppositely charged electrodes. Electroosmotic flow in
addition, provides a driving force for the movement of soluble pollutants [55]. The
technology has been known and applied for over a decade; however, it is only recently
that it has been applied to remove hydrophobic and strongly adsorbed pollutants, such
as, PAHSs, especially from low permeability soils and in this case solubilising agents
(surfactants, chelants and cyclodextrins) are utilized to enhance the removal efficiency
of PAHSs [55].

In the electrodialytic technique, water soluble ions in water and soils are
allowed to pass under the influence of electric current (DC) through ion selective semi-
permeable membranes [65,66]. The ion membranes are made of ion exchange material
which are selective in nature and may be cation or anion exchangers permitting the out
flow of cations and anions respectively. The process could be operated either in a batch
or continuous mode having two electrodes on which a voltage is applied. In order to
obtain the desired demineralization degree, the membranes are either arranged in
parallel or in series [67]. The effectiveness of the process in water depends on pH,
temperature, applied current, nature of pollutants, selectivities of the membranes, and
flow rate of wastewater, scaling and fouling of wastewater, and number and
configuration of stages [68]. This approach is effective under acidic conditions;
however acidification may not be environmentally friendly and may be time

consuming [56].

2.4.2 Biological Techniques for Environmental Remediation
Bioremediation

Bioremediation technology is believed to be a cost-effective and
environmentally friendly strategy developed to encourage the microbial (e.g. bacteria,

fungi) metabolism of pollutants, by changing the water, air and nutrient condition of
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the polluted environment. It can be an aerobic or anaerobic process and is usually
achieved through biostimulation (addition of a bulking agent) or biocaugmentation
(addition of microorganisms capable of degrading the pollutants) of the contaminated
environment [55,69]. There are different ways through which bioremediation of
contaminated soils, water, and sediments are carried out. It could be through in-situ
treatment, such as, landfarming or via ex-situ methods, such as, bio-piling and
composting [69]. It is also possible to treat the waste in bioreactors, but the technology
IS expensive when compared with the in-situ treatment. In choosing a bioremediation
technology for soil, it is important that the technology is comparable in cost and
success to treatment processes of polluted land, such as, landfilling, incineration and
soil washing [69]. The choice of a bioremediation technique depends on the site
conditions. It is therefore necessary to have a thorough understanding of site conditions
and this will allow for a proper optimisation of the bioremediation technique and
subsequently lead to a better result [69]. The advantage of this approach is that it is
cheap and effective in the removal of organics; however it is not very effective with
heavy metals and can form toxic metabolites with the organics [56].

Phytoremediation

Phytoremediation is an in-situ remediation technique that is relatively new. It
uses plants to remove, sequester and detoxify environmental pollutants in the soil,
sediments and water and is very effective for the removal of heavy metals [55]. Over
the last two decades, different plant species have been widely studied in order to
understand their different endogenous genetic, physiological and biochemical
capabilities to mineralise a wide range of complex organic pollutants into non-toxic
constituents, such as, carbon dioxide, ammonia, nitrate, and chlorine [70]. Plants are
known to enhance remediation through biophysical and biochemical processes, such as,
adsorption of nutrients bound with pollutants, promoting a more acidic environment to
enhance pollutant uptake by plant, secretion of enzymes which act as surfactants to
increase the pollutants bioavailability, ability to store and sequester pollutants to 0.1-1%
of the plant dry weight and chemical transformation of toxic elements into relatively
harmless forms via their metabolic course [71,72]. In addition, the synergistic
interactions that exist between plants and microbial communities in the rhizosphere
have been shown to be effective in the remediation of recalcitrant organic compounds
[73]. This approach is very effective for a wide range of pollutants, cost effective and
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can completely breakdown organic pollutants to H.O and CO- instead of transferring
toxicity. However, the approach is dependent on climate and can be used seasonally;
pollutants can enter into the food chain through the animals that feed on the plant and
special disposal of the used plant is required. It is usually restricted to soil less than one

meter from the surface [74].

2.4.3 Physical Techniques for Environmental Remediation
Thermal Processes

The thermal approach is a physical separation process that uses heat to either
volatilise or destroy the organics in polluted soils. It usually involves the incineration
of the soil, sediments and sludge at high temperatures of about 870-1200 °C which
effectively destroys organic pollutants, such as, PAHs and PCBs [55]. If the process is
aimed at changing the organics into a treatable form rather than destroying it, it is
called thermal desorption and should be differentiated from soil incineration [74].
Microwave energy can also be utilize for the remediation of the soil, since most soil
constituents are microwave transparent, allowing the applied energy to be concentrated
on the pollutants and the water in the soil pores [75]. Depending on the pollutant types
and soil properties, the microwave energy may immobilize or remove pollutants
through various mechanisms, such as, thermal desorption and destruction [75]. The
thermal approach is effective in treating halogenated and non-halogenated volatiles and
semi-volatiles, fuel hydrocarbons and pesticides. It however failed to demonstrate an

ability to remove heavy metals from polluted soils [56].
Adsorption

In the adsorption process there is an increase in the amount of a particular
component on the surface of another component and therefore it is a surface
phenomenon. The process efficiency depends on certain parameters, such as, pH,
temperature, pollutants concentration, contact time, and the nature of adsorbents and
the pollutants [68]. Different types of adsorbents, such as, natural and synthetic zeolite,
alumina, fly ash, carbon aerogel, clinoptilolites, phosphate rock, and biopolymer [76-
82] have been used in adsorption process for the removal of heavy metals and organic

pollutants from wastewater. Recently the process has been applied in the remediation
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of polluted soil using biochars [40,42]. This approach is cost effective as the adsorbent
can be prepared from readily available waste materials. It is also effective in removing
heavy metals and organics. The disadvantage of this approach has to do with the
regeneration of the adsorbent, the adsorbent life, and the management of the exhausted
adsorbent [68].

2.4.4 Integrated Remediation Techniques

As stated, the different remediation techniques discussed above have their
advantages and disadvantages. In order to address the limitations of these remediation
techniques and achieve better removal efficiencies for the pollutants has led to different
combinations of physical, chemical and biological techniques. Some examples are
shown in Table 2.1.

Combination Environment Details Ref

Physical-chemical Synthetic ~ wastewater | Adsorption + photocatalysis | [83]
contaminated with 2-

chlorophenol

Physical-biological | Soil contaminated with | Adsorption + bioremediation | [42]

trace metals

Biological-chemical | Aged industrial soil and | Bioremediation + chemical | [84]

spiked soil oxidation with ozone

Table 2.1: Examples of integrated remediation techniques

2.5 Conclusion

In this chapter, an overview of environmental pollution, causes, effect, concern
and remediation has been provided. Anthropogenic activities, such as, industrial and
agricultural activities are the major cause of environmental pollution and have resulted
in the release of different pollutants into the environment globally with detrimental
effect on humans and the environment. There is therefore an urgent need for the
remediation of the environment. Different environmental remediation techniques are in

existence, namely chemical, biological and physical processes. These processes differ
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from each other in terms of principles, scope, speed and cost. The feasibility of using
any of these techniques is dependent on the type of the pollutant, the extent of the
pollution, nature of the matrix and cost, as each of these techniques has its merits and
demerits. It is important to note that no single remediation technique has the solution
for the effective removal of all kind of pollutants present in the environment. An
integrated technique which is a hyphenated procedure that combines the advantages of
these techniques appears to be the way forward in the remediation of polluted
environment, but could be costly. Therefore, in this thesis the focus was on the
biological and physical processes because that are inexpensive, and do not require the

use of extra energy or chemicals that can further pollute the environment.
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Chapter 3
Techniques for Characterizing Carbonaceous Materials
3.1 Introduction

The increasing search for carbonaceous materials for different applications
requires a clear picture of the properties of the final carbonaceous materials [1].
Several techniques have been used for the interpretation of the structural and chemical
properties of different carbon materials obtained from the pyrolysis and hydrothermal
carbonization of materials, such techniques include, but not limited to the, BET
(Brunauer-Emmett-Teller) surface area and porosity analysis, scanning electron
microscopy (SEM), Fourier transform infrared analysis (FT-IR), 3C solid state magic
angle spinning nuclear magnetic resonance (NMR), and elemental analysis (CHN). In
order to know the structural and chemical composition of the different carbon materials
prepared in this thesis, the different characterisation and analytical techniques used are

briefly discussed.
3.2 The Surface Area and Porosity Analysis

The surface area and porosity are very important in the determination of the
quality, utility and behaviour of many materials, such as, catalysts, adsorbents,
pigments, and pharmaceuticals in different applications. It is therefore essential that
these characteristics be determined correctly.

The BET (Brunauer-Emmett—Teller) surface area and porosity analyzer has
been applied in the determination of the surface area and porosity of different biochars,
hydrochars and carbon monoliths using nitrogen sorption measurements. The surface
area and porosity of biochars depend on the nature of precursor material and pyrolysis
condition [2,3]. Slow pyrolysis (< 400 °C) results in biochars with low surface area and
porosity [4,5], which is due to the condensation of the volatile organic compounds
produced during the pyrolysis process on the char which block the pores and their
adsorption potential [6,7]. The hydrochars from the hydrothermal carbonization also
have the characteristic of having small number of micropores and therefore a small
surface area when compared to activated carbons from the BET surface area analysis of
the materials and this is because the process of hydrothermal carbonization involves

carbonization as well as solubilisation of the organics and the formation of tarry
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substances which block the pores [8-11]. Low surface areas in the range of 1.9-8.3
m?/g have been reported for biochar and hydrochars obtained under different
conditions [4,9,10]. Nitrogen sorption isotherm from the BET analysis performed to
quantify the porosity and surface area of the carbon monoliths have shown a typical
Type-1V isotherm with hysteresis loop, which is usually a characteristic exhibited by
mesoporous materials and it is associated with the filling of mesopores due to capillary
condensation. The carbon monoliths also showed a high surface area and a narrow pore
size distribution [12-15] when compared with other carbon materials, such as, biochar
and hydrochar.

3.3 Scanning Electron Microscope (SEM) Analysis

The scanning electron microscope (SEM) has been used in providing
information about the structural morphologies of different materials. The physical
structure of biochar, hydrochar and carbon monoliths are often described using the
scanning electron microscopy (SEM). Biochar produced from cellulosic plant materials
usually have macropore, with pores of approximately 1 um diameter, which are usually
a product of the architecture of the feedstock [16], this is potentially important to its
adsorption and waterholding capacity in soil [17-19]. In the case of hydrochars, the
morphology is often different from that of the precursor material. Irregular surfaces and
numerous microspheres with different shapes and sizes in the range of 1-10 um have
been seen on the surface of hydrochar prepared by different authors [9,10,20-22], while
SEM images of carbon monoliths illustrate the morphology of the dispersed
microspheres with a smooth surface and a broad size distribution ranging from
hundreds of nanometers to a few micrometers [23-25].

3.4 Fourier Transform Infrared (FT-IR) Analysis

Infrared spectrometric analysis is regarded as a powerful technique for
investigating the chemical functionality of carbonaceous materials. A range of different
methods, such as, diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy,
where the carbon materials are mixed with KBr to form a wafer, and the attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy have been
applied in the infrared analysis to characterise carbon materials [26]. The FT-IR
spectrum of biochar and hydrochar can be complex, with different compositions
identified due to the different kinds of chemical bonds in the material [26].
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Carbonization temperature has effects on the FT-IR spectrum of the biochar, with the
charring temperature altering the functional group on the biochar, by showing a weaker
adsorption intensity for oxygen, hydrogen, and aliphatic carbon, but stronger
adsorption intensity for aromatic carbon as the charring temperature increases [27,28].
FT-IR spectra reveal the type of functional groups present on the hydrochars, which
point to their very polar surface structure, such as, phenolic residues, carbonyl and
hydroxyl functional groups, as well as aliphatic double bonds [22,29-31]. FT-IR of
polymer monoliths obtained using phenolic precursor and triblock copolymer show
functional groups of the phenolic resin and the triblock copolymer, however,
carbonization leads to the disappearance of most of these functional groups leaving
only those of the phenolic resin due to the decomposition of the triblock copolymer
[13,32,33].

3.5 Nuclear Magnetic Resonance (NMR) Analysis

13C solid-state nuclear magnetic resonance (NMR) spectroscopy has been used
to characterize carbonaceous materials. The most frequently used is the *C cross-
polarization magic-angle spinning (CP/MAS) technique, which has the advantage of
excellent spectral resolution and sensitivity enhancement by narrowing the signals, and
has helped to significantly advance the understanding of the chemical structures of
carbonaceous materials [34]. The fastest approach to obtain preliminary information
about chemical composition at one single contact time has in general been with cross-
polarization [35]. Recently, a range of advanced solid-state **C NMR techniques, have
been developed and applied to characterize various kinds of natural organic matter
samples and these applications have revealed detailed insights into the chemical

structures of natural organic matter [36-38].

A detailed *C solid-state NMR analysis of biochar and hydrochars has
provided deeper information into the chemical structures and possible mechanisms
behind the production of these carbon materials and has been used to further confirm
the results from the FT-IR. The results obtained from different studies showed that
biochars from slow pyrolysis are chemically different from hydrochars. Biochars have
aromatics as their most dominant components, while the hydrochars are dominated by
aliphatic components [34,35], and this is in agreement with the FT-IR results.

Aromatization of a material is less during hydrothermal carbonization than during the
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pyrolysis of the same material and there is variation in the chemical structures of

hydrochars produced under different processing conditions [34].
3.6 Elemental Analysis (CHN) Analysis

Elemental (CHN) analysis has been used to measure the level of organic matter
degradation during the carbonization process. CHN analysis has provided a reliable
measure of both the extent of carbonization and the level of oxidative alteration of
chars in the soil, and are relatively straightforward to determine [16]. Elemental (CHN)
analysis, is usually carried out using analytical instruments which operate based on the
complete combustion of the material in pure oxygen atmosphere [39]. Biochars and
hydrochars differ in their chemical composition which is usually attributed to the
incomplete and uncontrolled physical and chemical transformations that take place
which is a function of the temperature of pyrolysis, nature of feedstock, cooling and
other post-production conditions [40,41]. Char yields (dry weight percentage of the
starting material) typically decrease with increase in the temperatures of carbonization,
with the preference shifting towards other products (gaseous and liquid) at such higher
temperature [42]. The decrease is related to the deoxygenating reactions, such as,
dehydration and decarboxylation, as the oxygen contents become lower at such high
temperature [43]. However, the amount of fixed carbon in the chars increases with

increase in temperature [44].

3.7 Conclusion

Characterization of carbonaceous materials is very important, although carbon
materials prepared under different conditions may have similar physical appearance;
their chemical properties are usually different due to the different thermochemical
reactions and carbonization processes. For example, the biochar prepared from
pyrolysis usually displays predominantly aromatics, while hydrochar prepared from
hydrothermal carbonization shows mainly aliphatics. It is therefore crucial to carry out
characterization of the chars in order to understand the different reaction mechanisms
involved in the pyrolysis and hydrothermal carbonization processes. In addition a clear
knowledge of char properties is important for the beneficial use of char products,

which is dependent on the physical and chemical characteristics of the chars.
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Chapter 4

Preparation and Characterization of Carbonaceous Materials from Pyrolysis and

Hydrothermal Carbonization
4.1 Introduction

Various methods, such as, pyrolysis and hydrothermal carbonization have been
used for the preparation of carbonaceous materials, with the aim of preparing materials
that are useful for different applications in the environment, catalysis, and separation
science. Preparation of carbonaceous material from biomass also offers the option to
sequester carbon from plant materials, binding CO: efficiently in a useful way by

taking carbon out of the short term carbon cycle [1].

However, the production of biochar from the pyrolysis of biomass has some
drawbacks. One example is that during the pyrolysis of the biomass gases, such as, CO,
CHa, Ca-hydrocarbons and PAHs (polycyclic aromatic hydrocarbons) as well as oils
are produced [2-4]. These gases need to be recovered and converted into another
useable form such as bioenergy, as their release into the environment is harmful and
should be avoided. This requires the use of sophisticated and expensive equipment
increasing the cost of the process [5]. Also pyrolysis of biomass usually requires very
harsh conditions and high temperature [6]. Therefore; it becomes necessary to search
for alternative methods of preparing the material of which hydrothermal carbonization

offers such an alternative.

Hydrothermal carbonization experiments were first reported by Bergius and
Specht in 1913 [7]. The process involves the heating of biomass or other materials in a
closed vessel under pressure in water at a temperature of about 180-200 °C to form
char and water-soluble organic substances [8,9]. Thus, in hydrothermal carbonization
the stored energy in the biomass is used more efficiently. Water acts in the process as
both the reagent and reactive environment, aiding the different reactions that take place.
During the hydrothermal carbonization of biomass, decomposition of the carbohydrate
structure takes place via hydrolysis, an exothermic process, forming free sugar and
other by-products [8,10]. It represents an environmentally friendly and a simple

technique in which biomass or sugars are first converted into precondensed polymers
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and subsequently following further dehydration/polymerization/condensation process

into carbon rich derivatives [11].

Hydrothermal carbonization has been applied in the synthesis of different types
of carbonaceous material by different authors in recent times, with some specializing in
the hydrothermal carbonization of biomass [1,5,10-14]. Some of these were with the
aim of sequestration of CO>. Others studied synthesis of carbonaceous materials from
several types of saccharides using a hydrothermal carbonization process [4,6,15], as
well as from swine manure [16], cellulose [9,10] and microalgae [8]. However, the
conventional hydrothermal process requires special systems that support pressure and
temperature, and usually an autoclave with pressure safety device is used. Also, the
time for the reaction ranges from hours to days. These make the process expensive and

time consuming.

Microwave technology has been shown to be more energy efficient than
conventional methods of heating in many applications. It has the advantage of
providing selective, fast and homogenous heating and this reduces processing time and
costs significantly [17]. When a material is been processed in the microwave oven, the
material interacts with the electromagnetic radiation and since the heat is being
produced by the material itself in its bulk, makes the heating faster and selective. When
properly monitored, these characteristics result in a homogenous material, with a
significant reduction in energy losses and with a faster production in contrast to the

conventional ovens [18].

Considering the advantages of microwave heating mentioned above, it can be
applied in the hydrothermal process in place of a conventional oven. Although,
microwave heating has been applied in the synthesis of materials over the last decade
by different authors; its use in the hydrothermal carbonization of material started only
recently [10]. Therefore, more research is necessary in order to fully understand the
process of using microwave heating because of the aforementioned advantages and

other widespread applications of microwave irradiation.

Three waste materials were investigated in this study, namely Prosopis africana
shell (from Nigeria), rapeseed husk (from the UK) and coconut shell (a model material
that has been widely studied in carbon science). Glucose (monosaccharide) is used in
this study as a model material (pure chemical material) that has been previously studied
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using the conventional hydrothermal process, to compare the effectiveness of the
microwave-assisted hydrothermal carbonization process with the previous reports for
glucose and other saccharides using the conventional hydrothermal carbonization
method of oven heating [4,6,11,19]. To the best of my knowledge, this is the first time
comparison is been made between the hydrochars prepared using the microwave-
assisted and conventional hydrothermal carbonization of the same material.

Prosopis africana (Mimosaceae) is found in the guinea savanna region of
Nigeria. It is a multi-purpose tree of great economic value among the rural
communities. The fruit of the tree is used as a feed for animals, while the seeds are
fermented to make a highly proteinaceous condiment called ‘ukpehe’. The tree is not
cultivated. Products from the hard wood, such as some kitchen utensils, wooden farm
implements, and planks for construction, are traded extensively. The tree is a good
source of fire wood and charcoal, while the secondary roots are useful in medicine
[20]. As a result of these uses, a lot of waste materials are generated and the shell is

one of such waste materials.

Figure 4.1: Prosopis africana shell [21]. One of the waste products obtained from the different uses

of the Prosopis africana.

Rapeseed (Brassica napus) belongs to the family of the Brassicaceae. It is a
crop found in Northern England and mainly cultivated because of its nutritious oil-rich
seed. The oil has been a source of lubricant for steam engines since the 19" century.
The rapeseed husk is a residue from crushing of the rapeseeds to remove rape oil. The
waste has been used in the preparation of cattle feed known as cattle cake over the

years.
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Figure 4.2: Rapeseed [22]. The husk is a residue from crushing of the rapeseeds to remove rape oil.

The coconut (Cocos nucifera) is member of the family Arecaceae. It has a lot of
uses as seen in the domestic, commercial and industrial use of the different parts. The
shell is one of the waste products from these different uses and it is available in large
quantities throughout the tropical and subtropical countries of the world. It has been
used extensively in the preparation of activated carbon in the past. It is used in this
study as a readily available and well studied waste plant material in carbon science to
act as a baseline material for the comparison of the microwave-assisted and

conventional hydrothermal carbonization process of a hard waste biomass.

Figure 4.3: Coconut shell [23]. A waste material obtained from the different uses of coconut.

Therefore the aim of this chapter is:
e To compare biochar and hydrochar from the the pyrolysis and green chemistry
process of hydrothermal carbonization of Prosopis africana shell respectively.
e To compare the green chemistry processes of the microwave-assisted and
conventional hydrothermal carbonization of Prosopis africana shell, rapeseed

husk, and coconut shell.
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4.2 Materials and Methods

Prosopis africana shell was collected locally in Benue State, North Central,
Nigeria. The rapeseed husk was donated by lan Dobson of the Institute for Chemistry
in Industry, University of Hull, while the coconut shells were from coconuts bought
from Tesco supermarket (Hull, UK). The materials were washed, dried, crushed and
then sieved using 2 mm sieve and stored for use in the preparation of the biochar and

hydrochar. The anhydrous D-Glucose was purchased from Fisher Scientific, UK.
4.2.1 Preparation of Pyrolytic Char (Biochar)

20 g of dried 2 mm sized Prosopis africana shell was pyrolysed in a muffle
furnace (Carbolite CWF 1200, Carbolite, Sheffield, UK) at 350 °C for 10 minutes to
produce a solid char. The char was removed from the furnace, allowed to cool down
and stored in a dessicator. It is referred to as the biochar (B-PAS) and was used directly

without further treatment in subsequent experiments.
4.2.2 Preparation of the Hydrothermal Char (Hydrochar)
4.2.2.1 Microwave-Assisted Hydrothermal Carbonization

The waste materials were hydrothermally carbonized using microwave heating
in a 2.45 GHz microwave oven (MARS, CEM, Milton Keynes, UK equipped with
XP1500 digestion vessels). The pressure was monitored in the reference vessel during
the reaction using a pressure sensor and the temperature was monitored using an

infrared fibre optic sensor installed in a ceramic sleeve in the same vessel.

For the Prosopis africana shell, rapeseed husk and coconut shell; 2 g each of
the ground raw materials (2 mm sized) were weighed into a microwave reaction vessels
made of Teflon and 30 mL of de-ionised water was added to each of the vessels to
cover the solid. The vessels were sealed and placed in the microwave oven. The
samples were heated between 150-200 °C in the microwave oven which was set to
ramp to a given temperature in 5 minutes and then held at the temperature for 5-45
minutes (pressure at 200 °C was around 1.80 MPa). The reaction system was allowed
to cool down to room temperature and the carbonized materials were filtered off using
filter paper (Whatman filter paper number 3, ashless 11 cm). The solid chars obtained
were washed several times with de-ionised water until neutral pH was obtained and

dried in a conventional oven at 80 °C for 16 hours. The hydrochars prepared from the
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microwave-assisted hydrothermal carbonization of Prosopis africana shell, rapeseed

husk, and coconut shell are referred to as M-PAS, M-RSH and M-CS respectively.

For the glucose, 5 g of the glucose was dissolved in 5 mL of de-ionised water in
a microwave reaction vessel made of Teflon to form a supersaturated solution and it
was hydrothermally carbonized in the microwave oven using the procedure stated

above. The hydrochar is referred to as HTC-G.
4.2.2.2 Conventional Oven Hydrothermal Carbonization

2 g of Prosopis africana shell, rapeseed husk and coconut shell were weighed
each into different 50 mL non-stirred Teflon-lined stainless steel Parr autoclaves; 30
mL each of deionised water was added to each of the autoclaves. The autoclaves were
sealed and placed in a programmable conventional oven and were heated at 150-
200 °C for 2-4 hours. The oven was allowed to cool down to room temperature before
removing the autoclaves. The chars produced were filtered, washed with deionised
water until a neutral pH was obtained and dried in the oven at 80 °C for 16 hours. The
hydrochars prepared from the conventional hydrothermal carbonization of Prosopis
africana shell, rapeseed husk, and coconut shell are referred to as C-PAS, C-RSH and

C-CS respectively.

In each case, the dry mass of the carbonized materials was measured and the

percentage yield (dry mass percentage of the raw material) were calculated.

Mass of carbonized material
0% Yield = : X 100
Mass of raw material (Equation 4.1)

4.2.3 Ash Content Determination

2 g each of the carbonized materials were placed into weighed ceramic
crucibles. The carbonized material and crucibles were dried for 16 hours at 80 °C and
reweighed to obtain the dry carbon weight. The samples were heated in a furnace at
760 °C for 6 hrs. The crucibles were removed from the furnace, cooled in a dessicator

and the remaining solids (ash) were weighed. Percentage ash was calculated by

Remaining solid weight
U Ash = ® 100
Original carbon weight (Equation 4.2)
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4.2.4 pH Measurement

1 % (wt/wt) suspension carbon materials in deionized water were prepared. The
pH of the suspensions was measured with a pH meter (FisherBrand Hydrus 500, Fisher
Scientific, Loughborough, UK). The pH meter was calibrated with pH 4 and pH 7
buffer solutions. The calibration was confirmed by analysis of a pH 7 buffer after every

five analyses and a recalibration done if the value varied by more than + 0.1 pH units.
All experiments were carried out in triplicate for all the materials.
4.3 Characterization Methods

The characterizations of the materials were carried out using the following
instruments. The elemental (CHN) analysis was carried out using Fisons instruments
EA 1108 CHN analyser (Fison Instrument, Crawley, UK); the samples were ground
into fine powder and weighed into tin capsules. They were then placed on the
autosampler for analysis. The surface area and pore size distribution were measured on
a Micromeritics Tristar BET-N> surface area analyser (Micromeritics, Hexton, UK).
Before carrying out the analysis the samples were degassed at 120 °C for 3 hrs. FT-IR
spectra were recorded using Thermo Scientific Nicolet 380 FT-IR (Themo Scientific,
Hemel Hempstead, UK), equipped with attenuated total reflectance (ATR) where the
samples were in direct contact with the ATR diamond crystal. Each sample was
investigated in the wavenumber range of 4000-525 cm™ using 16 scans at a spectral
resolution wavenumber of 4 cm™. The morphology and particle size was visualised
using a ZEISS EVO 60 SEM (Carl Zeiss, Cambridge, UK); the samples were coated
with gold and platinum alloy and impregnated on a sticky disc before analysis. **C
solid-state magic angle spinning NMR experiment was carried out using a Bruker
Avance 11 500 MHz (11.74T) spectrometer (Bruker, Coventry, UK); the samples were
packed without further treatment into a 4 mm zirconia rotor sample holder spinning at
MAS rate vmas = 8 KHz. Carbon sensitivity was enhanced using Proton-to-carbon CP
MAS: recycle delay for all CP experiments was 3 s and TPPM decoupling was applied
during signal acquisition. Cross polarization transfer was carried out under adiabatic
tangential ramps to enhance the signal with respect to other known methods. CP time
tce = 500 ms. The number of transients was 200 for all the carbon samples.
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4.4 Results and Discussion

The biochar was prepared at 350 °C for 10 minutes due of the nature of the
material. At a temperature > 350 °C, the Prosopis africana shell burned into ash.
Similar observation was made when the time was > 10 minutes at 350 °C. In the
hydrothermal processes, the Teflon vessels have a melting point of 250 °C and at
temperatures close to that, the vessel will be too soft and can burst if the reaction
generates too much heat and pressure. Reactions at 200 °C and below produce only
low and weak pressure with the CO2, methane and other gases produced during the
decomposition process playing a minor role [1]. It has also been reported that in the

temperature range of 200-250 °C, the carbon content remains relatively constant [24].

Temperature and Time C (%) H (%) N (%0) 02 (%) pH Ash

Raw Prosopis africana shell 46.58+0.01 6.44+0.04 1.57+0.09 45.41+0.10 5.34+0.02

Biochar 70.84+0.06 4.67+0.09 1.57+0.01 22.92+0.16 6.48+0.05 25.23+1.02

Microwave (Hydrochar)

200°C for 45 mins 57.23+0.90 5.68+0.04 1.49+0.02 35.54+0.88 4.57+0.02 9.25+0.10
200°C for 30 mins 56.06+1.05 6.47+0.08 1.58+0.01 35.89+0.98 4.54+0.00 9.17+0.80
200°C for 20 mins 58.08+1.12 6.18+0.80 1.61+0.01 34.13+0.31 4.05+0.03 9.32+0.50
200°C for 15 mins 55.81+0.06 6.61+0.09 1.60+0.01 35.98+0.14 4.21+0.01 9.05+0.45
200°C for 10 mins 55.69+0.00 6.92+0.03 1.57+0.02 35.82+0.05 4.37+0.01 9.10+0.10
200°C for 5 mins 55.46+0.08 6.71+0.05 1.48+0.00 36.35+0.06 4.51+0.00 8.72+0.85
170°C for 20 mins 54.41+0.15 6.22+0.01 1.50+0.00 37.87+0.14 4.59+0.01 8.80+0.30
150°C for 20 mins 52.47+0.09 6.36+0.02 1.57+0.01 39.60+0.08 4.77+0.01 8.51+0.70

Conventional

200 °C for 4 hours 56.56+1.10 6.77+0.06 1.460.05 35.21+1.21 4.34+0.01 9.25+0.45
200 °C for 3 hours 53.85+1.02 6.53+0.01 1.40+0.05 38.22+0.96 4.41+0.02 9.01+0.32
200 °C for 2 hours 53.25+0.90 6.02+0.02 1.65+0.03 39.08+0.95 4.57+0.01 8.87+0.75
170 °C for 4 hours 52.53+1.00 6.60+0.12 1.40+0.07 39.47+0.95 4.77+0.01 8.45+0.30
170 °C for 3 hours 52.51+0.75 6.25+0.15 1.63+0.01 39.61+0.59 4.85+0.00 8.40+0.90
170 °C for 2 hours 51.70+1.05 6.37+0.23 1.57+0.04 40.36+1.32 4.97+0.01 8.23+0.55
150 °C for 4 hours 51.87+0.80 6.50+0.05 1.51+0.09 40.12+0.76 5.16+0.01 8.20+0.95
150 °C for 3 hours 49.29+1.22 6.55+0.01 1.41+0.07 42.75+1.14 5.37+0.00 8.13+0.63
150 °C for 2 hours 48.73+1.01 6.37+0.09 1.36+0.04 43.54+1.06 5.43+0.02 8.01+0.22

2 The oxygen content was determined by difference [100% - (C%+H%+N%)] [10]

Table 4.1: CHN analysis, pH and ash contents of the chars from Prosopis africana shell (n=3)
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Temperature and Time C (%) H (%) N (%) 02 (%) pH Ash
Raw Rapeseed Husk 42.56+0.08 6.62+0.02 6.41+0.01 44.41+0.11 | 6.18+0.02
Microwave
200°C for 45 mins 55.70+1.29 6.85+0.30 6.63+0.20 30.82+0.79 | 5.72+0.01 10.86+0.53
200°C for 30 mins 54.03+0.90 6.61+0.01 5.84+0.49 33.52+1.38 | 5.12+0.00 10.90+0.33
200°C for 20 mins 54.62+1.02 6.45+0.13 6.74+0.22 34.19+1.37 | 5.26+0.01 10.80+0.75
200°C for 15 mins 50.86+0.80 6.40+0.25 6.53+0.14 37.21+0.41 | 5.38+0.01 10.21+0.42
200°C for 10 mins 48.01+1.00 6.37+0.38 6.45+0.09 39.17+1.47 | 5.45+0.00 10.05+0.73
200°C for 5 mins 46.35+0.52 6.32+0.21 6.39+0.02 40.94+0.29 | 5.60+0.02 9.65+0.82
170°C for 20 mins 46.21+1.12 6.35+0.32 6.61+0.11 40.83+1.55 | 5.78+0.00 9.83+0.55
150°C for 20 mins 44.13+0.75 6.38+0.22 6.40+0.01 43.09+0.54 | 5.92+0.01 9.13+1.05
Conventional
200 °C for 4 hours 54.04+1.00 6.28+0.12 6.12+0.25 33.56+0.87 | 5.65+0.00 10.43+0.25
200 °C for 3 hours 54.33+0.74 6.65+.0.08 6.78+0.08 32.24+0.58 | 5.45+0.00 10.40+0.80
200 °C for 2 hours 55.45+0.53 6.43+0.10 5.93+0.17 32.19+0.46 | 5.48+0.00 10.35+0.10
170 °C for 4 hours 51.25+0.90 6.71+0.04 5.94+0.20 36.10+0.74 | 5.45+0.01 9.45+0.13
150 °C for 4 hours 46.72+0.95 6.58+0.22 6.17+0.05 40.53+1.12 | 5.95+0.01 9.00+0.33
Table 4.2: CHN analysis, pH and ash contents of hydrochars from rapeseed husk (n=3)
Raw Coconut Shell 46.77+0.03 5.44+0.01 0.00£0.00 47.79+0.04 | 6.87+0.01
Microwave
200°C for 45 mins 52.09+0.75 5.59+0.10 0.00+0.00 42.32+0.65 | 4.06+0.01 18.25+0.50
200°C for 30 mins 54.78+0.80 5.78+0.08 0.13+0.04 39.31+0.92 | 4.35+0.02 18.30+0.75
200°C for 20 mins 53.84+0.25 5.31+0.10 0.00+0.00 40.85+0.35 | 4.36+0.01 18.12+0.23
200°C for 15 mins 53.24+0.45 5.25+0.03 0.01+0.00 41.50+0.48 | 4.35+0.00 18.05+0.93
200°C for 10 mins 52.01+0.80 5.74+0.12 0.00£0.00 42.25+0.92 | 4.60+0.01 17.76x0.10
200°C for 5 mins 51.55+0.69 5.87+0.30 0.00+0.00 42.58+0.99 | 4.88+0.00 15.24+1.02
170°C for 20 mins 52.36+0.97 5.69+0.23 0.00+0.00 41.95+1.2 4.90+0.02 15.15+0.92
150°C for 20 mins 49.92+0.85 5.53+0.13 0.03+0.01 44.92+0.99 | 5.26+0.01 14.33+1.10
Conventional
200 °C for 4 hours 52.61+1.05 5.83+0.05 0.00+0.00 41.56+1.10 | 5.22+0.05 18.00£0.75
200 °C for 3 hours 52.12+0.70 5.81+0.28 0.00+0.00 42.07+£0.42 | 5.53+0.02 17.83+0.23
200 °C for 2 hours 51.43+0.65 5.73+0.20 0.01+0.00 42.83+0.85 | 5.60+0.01 17.55+0.45
170 °C for 4 hours 51.93+0.86 5.80+0.35 0.00+0.00 42.27+1.21 | 5.72+0.00 14.90+0.60
150 °C for 4 hours 49.21+0.70 5.48+0.01 0.00+0.00 45.31+0.69 | 5.96+0.00 14.40+0.35

Table 4.3: CHN analysis, pH and ash contents of hydrochars from coconut shell (n=3)

78




Temperature and Time C (%) H (%) N (%) 02 (%) pH Ash

Raw Glucose 39.84+0.06 6.84+0.09 0.00 53.32+0.15 7.63+0.01

200 °C for 45 mins 62.32+1.80 4.31+0.70 0.00 33.37+1.10 3.56+0.01 1.31+0.05
200 °C for 30 mins 58.64+0.60 4.90+0.55 0.00 36.46+1.15 3.59+0.01 1.13+0.10
200°C for 20 mins 60.66+2.15 4.64+1.58 0.00 34.70+0.57 3.61+0.01 1.10+0.15
200°C for 15 mins 52.81+0.12 4.61+0.10 0.00 42.58+0.02 3.72+0.00 0.73+0.21
200°C for 10 mins NC NC NC NC

200°C for 5 mins NC NC NC NC

170°C for 20 mins NC NC NC NC

150°C for 20 mins NC NC NC NC

NC (No carbonization)

Table 4.4: CHN analysis, pH and ash contents of the hydrochars from glucose (n=3)

4.4.1 Chemical Characteristics

The chemical characteristics of the materials were studied using elemental
(CHN) analysis, attenuated total reflectance Fourier transform infrared (ATR-FTIR)

and *3C solid-state magic angle spinning nuclear magnetic resonance (NMR).
4.4.1.1 Elemental (CHN) Analysis, % Yield, pH and Ash Content

The carbon, hydrogen and nitrogen (CHN) compositions, pH, and ash content
of the raw materials, biochar from Prosopis africana Shell, and hydrochars prepared
using both the microwave-assisted and conventional hydrothermal carbonization of
Prosopis africana shell, rapeseed husk, coconut shell and glucose are shown in Tables
4.1-4.4. The carbon contents of the chars were higher than that of raw materials, while
the hydrogen and oxygen content were higher in the raw materials. The gradual
increase in the carbon content in the chars with increase in temperature is due to the
loss of hydrogen and oxygen due to deoxygenating, dehydration and decarboxylation
reactions that occur during the hydrothermal carbonization process [5,24-26]. The
increase in the carbon content was more in the biochar than the hydrochar from the
Prosopis africana shell. A similar trend has been reportedly demonstrated with corn
stover feedstock [27]. This shows that, pyrolysis at 350 °C decomposes the material
more than hydrothermal carbonization at 200 °C and suggests more aromatization in

the biochar as a result of the higher decrease in the amount of oxygen and hydrogen
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content [10]. Similarly, the higher carbon content in the microwave-assisted process
shows that it is faster in decomposing the raw materials to obtain carbon-enriched

materials than the conventional method of oven heating [10].

The lower ash content in the hydrochar when compared with the biochar is due
to the fact that most inorganic compounds contained in the Prosopis africana shell
dissolved in the water during the hydrothermal process, and are therefore not retained
in the hydrochar resulting in the increased acidic nature of the aqueous product
released when compared with the raw material [27,28]. In all cases the acidity and ash
content of the hydrochar increases as the carbon content increases, implying that the
acidity and ash content could be dependent on the decomposition of the biomass. The
acidity decreased in the biochar from the Prosopis africana shell due to the volatiles
that were lost during the pyrolysis process. The result obtained in this study is
consistent with previous reports as acidic pHs have been reported for hydrochar, and

biochar produced from pyrolysis at temperatures of <400 °C [27,29].

Figure 4.4 and Figure 4.5 show the effects of temperature and time on the
percentage yield by weight of the hydrochars. The % vyield decreased gradually as the
temperature and time of the carbonization increases in both the microwave-assisted and
conventional hydrothermal carbonization for the Prosopis africana shell and rapeseed
husk. This decrease in % yield is due to the loss of oxygen during the increasing
liquefaction and gasification reactions, which are parallel reactions to the hydrothermal
process of the biomass at a higher temperature and time [24,30,31]. A similar trend had
been reported by Liu et al. [32] for coconut fibre and dead eucalyptus leaves using the

conventional method of oven heating.

The coconut shell presents an opposite behaviour, the % yield increased as the
temperature and time of the carbonization increases in both the microwave-assisted and
conventional hydrothermal carbonization. The reason for this could be attributed to the
nature of the material. The amount of volatile compounds could be higher in the
Prosopis africana shell and rapeseed husk which reduces the solid yield in the

carbonization step [33].

At temperature below 170 °C, there was no carbonization in the microwave-
assisted hydrothermal process of the glucose; rather the supersaturated solution
becomes homogenous. This is in agreement with previous reports that hydrothermal
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carbonization of glucose in an autoclave produces a char yield at temperatures >
170 °C, due to the high solubility of glucose in water making it difficult for solid
residues to be recovered by filtrations at low temperatures [4,24]. The maximum yield
for the hydrothermal carbonization of glucose has been reported to be achieved at
200 °C, after which a gradual decrease in yield begins; the reason being that the
increase in temperature favours gasification reactions [30] and this results in part of the
hydrothermal carbon being lost in the form of volatile compounds [26]. Falco et al. [24]
using conventional hydrothermal carbonization process reported a maximum yield of
about 40% at 200 °C for glucose which is consistent with the yield obtained in this

study under microwave heating.

In all the waste materials studied, the % vyield at 200 °C for 20 minutes and 4
hours for the microwave-assisted and conventional hydrothermal carbonization
processes respectively were close to each other. Hence, further discussions were

carried out using the hydrochars prepared under these conditions.
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Figure 4.4: Effect of temperature on microwave-assisted and conventional process (n=3)
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4.4.1.2 ATR-FTIR Analysis

Section | Wavelength range (cm™) Functional group Description

1 3700-3000 O-H stretching Broad peak due to the presence of
water, alcohols from cellulose or
phenols from lignin.

2 3000-2800 C-H stretching Small double peaks showing the
stretching vibrations of aliphatic
C-H bond.

3 1800-1650 C=0 stretching The vibration due to the esters,

carboxylic acids or aldehydes
present in the cellulose and lignin.

4 1650-1500 C=C stretching Due to the vibration from the
aromatic rings present in lignin.
5 1450-1200 C-H bending Small peaks due to absorption

from CH bond of aliphatic carbon,
methylene, and methyl groups.

6 1200-950 C-O stretching Due to vibration from esters,
phenols, aliphatic alcohols.
7 <950 C-H bending Due to the deformation of the CH

bond in aromatic compounds.

Table 4.5: Assignment of functional groups to FTIR-ATR peaks of the biochar and hydrochars

ATR-FTIR gave further insight into the chemical composition of the materials.
In Figure 4.6 (a-d), the differences in the thermal decomposition process during
pyrolysis of the Prosopis africana shell, and hydrothermal carbonization of the waste
materials were illustrated by a comparison of their surface spectroscopy. The
determination of the main functional groups for a given wavelength is based on
previous reports [4,6,9,11,34]. Table 4.5 shows each of the major wavelength range
that have been detected in the different materials and the associated functional groups.
Similar results have been found in coal and other carbonized products [27,35]. The
strong presence of single bond components, such as, C-O, C-H and O-H is expected
since the raw materials used, apart from glucose, are lignocellulosic biomass which
contains cellulose, hemicelluloses and lignin [36]. The presence of the lignin on the
Prosopis africana shell (Figure 4.6 a), rapeseed husk (Figure 4.6 b) and coconut shell
(Figure 4.6 c) is indicated by the peaks in the region of 1800-1500 cm™ (C=0 and C=C
bonds) [34]. These peaks remained after the carbonization process, showing the
presence of lignin fragments and intermediate structures in the resulting chars,
indicating that under the studied conditions lignin did not totally decompose [32]. The
higher intensity observed in the hydrochars from the coconut shell (Figure 4.6 c) is an
indication that it has higher lignin content. The lower intensity of the spectrum of the
chars shows that the functional groups on the raw materials decomposed via
deoxygenating and dehydration reactions during the high temperature pyrolysis and
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hydrothermal carbonization [32]. Due to the greater degree of decomposition during
the pyrolysis process, the spectrum of the biochar (Figure 4.6 (a)) has low intensity for
C-H and oxygen containing groups, and as a result showed higher level of aromaticity
by the peaks below 950 cm™ [34,35]. This observation is consistent with the results of

elemental analysis.
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Figure 4.6 (a): ATR-FTIR spectra of raw and carbonized Prosopis africana shell showing the
different sections and changes in the spectra due to different carbonization treatment (assignment

of functional group is in Table 4.5)
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Figure 4.6 (b): ATR-FTIR spectra of raw and carbonized rapeseed husk showing the different
sections and changes in the spectra due to different carbonization treatment (assignment of

functional groups is in Table 4.5)
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Figure 4.6 (c): ATR-FTIR spectra of raw and carbonized coconut shell showing the different
sections and changes in the spectra due to different carbonization treatment (assignment of

functional group is in Table 4.5)
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Figure 4.6 (d): ATR-FTIR spectra of raw and carbonized glucose showing the different sections
and changes in the spectra due to different carbonization treatment (assignment of functional

group is in Table 4.5). 20, 30, 45 are the time in the microwave.
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4.4.1.3 13C Solid State NMR Analysis
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Figure 4.7: 3C solid state cross-polarization magic-angle spinning NMR spectra showing the
different functional groups present in the hydrothermal carbons obtained from microwave-
assisted and conventional hydrothermal carbonization of glucose (HTC-G 20), coconut shell (C-CS,
M-CS), rapeseed husk (C-RSH, M-RSH), and Prosopis africana shell (C-PAS, M-PAS)

The BC solid state NMR analysis of the hydrochars provides further
information on the chemical structures and is used to further confirm the results
from the FT-IR. '3C solid state cross-polarization magic-angle spinning nuclear
magnetic resonance spectroscopy (NMR) studies of the materials are shown in
Figure 4.7. A close comparison between the NMR spectra of the hydrochars shows
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very similar features. It was also observed that weaker signals were obtained for the
microwave-assisted hydrothermal carbonization process, when compared to the
hydrochar from the conventional hydrothermal process. The peaks between 14-60
ppm shows the presence of aliphatic carbons [6,37], while those in the region
between 100-160 ppm usually referred to as the aromatic region are all due to C=C
double bond from lignin, but between 140-160 ppm are specifically due to the
oxygen bound O-C=C (O-aryl) [37]. The peaks in the region between 170-200 ppm
present in the rapeseed and glucose hydrochars are due to the presence of carboxylic
acid, aldehydes or ketones moieties [38]. Due to the cellulose and hemicellulose
content of the materials, the spectra show carbohydrate resonances (specifically
CH20OH groups around 62 ppm, CHOH groups around 72 ppm and and anomeric O-
C-O carbons around 90 ppm) in the O-alkyl region between 60 and 100 ppm [39,40].
The result is in good agreement with that of the FT-IR and a further confirmation of
the nature of functional groups present in the materials. The NMR spectra in this
study are similar to those of previous reports for hydrothermal carbonization of
coconut fiber [32], poultry litter and swine solid [38]

4.4.2 Structural Characteristics
4.4.2.1 SEM Analysis

The scanning electron microscope (SEM) provided information about the
structural morphologies of the different materials. The scanning electron microscopy
(SEM) images of the raw and carbonised materials are shown in Figures 4.8-4.11. The
SEM of the raw Prosopis africana shell (Figure 4.8 a), rapeseed husk (Figure 4.9 a)
and coconut shell (Figure 4.10 a) show cellular structures which are typical of
lignocellulosic materials, while that of the rapeseed husk showed in addition an oily
surface morphology. The SEM image of the biochar from the Prosopis africana shell
(Figure 4.8 b) shows a smooth surface that is non-porous. The smooth surface results
from the melting and fusion process of lignin and other small molecules in the raw
material, such as, pectin and inorganic compounds [41,42]. Although, residual cellular
structure of the raw material can be seen on the biochar, this could be because the raw
material was not destroyed completely due to short time and low temperature of the
pyrolysis process [43]. The hydrochars from the Prosopis africana shell (Figures 4.8 ¢
and d) and rapeseed husk (Figures 4.9 b and c) showed substantial changes in the
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morphology from the raw material. However, in the coconut shell hydrochars (Figures
4.10 b and c) some features of the raw materials are still preserved. These results imply
that the materials have undergone hydrolysis and partial carbonization as expected for
hydrochars [5]. The aggregates of sphere-like microparticles (1-10 pm in diameter)
seen on the hydrochars have their origin from the decomposition of cellulose during the
hydrothermal carbonization, while the features that are preserved are due to the lignin
present in the raw materials which has a greater chemical stability and thus can only
undergo partial degradation [5,12]. More sphere-like particles were found on the SEM
images of the hydrochars from the microwave-assisted process than in the conventional
hydrothermal process, showing that decomposition of cellulose tend to be more under
the microwave heating than the conventional oven heating in this study. The results
also showed that the nature of the material affects the decomposition, and this is
obvious from the SEM images of the raw coconut shell (Figures 4.10 a) and the
hydrochar from the conventional hydrothermal carbonization of coconut shell (Figures
4.10 c) where the change in the morphology is minimal. Romero-Anaya et al. [44]
reported that natural bio-fibres are classified into hard and soft biomass, and that the
structural disintegration pathway for hard biomass tissue with a crystalline scaffold
differs from that of the soft biomass. The melting point of the crystalline cellulose in
the hard biomass is well above it’s decomposition temperature, making the macro and
microstructure of the biological tissue to be preserved as shown in the SEM image of
the hydrochars from the coconut shell, while soft biomass has no crystalline cellulose
scaffolds, forms liquid intermediates that polymerize or cyclise later to form fraction of

spherical particles [1].

In the case of the glucose (Figure 4.11) the morphological features of the
carbonized material (Figures 4.11 b) as visualised by using SEM are completely
different from that of the raw glucose (Figures 4.11 a). Sphere-like microparticles of
different sizes (1-10 um) are seen on the SEM image of the microwave-assisted
hydrothermal carbonized glucose, which is in contrast to the block of material observed
in the raw glucose. A mechanism in which these microspheres are generated has been
proposed and the mechanism is based on hydrolysis followed by dehydration and
polymerization of saccharides and the spherical nuclei are formed in order to minimise

the energy interface [9,10,19]. The SEM result obtained for the microwave-assisted
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hydrothermal carbonization of glucose is consistent with those in the literature [4,6]

using the conventional method of hydrothermal carbonization.

10 um 10pm

10um

Figure 4.8: SEM images of (a) raw Prosopis africana shell showing cellular structure, (b) Prosopis
africana shell biochar showing residual cellular structure due to high decomposition of the raw
material during the pyrolysis process, (c) Prosopis africana shell microwave-assisted hydrochar
showing decomposition of cellulose in the raw material indicated by sphere-like microparticles, (d)
Prosopis africana shell conventional oven hydrochar showing less decomposition of cellulose

indicated by fewer sphere-like microparticle
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Figure 4.9: SEM images of (a) raw rapeseed showing cellular structure, (b) rapeseed microwave-
assisted hydrochar showing decomposition of cellulose in the raw material indicated by sphere-like
microparticles, (c) rapeseed conventional oven hydrochar showing less decomposition of cellulose

indicated by fewer sphere-like microparticle
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Figure 4.10: SEM images of (a) raw coconut shell showing cellular structure, (b) coconut shell
microwave-assisted hydrochar showing decomposition of the raw material indicated by sphere-
like microparticles, (c) coconut shell conventional oven hydrochar showing less decomposition of

cellulose indicated by fewer sphere-like microparticle
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Figure 4.11: SEM images of (a) raw glucose, (b) microwave-assisted glucose hydrochar showing

microspheres generated via hydrolysis, dehydration and polymerization

4.4.2.2 BET Surface Area Analysis

The nitrogen sorption measurements provided further insight into the changes
in the waste materials and pore generation on carbonization. The nitrogen adsorption-
desorption isotherm for the carbon materials prepared from the pyrolysis of Prosopis
africana shell, microwave-assisted and conventional hydrothermal carbonization of
Prosopis africana shell, rapeseed husk, coconut shell and glucose are shown in Figure
4.12 (a-h). All the prepared materials in this study showed characteristics that are
representative of Type Il isotherms based on the IUPAC system of classification,
which is a typical type of isotherm obtained with non-porous materials [45]. It was not
surprising therefore, that the prepared materials have relatively small BET surface
areas due to the absence of porosity (Table 4.6), and in such situation the values of the
specific surface area calculated only correspond to the external surface [27]. Slow
pyrolysis (< 400 °C) results in biochars with low surface area and porosity, which is
due to the condensation of the volatile organic compounds produced during the
pyrolysis process on the char which block the pores and their adsorption potential [46-
49], while the hydrothermal carbonization process involves carbonization as well as
solubilisation of the organics and the formation of tarry substances, the hydrochar
produced becomes contaminated with these substances thereby plugging the pores and
this tends to make the apparent BET surface area of the sample to be very small [50].
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The surface areas obtained in this study is consistent with previous studies which have
reported low surface areas of 4.4 m?/g and 8.3 m?/g, less than 3 m?/g, and 5.3 m?/g for
hydrochars from eucalyptus sawdust and barley straw, saccharides, and Japanese cedar
(Cryptomeria) respectively [4,5,50], and 2.7-3.4 m?/g for biochar from safflower seed
cake [46]. Therefore, improvements of the porosity and the surface area of hydrochars
are usually necessary to enable them fit into specific applications, such as, hydrogen
storage or electrical energy storage (supercapacitors) [51], which has been achieved by
carrying out further post synthesis processes, such as, combination of thermal and

chemical activation that have resulted in a high surface area of >2000 m?/g [52].

Material Method Surface Area (m?/g)
Prosopis africana shell Pyrolysis 3.1+1.0
Prosopis africana shell Microwave-Assisted 6.1+2.2
Prosopis africana shell | Conventional method 5.9+1.8
Rapeseed husk Microwave-Assisted 6.6+3.2
Rapeseed husk Conventional method 3.2+1.2
Coconut Shell Microwave-Assisted 5.7+2.4
Coconut Shell Conventional method 3.3x1.1
Glucose Microwave-Assisted 3.3£0.7

Table 4.6: Surface areas of the prepared carbon materials
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Figure 4.12: N2 sorption isotherms of (a) Prosopis africana shell biochar, (b) Prosopis africana shell
microwave-assisted hydrochar, (c) Prosopis africana shell conventional oven hydrochar, (d)
microwave-assisted glucose hydrochar (e) rapeseed microwave-assisted hydrochar, (f) rapeseed
conventional oven hydrochar, (g) coconut shell microwave-assisted hydrochar, (h) coconut shell
conventional oven hydrochar, showing a Type Il isotherm which is typical isotherm for non-

porous materials.
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4.5 Conclusion

Carbonaceous materials have been successfully prepared from waste plant
materials and glucose using pyrolysis, microwave-assisted and the conventional
method of hydrothermal carbonization. The prepared materials were characterized
structurally and chemically using different analytical and spectroscopic techniques.
Interestingly, the results obtained using the microwave-assisted hydrothermal process
are consistent with that of the conventional method of oven heating. Therefore, the
microwave-assisted hydrothermal approach offers a newer method to synthesize
hydrothermal materials through hydrolysis and subsequent carbonization of the raw
materials and also provides a way of converting a waste materials into a useful form. It
has advantage over the conventional method of hydrothermal carbonization using oven
heating as it requires a shorter time (20 minutes) to achieve the result that was obtained
in 4 hours using the conventional method of oven heating. This method could be
important in the development of new materials and have a positive impact in green

chemistry.

95



4.6 References

[1] Antonietti, M, Titirici, MM, Thomas, A, Yu, SH, Muller, JO. A Direct Synthesis of
Mesoporous Carbons with Bicontinuous Pore Morphology from Crude Plant Material
by Hydrothermal Carbonization. Chem Mater 2007; 19: 4205-4212.

[2] Beaumontt, O, Schwob, Y. Influence of Physical and Chemical Parameters on
Wood Pyrolysis. Ind Eng Chem Process Des Dev 1984, 23: 637-641.

[3] Di Blasi, C, Signorelli, G, Di Russo, C, Rea, G. Product Distribution from Pyrolysis
of Wood and Agricultural Residues. Ind Eng Chem Res 1999; 38: 2216-2224.

[4] Sevilla, M, Fuertes, AB. Chemical and Structural Properties of Carbonaceous
Products Obtained by Hydrothermal Carbonization of Saccharides. Chem-Eur J 2009;
15: 4195-4203.

[5] Sevilla, M, Macia-Agullo, JA, Fuertes, AB. Hydrothermal Carbon of Biomass as a
Route for the Sequestration of CO,: Chemical and Structural Properties of the
Carbonized Products. Biomass Bioenerg, 2011, 35: 3152-3159.

[6] Titirici, MM, Demir-Cakan, R, Baccile, N, Antonietti, M. Carboxylate-Rich
Carbonaceous Materials via One-Step Hydrothermal Carbonization of Glucose in the
Presence of Acrylic Acid. Chem Mater 2009; 21: 484-490.

[7] Bergius, F, Specht, H. Die Anwendung hoher Drucke bei chemischen Vorgangen
und eine Nachbildung des Entstehungsprozesses der Steinkohle. Wilhelm Knapp Halle
ad Saale 1913; 41-58.

[8] Heilmann, SM, Davis, HT, Jader, LR, Lefebvre, PA, Sadowsky, MJ, Schendel, FJ,
et al. Hydrothermal Carbonization of Microalgae. Biomass Bioenerg 2010; 34: 875-
882.

[9] Sevilla, M, Fuertes, AB. The Production of Carbon Materials by Hydrothermal
Carbonization of Cellulose. Carbon 2009; 47: 2281-2289.

[10] Guiotoku, M, Rambo, CR, Hansel, FA, Magalhaes, WLE, Hotza, D. Microwave-
assisted Hydrothermal Carbonization of Lignocellulosic Materials. Mater Lett 2009; 63:
2707-2709.

96



[11] Titirici, MM, Antonietti, M, Baccile, N. Hydrothermal Carbon from Biomass: A
Comparison of the Local Structure from Poly- to Monosaccharides and
Pentoses/Hexoses. Green Chem 2008; 10: 1204-1212.

[12] Antonietti, M, Titirici, MM. Coal from Carbohydrates: The "Chimie Douce" of
Carbon. CR Chim 2010; 13: 167-173.

[13] Yu, SH, Hu, B, Wang, K, Wu, LH, Antonietti, M, Titirici, MM. Engineering
Carbon Materials from the Hydrothermal Carbonization Process of Biomass. Adv
Mater 2010; 22: 813-828.

[14] Hoekman, SK, Broch, A, Robbins, C. Hydrothermal Carbonization (HTC) of
Lignocellulosic Biomass. Energ Fuel 2011; 25: 1802-1810.

[15] Baccile, N, Laurent, G, Coelho, C, Babonneau, F, Zhao, L, Titirici, MM.
Structural Insights on Nitrogen-Containing Hydrothermal Carbon Using Solid-State
Magic Angle Spinning 3C and N Nuclear Magnetic Resonance. J Phys Chem C 2011;
115: 8976-8982.

[16] Mao, JD, Cao, XY, Ro, KS, Chappell, M, Li, YA. Chemical Structures of Swine-
Manure Chars Produced under Different Carbonization Conditions Investigated by
Advanced Solid-State *C Nuclear Magnetic Resonance (NMR) Spectroscopy. Energ
Fuel 2011; 25: 388-397.

[17] Nuchter, M, Ondruschka, B, Bonrath, W, Gum, A. Microwave Assisted Synthesis-
A Critical Technology Overview. Green Chem 2004; 6: 128-141.

[18] Clarke, E, Sutton, WH. Microwave Processing of Material. Annu Rev Mater Sci
1996; 26: 299-331.

[19] Yao, C, Shin, Y, Wang, LQ, Windisch, CF, Samuels, WD, Arey, BW, et al.
Hydrothermal Dehydration of Aqueous Fructose Solutions in a Closed System. J Phys
Chem C 2007; 111: 15141-15145.

[20] Agboola, DA. Prosopis africana (Mimosaceae): Stems, Roots and Seeds in the
Economy of the Savannah Areas of Nigeria. Econ Bot 2004; 58 (Suppl): S34-S42.

[21] Akaaimo, DI, Raji, AO. Some Physical and Engineering Properties of Prosopis
africana Seed. Biosyst Eng 2006; 95: 197-205.

97



[22] http://www.naturalfoodfinder.co.uk/rapeseedcanolablog. Accessed June 20, 2013.

[23] http://originexports.com/products/coconut-products/coconut-shell. Accessed June
20, 2013.

[24] Falco, C, Baccile, N, Titirici, MM. Morphological and Structural Differences
between Glucose, Cellulose and Lignocellulosic Biomass Derived Hydrothermal
Carbons. Green Chem 2011; 13: 3273-3281.

[25] Kang, S, Li, X, Fan, J, Chang, J. Characterization of Hydrochars Produced by
Hydrothermal Carbonization of Lignin, Cellulose, D-Xylose, and Wood Meal. Ind Eng
Chem Res 2012; 51: 9023-9031.

[26] Berge, ND, Ro, KS, Mao, J, Flora, JRV, Chappell, MA, Bae, S. Hydrothermal
Carbonization of Municipal Waste Streams. Environ Sci Technol 2011; 45: 5696-5703.

[27] Fuertes, AB, Arbestain, MC, Sevilla, M, Macia-Agulld, JA, Fiol, S, Lépez, R, et
al. Chemical and Structural Properties of Carbonaceous Products Obtained by
Pyrolysis and Hydrothermal Carbonisation of Corn Stover. Aust J Soil Res 2010; 48:
618-626.

[28] Liu, Z, Zhang, FS, Wu, J. Characterization and Application of Chars Produced
from Pinewood Pyrolysis and Hydrothermal Treatment. Fuel 2010; 89: 510-514.

[29] Calvelo-Pereira, R, Pardo-Lorenzo, R, Aitkenhead, W, Macias, F, Hedley, M,
Macia-Agullo, JA, et al. Influence of Pyrolysis Temperature on Heterotrophic Basal
Soil in Biochar/Soil Mixtures. New Zealand Biochar Research Centre Workshop;
Palmerston North, New Zealand, 2010.

[30] Kruse, A, Gawlik, A. Biomass Conversion in Water at 330-410 °C and 30-50 MPa.
Identification of Key Compounds for Indicating Different Chemical Reaction Pathways.
Ind Eng Chem Res 2003; 42: 267-279.

[31] Mdller, M, Nilges, P, Harnisch, F, Schréder, U. Subcritical Water as Reaction
Environment:  Fundamentals of Hydrothermal Biomass  Transformation.
ChemSusChem, 2011; 4: 566-579.

[32] Liu, Z, Quek, A, Hoekman, SK, Balasubramania, R. Production of Solid Biochar
Fuel from Waste Biomass by Hydrothermal Carbonization. Fuel 2013; 103: 943-949.

98



[33] Macias-Garcia, A, Cuerda-Correa, EM, Olivares-Marin, M, Diaz-Paralejo, A,
Diaz-Diez, MA. Development and Characterization of Carbon-Honeycomb Monoliths
from Kenaf Natural Fibers: A Preliminary Study. Ind Crop Prod 2012; 35: 105-110.

[34] Jamari, SS, Howse, JR. The Effect of the Hydrothermal Carbonization Process on
Palm Oil Empty Fruit Bunch. Biomass Bioenerg 2012; 47: 82-90.

[35] Ibarra, JV, Mufioz, E, Moliner, R. FTIR Study of the Evolution of Coal Structure
during the Coalification Process. Org Geochem 1996; 24: 725-735.

[36] Vassilev, SV, Baxter, D, Andersen, LK, Vassileva, CG, Morgan, TJ. An Overview
of the Organic and Inorganic Phase Composition of Biomass. Fuel 2012; 94: 1-33.

[37] Baccile, N, Laurent, G, Babonneau, F, Fayon, F, Titirici, MM, Antonietti, M.
Structural Characterization of Hydrothermal Carbon Spheres by Advanced Solid-State
MAS 3C NMR Investigations. J Phys Chem C 2009; 113: 9644-9654.

[38] Sun, K, Ro, K, Guo, M, Novak, J, Mashayekhi, H, Xing, B. Sorption of Bisphenol
A, 170-Ethinyl Estradiol and Phenanthrene on Thermally and Hydrothermally
Produced Biochars. Bioresource Technol 2011; 102: 5757-5763.

[39] Cao, X, Ro, KS, Chappell, M, Li, Y, Mao, J. Chemical Structures of Swine-
Manure Chars Produced under Different Carbonization Conditions Investigated by
Advanced Solid-State *C Nuclear Magnetic Resonance (NMR) Spectroscopy. Energ
Fuels 2011; 25: 388-397.

[40] Mao, J, Holtman, KM, Scott, JT, Kadla, JF, Schmidt-Rohr, K. Differences
between Lignin in Unprocessed Wood, Milled Wood, Mutant Wood, and Extracted
Lignin Detected by 3C Solid-State NMR. J Agric Food Chem 2006; 54: 9677-9686.

[41] Sharma, RK, Wooten, JB, Baliga, VL, Lin, X, Chan, WG, Hajaligol MR.
Characterization of Chars from Pyrolysis of Lignin. Fuel 2004; 83: 1469-1482.

[42] Cetin, E, Moghtaderi, B, Gupta, R, Wall, TF. Influence of Pyrolysis Conditions on
the Structure and Gasification Reactivity of Biomass Chars. Fuel 2004; 83: 2139-2150.

[43] Mohan, D, Rajput, S, Singh, VK, Steele, PH, Pittman Jr, CU. Modeling and
Evaluation of Chromium Remediation from Waste Water using Low Cost Bio-Char, a
Green Adsorbent. J Hazard Mater 2011; 188: 319-333.

99



[44] Romero-Anaya, AJ, Lillo-Rodenas, MA, de Lecea, CS, Linares-Solano, A.
Hydrothermal and Conventional HsPO4 Activation of Two Natural Bio-Fibers. Carbon
2012; 50: 3158-3169.

[45] Sing, KSW, Everett, DH, Haul, RAW, Moscou, L, Pierotti, RA, Rouquerol, J, et
al. Reporting Physisorption Data for Gas/Solid Systems. Pure Appl Chem 1985; 57:
603-619.

[46] Angin, D. Effect of Pyrolysis Temperature and Heating Rate on Biochar Obtained
from Pyrolysis of Safflower Seed Press Cake. Bioresource Technol 2013; 128: 593-597.

[47] Ronsse, F, van Hecke, S, Dickinson, D, Prins, W. Production and Characterization
of Slow Pyrolysis Biochar: Influence of Feedstock Type and Pyrolysis Conditions.
GCB Bioenergy 2013; 5: 104-115.

[48] Kwon, S, Pignatello, JJ. Effects of Natural Organic Substances on the Surface and
Adsorptive Properties of Environmental Black Carbon (Char): Pseudo Pore Blockage
by Model Lipid Components and its Implications for N2-Probed Surface Properties of
Natural Sorbents. Environ Sci Technol 2005; 39: 7932-7939.

[49] Pignatello, JJ, Kwon, S, Lu, Y. Effects of Natural Organic Substances on the
Surface and Adsorptive Properties of Environmental Black Carbon (Char): Attenuation
of Surface Activity by Humic and Fulvic acids. Environ Sci Technol 2006; 40: 7757-
7763.

[50] Mochidzuki, K, Sato, N, Sakoda, A. Production and Characterization of
Carbonaceous Adsorbents from Biomass Wastes by Aqueous Phase Carbonization.
Adsorption 2005; 11: 669-673.

[51] Parshetti, GK, Hoekman, SK, Balasubramanian, R. Chemical, Structural and
Combustion Characteristics of Carbonaceous Products Obtained by Hydrothermal
Carbonization of Palm Empty Fruit Bunches. Bioresource Technol 2013; 135: 683-689.

[52] Sevilla, M, Fuertes, AB, Mokaya, R. High Density Hydrogen Storage in
Superactivated Carbons from Hydrothermally Carbonized Renewable Organic
Materials. Energy Environ Sci 2011; 4: 1400-1410.

100



Chapter 5

Application of the Biochar and Hydrochar from Prosopis africana shell for the

Adsorption of Lead and Cadmium lons from Aqueous Solution
5.1 Introduction

The rapid growth in industries, such as, fertilizer, tannery, petroleum, pesticides,
paper, etc and also due to the increase in other human activities, such as, agriculture,
mining and metal plating have led to the direct and indirect discharge of untreated
wastewater into the environment, most especially in the developing countries of the
world. Heavy metals are elements with high densities and are toxic to humans and
other animals. Heavy metals, unlike the organic contaminants, tend to accumulate and
persist in the living organism or environment because they are not biodegradable [1],
their existence in the environment can only be managed by removal. Water pollution
caused by heavy metals is already a known fact and has been a serious environmental
problem worldwide with cumulative, chronic and harmful effects on the environment
and human health. Elements such as lead, cadmium, chromium and nickel are
classified as heavy metals and are associated with water pollution with lead and
cadmium being amongst the most toxic to human beings found in higher
concentrations in aqueous industrial wastewater [2]. Lead is used in various industrial
activities, such as, electrical goods, batteries, chemical catalysis, metal surface
finishing and in the manufacturing of alloys, while cadmium is used in the plastic
industries, and other activities, such as, metal plating, batteries and pigment
manufacturing [3]. During the various activities lead and cadmium are discharged in
the effluent into the environment, mostly water bodies. Damage to the liver and kidney,
infertility and abnormalities in pregnancy, mental retardation, and reduction in
haemoglobin formation are some of the effects of lead poisoning, while exposure to
cadmium can cause kidney dysfunction with high levels of exposure resulting in death
[1]. In some cases, the effluents are discharged untreated into the water bodies, which
is usually the case in most developing countries due to poor environmental regulations
and government policies. Heavy metal concentration in drinking water should be very
low in the microgram per litre (ug/L) range. For example, the permissible
concentration of lead and cadmium are respectively 0.01 and 0.003 mg/L according to
the World Health Organisation (WHQO) guidelines [4].
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There are various methods for heavy metals removal from wastewater. These
methods include precipitation, ion exchange, electrodialysis, coagulation/flocculation,
reverse osmosis, electrochemical operation, ultra filtration, biological treatment and
complexation/sequestration. The use of these methods for the removal of heavy metals
at low concentration has shown to be economically unviable [5]. Adsorption has been
used as an excellent technique in the treatment of wastewater because of its simplicity.
Different kinds of adsorbents have been investigated by different authors for the
removal of heavy metals, these include, but not limited to natural and synthetic zeolite
[6], alumina [7], fly ash [8], carbon aerogel [9], clinoptilolites [10], phosphate rock
[11], biopolymer [12] etc and more recently different nanomaterials such as magnetic
nanoparticles [13], carbon nanotubes [14], nano zeolite composite [15], nano metal
oxide [16] and nanostructure alumina [5]. However, the use of some of these
adsorbents has economical and technical limitations, which has to do with the method
of preparation and the cost of the adsorbent. The preparation of adsorbents, such as,
activated carbon usually involves the use of high temperature, takes a very long time
and consumes a lot of chemicals. Therefore, it has become necessary to explore and
develop cheaper adsorbents using effective/alternative techniques to meet the growing
demand [17]. This can be achieved by utilising waste materials as a source of cheap
and readily available raw material for the production of adsorbents for the removal of

toxic metals and organic species from wastewater.

The use of biochars and hydrochars from biomass as a low-cost adsorbent for
the adsorption of heavy metals and organics from aqueous solution is an emerging and
promising wastewater treatment technology which has been reported by some authors
for their ability to adsorb various heavy metals and organics, such as copper, zinc,
arsenic, nickel, cadmium, lead and atrazine [2,17-22]. It is anticipated that as pyrolysis
and hydrothermal carbonization of biomass into liquid and gas fuels grows in
importance, very large amount of char from these processes will become available for
use. The use of biochar and hydrochar prepared from pyrolysis and green chemistry
process of microwave-assisted hydrothermal carbonization of Prosopis africana shell
to adsorb heavy metals from aqueous solution to the best of my knowledge has not
been previously reported. It will therefore be important if these chars can studied and
compared for their ability to remove heavy metals from aqueous solution, as a way of

managing and reusing this waste material.
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In this chapter, the aims are to apply the chars prepared in Chapter 4 from
pyrolysis (biochar) and green chemistry approach of microwave-assisted hydrothermal
carbonization (hydrochar) of Prosopis africana shell as adsorbents for the adsorption
of heavy metals from aqueous solution (using lead and cadmium as representative
heavy metal), and also to evaluate which of these materials is more effective in the

adsorption of the heavy metals by varying different parameters.

5.2 Materials and Methods
5.2.1 Preparation of the Biochar and Hydrochar

The materials and the methods used for the preparation and characterization of
the biochar and hydrochar from Prosopis africana shell have been previously described

in Chapter 4.
5.2.2 Adsorption Studies

All chemicals used were of analytical grade and were used without further
purification. Pb?* and Cd?* solutions were obtained from Lead (lI) nitrate and
Cadmium (1) nitrate which were purchased from Fisher Scientific, United Kingdom.
Synthetic  stock solutions (1000 mg/L) of lead and cadmium ions
were prepared in de-ionised water from their respective salts and were diluted to the
required concentration before use. The effects of different parameters, such as, pH,
adsorbent dosage, time, and concentration on the adsorption process of a single
component system were studied using batch adsorption experiment. A brief description

of the process is given below.

The adsorbent material (0.01-0.08 g) was placed in a 250 mL conical flask and
50 mL of 10-100 mg/L aqueous solution of Pb** or Cd?* was added. The batch
adsorption experiment was carried out on a shaker at room temperature (22+1 °C) for
10-60 minutes for equilibrium to be attained. The pH was adjusted between 4 and 10
using 2% nitric acid and 5M NH4OH. After equilibration the suspension was filtered
using a filter paper (Whatman filter paper number 3, ashless 11 cm) and the filtrates
were immediately analysed using an inductively coupled plasma optical emission
spectrophotometer (ICP-OES, Optima 5300 DV, Perkin Elmer, Seer Green,
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Beaconsfield, UK), which has both axial and radial viewing mode and is equipped with
an autosampler. It uses WinLab 32 software and has the capacity to detect a wide range
of elements, with sensitivities in the range of ppb. The exact sensitivity depends on the
specific element and emission wavelength used. Before use, it was calibrated using
commercial standards of known concentrations (Romil, Cambridge UK, PrimAg). By
subtracting the equilibrium solution concentration from the initial metal ion
concentration, the amounts of metal ions adsorbed on the biochar and hydrochar in
mg/g at equilibrium geq Were calculated using the mass balance equation.

— Co Cﬂq
Qeq — v .
m (Equation 5.1)

where v is the volume of the solution in litres (L), m is the amount of adsorbent in
grams (g); Co and Ceq are the initial and equilibrium concentrations of the metal ions

(mg/L) respectively.

The adsorption study was carried out in triplicate and the average of the
repeated runs is presented for reliability. Adsorption of metal ions by the raw Prosopis
africana shell and on the walls of the glass flasks were checked by blank experiments
that were run in parallel to establish reliability and reproducibility, and it was found to
be negligible. All glassware were pre-soaked in a 5% HNOs solution, rinsed with

deionized water and oven-dried before use.
5.2.2.1 Adsorption Kinetics

The kinetics study was carried out at room temperature (22+1 °C) using 0.05 g
of adsorbent and 50 mL of 10 mg/L solution of the adsorbates at pH 6 and 8 for Pb?*
and Cd?* respectively, while the contact time was varied between 10-60 minutes. The
adsorption kinetics were tested using the linear plots of the following well-known
models: the pseudo-first-order, pseudo-second-order and intraparticle diffusion model

to establish the adsorption kinetic parameters of the adsorption process.

The pseudo-first-order rate equation suggested by Lagergren [23] and cited by
Olgun and Atar [24] is given by

1 ki \ /1 1
)G
9: \bsq Qeq (Equation 5.2)
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where Qeq and g are the amount of metal ion adsorbed per unit mass of the adsorbent
(mg/g) at equilibrium and time t (mins) respectively, ki (min™?) is the first-order rate
constant. By plotting 1/q: against 1/t, the values of ki and geq can be calculated from
slope and intercept of the graph.

The pseudo-second-order rate equation expressed by Ho and McKay [25] is

given by

t 1 1

— = e + t

9 Kz9aq deq (Equation 5.3)

where geq and gt are the amount of metal ion adsorbed per unit mass of the adsorbent
(mg/g) at equilibrium and time t (mins) respectively, ko (g mg* min?) is the pseudo-
second-order rate constant. By plotting t/q: against t, the second-order sorption rate

constant k2, and geq can be calculated from the slope and intercept of the graph.

The intraparticle diffusion model is expressed by the equation described by

Weber and Morris [26]
—_ 1/2

q. =kpt" "+ C (Equation 5.4)

Where q: (mg/g) is the amount of metal ion adsorbed at time t (mins), ko (mg g* min /2

is the intraparticle diffusion rate constant, C (mg/g) is the intercept when q is plotted

against t*2.
5.2.2.2 Equilibrium Adsorption Isotherms

Freundlich and Langmuir isotherms were used to model the experimental
equilibrium data for the adsorption of Pb?* or Cd?* on the biochar and hydrochar. This
study was carried out at room temperature (22+1 °C) for 30 minutes with 0.05 g of
adsorbent and 50 mL of different concentration of adsorbate solutions (10-100 mg/L)
at pH 6 and 8 for Pb?* and Cd?* respectively. The linear forms of the Langmiur and
Freundlich models can be represented as follows

C C
il 1 .= (Langmuir model) (Equation 5.5)

Og KL O O

log d, = log K. +%Iog c., (Freundlich Model) (Equation 5.6)
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where Qgmax IS the maximum adsorption capacity (mg/g), Qeq is the amount of metal
adsorbed per unit mass of the adsorbent (mg/g), Ceq is the equilibrium solution
concentration (mg/L), n is the intensity of the adsorption constant, Ke (mg/g) is the
adsorption capacity for Freundlich model, K. (L/mg) is the Langmuir constant relating

to the adsorption strength or intensity.
5.2.2.3 Thermodynamics Studies

The effect of temperature on the adsorption process was carried out for 30
minutes using 50 mL of 10 mg/L of the adsorbate solutions and 0.05 g of adsorbent at
different temperatures (22, 30 and 35 °C) and pH 6 and 8 for Pb?* and Cd*
respectively. The thermodynamic parameters of the adsorption processes were

calculated using the following equations:

Chen et al. [19] reported that the equilibrium constant (Keg) of the adsorption

processes can be evaluated using the following equation:

#q (Equation 5.7)

The free energy change (AG°®) of the adsorption process is given by the

following equation:

AG® = —RTInkK,, (Equation 5.8)

The van’t Hoff equation gives the relationship between equilibrium constant

(Keq) and temperature (T)

AG° = AH®—TAS® (Equation 5.9)

A5®  AH®
R RT (Equation 5.10)

InK,, =

where geq (Mg/g) is the amount of metal ions adsorbed on the adsorbent from solution
at equilibrium, Ceq (Mg/L) is the equilibrium concentration of metal ions in the solution,
R (J/mol.K) is the gas constant 8.314, T (K) is the absolute temperature, Keq (L/g) is the
equilibrium constant of the adsorption, AG°, AH® and AS° are the changes in the

Gibbs free energy, enthalpy and entropy of the adsorption process respectively. By
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plotting InKeq against 1/T, AH® and AS® values can be calculated from the slopes and
intercepts of the graphs. The values of AG® can be obtained from the corresponding

AHP° and AS° values.

5.3 Results and Discussion
5.3.1 Effect of pH

pH is one of the most important parameters that influences the adsorption of
metal ions from aqueous solution [27]. The effect of pH on the adsorption of Pb?* or
Cd?* from aqueous solution by the biochar and hydrochar is shown in Figure 5.1. The
experiment was performed at room temperature (22+1 °C) using 10 mg/L adsorbate
concentrations, and 1 g/L of adsorbent dosage. The adsorption of Pb?" and Cd?* on
both chars increased with pH until maximum adsorption of 8.5 and 7.5 mg/g on the
hydrochar and biochar respectively were reached at pH 6 for Pb?* (Figure 5.1 a), and
7.8 and 6.5 mg/g on hydrochar and biochar respectively at pH 8 for Cd?* (Figure 5.1 b).
After this, there was a gradual decrease in adsorption for both metals ions. A situation
where this kind of adsorption trend is observed shows that the mechanisms involved in
the adsorption process is ion exchange, followed by precipitation [28]. The observed
trend in this study is consistent with previous studies for the adsorption of Pb?* and
Cd?* using chars obtained from pyrolysis and hydrothermal liquefaction [20,22,28].
Depending on the pH and the initial metal ion concentration Pb?* or Cd?* may exist in
different forms in aqueous solution. At a low pH (2-6), they are likely to be found as
free ions (Pb®* >98% and Cd?* >99.9%), in equilibrium with solvated species [29],
while at a pH above 8 they tend to be precipitated in the formation of complexes
because of the presence of the OH™ ion [20]. Two mechanisms exist through which
adsorption onto carbon materials is considered to take place; one of the routes is
coordination with the functional groups on the surface of the carbon material and it is
affected by the pH value of the solution, while the second is physical adsorption
relating to the surface area and porosity of the carbon [30]. The coordination route
played an important role here; since the biochar and hydrochar have small surface area
and are non-porous. At a lower pH value there is competition between the metal ions
and the H* in solution, the H* linked with hydrophilic functional groups making it
difficult for the metal ions to be adsorbed due to the neutralization of the adsorption

107



sites. As the pH value increases H* concentration decreases, deprotonation of the
hydrophilic functional group makes it possible for coordination with the metal ions,
hence higher adsorption [22]. In such a situation, Equation 5.11 is in competition with
Equation 5.12.

*) L H* <> *H K, (Equation 5.11)
*O LM «<>*M K, (Equation 5.12)

Where * is the generic adsorption site and K is the equilibrium constant.
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Figure 5.1: Effect of pH on the adsorption of (a) lead (b) cadmium ions onto biochar and
hydrochar. The adsorption of the metal ions increased as pH values increases. The highest
adsorption was obtained at pH 6 and 8 for the Pb? and Cd?* respectively (n=3).
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5.3.2 Effect of Adsorbent Dosage

The effect of adsorbent dose on the adsorption of Pb?* or Cd?* from aqueous
solution is shown in Figure 5.2. This study is crucial because it shows the capacity of
adsorbent for a given concentration of metal ion [31]. The effect was studied over the
range of 0.2-1.6 g/L adsorbent dosage, 10 mg/L adsorbate concentrations at pH of 6
and 8 for Pb?* and Cd?* at room temperature (22+1 °C) respectively. It was observed
that as the dose of the adsorbents increased from 0.2-1.0 g/L, the amount of metal ions
adsorbed from aqueous solution increased about two fold (4.6-8.7 mg/g and 3.1-7.8
mg/g, and 4.2-7.6 mg/g and 3.1-6.5 mg/g for Pb? and Cd?* on the hydrochar and
biochar respectively) before equilibrium was attained. This is expected because as the
adsorbent dosage is increased, while the metal ion concentration is kept constant more
surface and adsorption sites become available for the metal ions to be adsorbed [32].
However, there was no significant change in the adsorption of the metal ions after the
dosage of 1 g/L, which was found to be the equilibrium adsorbent concentration in this
study and this could be due to the overlapping of the active sites at such high dosage
[3], suggesting that there is a threshold dosage at which maximum adsorption occurs
after which no significant increase will be observed [33]. Atar et al. [34], and Naiya et

al. [35] have reported a similar trend.
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Figure 5.2: Effect of adsorbent dose on adsorption of Pb?* or Cd?* onto biochar and hydrochar.
Adsorption increases as the adsorbent dose is increased with the adsorption at 1 g/L almost twice

that at 0.2 g/L before equilibrium was reached (n=3).
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5.3.3 Effect of Time

The effect of time on the adsorption of Pb?* or Cd?* from aqueous solution by
the biochar and hydrochar is shown in Figure 5.3. The experiment was performed at
room temperature (22+1 °C) using 10 mg/L adsorbate concentrations, 1 g/L adsorbent
dose at pH 6 and 8 for the Pb?" and Cd?* respectively, while the contact time was
varied between 10-60 minutes in order to establish to appropriate time for equilibrium
to be reached. The adsorption of Pb?" and Cd?* increased rapidly within the first 10
minutes, followed by a gradual increase up to 30 minutes and remained almost constant
thereafter for both the biochar and hydrochar. Most of the metal ion removal occurred
within 30 minutes accounting for about 8.5 and 7.8 mg/g on the hydrochar, and 7.4 and
6.4 mg/g on the biochar at equilibrium for Pb?* and Cd?* respectively. Similar trends in
heavy metal adsorption have been previously reported [24,31]. The increase in
adsorption at the initial stage is due to large number of vacant adsorption sites, which
become saturated with time and as a result adsorption is less efficient after 30 minutes
[24]. Therefore, 30 minutes was taken as the equilibrium time for adsorption in this

study.
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Figure 5.3: Effect of time on adsorption of Pb? or Cd?* onto biochar and hydrochar. The
adsorption of the metal ions was rapid within the first 10 minutes and gradually increased up to 30

minutes before equilibrium was obtained (n=3).
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5.3.4 Effect of Initial Metal lon Concentration

The effect of initial metal ion concentration is shown in Figure 5.4. The
experiment was performed at room temperature (22+1 °C) for 30 minutes using 10-100
mg/L adsorbate concentrations, 1 g/L adsorbent dose at pH 6 and 8 for the Pb?" and
Cd?* respectively. There was a gradual increase in the total amount of metal ions
adsorbed as the metal ion concentration increases, but the percentage adsorbed
decreased from 85-46% and 74-27% for Pb?*, and 78-24% and 64-20% for Cd?* on
hydrochar and biochar respectively with increase in metal ion concentration from 10-
100 mg/L. At low metal ion concentration, the hydrochar and biochar are exposed to a
small number of metal ions and as a result the adsorption is not dependent on the initial
concentration of metal ion [24]. However, as the metal ion concentration increased
without increase in the amount of the adsorbent the extent of adsorption drops due to
saturation or decrease in the available adsorption sites on the adsorbents [24]. Similar

trend have been reported previously on boron waste [36] and sawdust [37].
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Figure 5.4: Effect of concentration on adsorption of Pb?* or Cd?* onto biochar and hydrochar
showing gradual increase in the total metal ions adsorbed as the initial metal ion concentration

increases (n=3).
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5.3.5 Adsorption Kinetics

The metal adsorption rate is an important factor and a criterion for determining
the reactor design and optimization of the process for a successful practical application
[28]. Three steps are involved in the adsorption on an adsorbent from aqueous phase
[38]: (a) external transfer (the transport of the adsorbate from the bulk phase to the
exterior surface of the adsorbent either through molecular or convective diffusion), (b)
the internal transfer (the transport into the adsorbent through either pore diffusion
and/or surface diffusion), and (c) the adsorption on the active sites on the surface of the
adsorbent (through chemisorption or physisorption). The rate of the adsorption process
is determined by the slowest of these steps (rate determining), which governs the
overall rate of the removal of the adsorbate from solution [28]. The pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models were therefore used to obtain
the Kinetic parameters of the adsorption process. These are the most commonly used
models to describe the adsorption kinetics of metal ions, and organics, such as, dyes

and herbicides from aqueous solution on different adsorbents [28].

The results for the pseudo-first-order and pseudo-second-order Kkinetics
respectively are presented in Figures 5.5 and 5.6, and Table 5.1. The low values of the
correlation coefficient (R?) between the theoretical (geq) and the experimental (Qeqeexp))
values obtained for the pseudo-first-order model compared to that for the pseudo-
second-order kinetics is an indication that the adsorption of both metal ions on the
biochar and hydrochar did not follow the pseudo-first-order reaction. The R? values
were found to be close to unity for both metals when the kinetic data were modelled
with the pseudo-second-order equation. This is an indication that the experimental data
fit well into the second-order model, suggesting that it can be used for the entire
process of adsorption [19]. The kinetic process that is fitted by the pseudo second-order
kinetic model has chemisorption as the rate-determining step and involves the chemical
bonding between divalent metal ions and polar functional groups, such as, phenolics,
acids, ketones, and aldehydes on the adsorbent which are responsible for the sharing or
exchange of electrons between the adsorbent and the adsorbate [19,28,39,40]. The
theoretical values geq for the pseudo-second-order kinetic model and the experimental
values Qeqeexp) Were very close to each other. This uniformity is a further confirmation
that the adsorption processes followed second-order kinetics. The Kkinetics results
obtained in this study is consistent with previous studies for the adsorption of metal
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ions by chars prepared from pyrolysis and hydrothermal liquefaction of biomass
[19,22].
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Figure 5.5: Pseudo-first-order kinetic plot for the adsorption of Pb?* and Cd?* onto (a) biochar (b)

hydrochar, calculated from Equation 5.2

113



y =0.1536x + 0.175

9 - R2=0.9991
8 .
7 -
o> 6 -
E y = 0.1329x + 0.1398
c 5 - R2=0.9985
1= *Pb
5 4 mCd
=
3 .
2 .
1 .
O T T T T T T 1
0 10 20 30 40 50 60 70
t (mins)
8 - b
y =0.118x + 0.372
7 R2=0.9989
6 .
5
g’ y =0.1149x + 0.1536
o R? = 0.9996
c 4 -
‘£ ®Pb
2 .
1 .
0 T T T T T T 1
0 10 20 30 40 50 60 70
t (mins)

Figure 5.6: Pseudo-second-order kinetic plot for the adsorption of Pb?* and Cd?* onto (a) biochar

(b) hydrochar, calculated from Equation 5.3
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Pseudo-first-order kinetics | Pseudo-second-order kinetics
Adsorbent | Metals | Qeqexp) | K1 Oeq R? ka Geq R?
(mg/g) | (min?) | (mg/g) (@ mg™*min) | (mg/g)
Biochar Pb%* 7.4 1.07 7.5 0.8188 |12.63x102 |75 0.9985
Cd?* | 6.4 1.27 6.5 0.8814 | 13.48x10% |6.5 0.9991
Hydrochar | Pb** |85 1.57 8.8 0.9323 |85.95x10°% |87 0.9996
Cd?* |78 2.92 8.4 0.9127 | 37.43x10°% |85 0.9989

Table 5.1: Kinetic parameters for the adsorption of Pb?* and Cd?* onto biochar and hydrochar,
calculated from Equations 5.2 and 5.3 using values from Figures 5.5 and 5.6, showing the
correlation coefficients and the theoretical and experimental values for the amount of metal ions

adsorbed at equilibrium.

The details of the diffusion mechanism cannot be identified by the pseudo-first-
order and pseudo-second-order models; therefore an intraparticle diffusion model was
used to analyze the kinetic results to show whether or not the movement of the metal
ions from the aqueous solution into the pores of the chars is the only rate determining
step. If it is, a straight line graph passing through the origin should be obtained [41].
Figure 5.7 shows the intraparticle diffusion plot (q: against t*/2) for the adsorption of the
Pb?" and Cd?* on the biochar and hydrochar. The graphs obtained showed gradual
increase and a plateau, with no zero intercept indicating that metal ion diffusion into
pores is not the dominating factor that controlled the mechanism of the process [24,28].
This is not surprising because the biochar and hydrochar are non-porous. Table 5.2
gives the values for the intraparticle diffusion parameters calculated from the graph.

Adsorbent Metals ko (Mg gt min'?) C (mg/g) R?

Biochar Pb2* 11.90 x 102 6.5 0.6536
Cd?* 11.76 x 107 5.6 0.6904

Hydrochar Pb?* 19.59 x 102 7.1 0.7768
Cd?* 33.39 x 10?2 5.7 0.8751

Table 5.2: Intraparticle diffusion parameters for the adsorption of Pb?* and Cd?* onto biochar and
hydrochar, calculated from Equation 5.4 using values from Figure 5.7. The C values are not zero

indicating that intraparticle diffusion is not the rate determining step of the adsorption processes.
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Figure 5.7: Intraparticle diffusion model for the adsorption of Pb? and Cd?* onto biochar and

hydrochar, calculated from Equation 5.4 showing lines of best fit.
5.3.6 Equilibrium Adsorption Isotherms

The distribution of metal ions between the solid adsorbent and liquid phase is
the measure of the equilibrium position in the adsorption process and can be expressed
using any of the popular isotherm models [42]. In the design of an adsorption system,
this is a basic requirement, as the data obtained give information about the capacity of
the adsorbent for the adsorbate under the system conditions [5]. Therefore, well-known
isotherm models; the Langmuir and Freundlich isotherms were employed to describe
the adsorption characteristic of Pb?* and Cd?* onto the biochar and hydrochar. The
Langmuir isotherm is employed to describe the equilibrium of a homogenous
adsorption surface implying that all the adsorption sites have equal adsorbate affinity
and that adsorption taking place at one site does not affect the adsorption at the
adjacent site. It assumes a monolayer capacity, while the Freundlich isotherm model
assumes the heterogeneity of adsorption surfaces and describes the equilibrium of such
surface. It does not assume monolayer capacity [20]. A summary of the theoretical
parameters for these isotherms and the corresponding correlation coefficient R? for
each of the adsorbates onto the adsorbents is shown in Table 5.3. Figures 5.8 and 5.9
show the linear plots of the Langmuir and Freundlich models for the adsorption of Pb?*

and Cd?* onto the biochar and hydrochar respectively.
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Char Adsorbate Langmuir model Freundlich model
Omax KL R? n Ke R?
(mg/g)
Hydrochar | Pb?* 45.3 0.23 0.9713 | 4.05 15.96 | 0.9579
Biochar Pb?* 313 0.70 0.9988 |4.26 12.80 | 0.8291
Hydrochar | Cd?* 38.3 0.16 0.9625 |3.71 11.67 | 0.9554
Biochar Cd?** 29.9 0.07 0.9151 | 394 7.71 0.8817

Table 5.3: Langmuir and Freundlich isotherm parameters for the adsorption of Pb* and Cd*
onto the biochar and hydrochar, calculated from Equation 5.5 and 5.6 using values from Figures
5.8 and 5.9.

The correlation coefficients (R?) for the adsorption of Pb?" and Cd?* onto the
hydrochar and biochar were higher for the Langmuir model than the Freundlich model,
implying that the adsorption data fitted the Langmuir model better than the Freundlich
model, with maximum adsorption capacities of 45.3 and 31.3 mg/g for Pb?* and 38.3
and 29.9 mg/g for Cd?* on the hydrochar and biochar respectively. This is expected as
an adsorption process that follows the pseudo second-order kinetics also fits the
Langmuir isotherm model and the adsorption process is controlled by chemisorption
[40]. The poor fitting of the adsorption data into the Freundlich model could be
attributed to the fact that the supply of adsorption sites on the adsorbent surface was
not unlimited [17,22]. The biochar and hydrochar used in this study have good
adsorption for Pb?* and Cd?*, this is because, n values between 2-10 have been reported
to indicate good adsorption [24]. The n values for both metal ions in Table 5.3 fall
within this range. Pb?* has a higher adsorption capacity than Cd?*, which is usually
attributed to the metal ion properties, such as, electronegativity and ionic radius [29].
The Pb?* have a better electrostatic interaction with the hydrophilic functional group of
the chars due to its high electronegativity [2], while the hydrated ionic radius of
cadmium (0.275 nm) is higher than that of lead (0.261 nm), which could have caused a
quick saturation of adsorption sites, due to steric hindrance [3]. The hydrochar has a
higher adsorption capacity for both Pb?* and Cd?* than the biochar due to the presence

of more functional groups on the surface [25,43,44].
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Figure 5.8: Linear Langmuir isotherm plot for (a) Pb?*, (b) Cd?* adsorption onto the biochar and

hydrochar, calculated from Equation 5.5 showing lines of best fit.
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Figure 5.9: Linear Freundlich isotherm plot for (a) Pb?*, (b) Cd?* adsorption onto the biochar and

hydrochar, calculated from Equation 5.6 showing lines of best fit.

The adsorption capacities in this study is higher than, or comparable with other
previous studies using carbonaceous or other adsorbent materials (Table 5.4), which
shows that chars prepared under mild condition of microwave-assisted hydrothermal
carbonization and slow pyrolysis of Prosopis africana shell are suitable for the

removal of Pb?* and Cd?* from aqueous solutions.
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Adsorbent Adsorption Capacities (mg/g) | References
Pb2+ Cd2+
Hydrochar from Prosopis africana shell 45.3 38.3 This study
Biochar from Prosopis africana shell 31.3 29.9 This study
Biochars from pinewood 3.9 [22]
Biochars from rice husk 1.8 [22]
Pigeon peas hulls 20.8 - [31]
Activated carbon from tamarind wood 43.9 - [45]
Activated carbon from Ceiba pentandra | - 19.6 [46]
hull
Loess soil - 8.2 [47]
Multiwalled carbon nanotube - 10.9 [14]
Coffee residue - 37.0 [48]
Carbon aerogel 34.7 155 [9]
Chitosan-Pectin pellets 11.2 1.2 [12]
Charcoal 1.2 2.9 [49]

Table 5.4: Adsorption capacities of different adsorbents for Pb* and Cd?*, showing that the

hydrochar and biochar used in this study have higher or comparable adsorption capacities.

5.3.7 Thermodynamic Studies

The thermodynamic parameters, Gibbs free energy (AG®), enthalpy (AH®) and
entropy (AS®) are useful in defining whether an adsorption process is endothermic or
exothermic, and if properly studied can give in-depth information about the inherent
energy and structural changes after adsorption [31]. In environmental engineering
practice, determination of both energy and entropy factors is very important and must

be carried out in order to know the processes that are spontaneous [50].
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The effect of temperature on the adsorption process carried out at 22, 30, and
35 °C for 30 minutes using 50 mL of 10 mg/L of the adsorbate solutions and 0.05 g of
adsorbent at pH 6 and 8 for Pb?* and Cd?* respectively are shown in Figure 5.10. The
adsorption of both Pb* and Cd?* onto the hydrochar and biochar increased slightly
with increase in temperature, indicating an endothermic process. The adsorption
capacity of Pb?* increased from 8.5-9.0 mg/g on the hydrochar and 7.4-8.1 mg/g on the
biochar, while that of Cd?* increased from 7.8-8.3 mg/g on the hydrochar and 6.4-7.0
mg/g on the biochar at 22 °C and 35 °C respectively. The results obtained in this study
are consistent with Mohan et al. [20] in which adsorption increased with increase in

temperature for oak wood and oak bark chars in the temperature range of 5-40 °C.

10

Oeq (MQ/g)

o | — @ Hydrochar (Pb)
‘7// M Biochar (Pb)
T Hydrochar (Cd)

@Biochar (Cd)

40

T (°C)

Figure 5.10: Effect of temperature on adsorption of Pb* and Cd?" onto biochar and hydrochar.
The adsorption of the metal ions increased slightly as temperature increases showing that the

adsorption processes are endothermic (n=3).

The values of the thermodynamic parameters (AG°, AH® and AS°) of the
adsorption of Pb?" and Cd?* onto the hydrochar and biochar were obtained from the
van’t Hoff plots (InKeq against 1/T) in Figure 5.11 and are presented in Table 5.5. The
negative values of AG® indicates that the adsorption of Pb?* and Cd?* onto the biochar
and hydrochar were spontaneous [22,28]. The decreasing (increasingly negative)
values of the Gibbs free energy with increasing temperature is an indication that higher
temperatures favour the adsorption processes of both metal ions onto the hydrochar and

biochar [19,31]. The positive values of AH® further confirm the endothermic nature of
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the adsorption of Pb?" and Cd?* onto the hydrochar and biochar which the effect of
temperature on the adsorption process earlier indicated. AS® values on the other hand
are also positive indicating an increase in randomness at the interface of the solid/liquid
during the adsorption process of Pb?* and Cd?* onto the biochar and hydrochar, which
shows the good affinity of the adsorbents for the adsorbed species [28,31]. The trend
observed in this study for the thermodynamic parameters is consistent with previous

reports in metal ion adsorption [28,31].
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Figure 5.11: van’t Hoff plot for (a) Pb%, (b) Cd?* adsorption onto biochar and hydrochar,

calculated from Equation 5.10.
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Adsorbent | Heavy Temperature | Thermodynamic Parameters
Metal (K)
AG® (kJ/mol) | AH® (kJ/mol) | AS° (J/molK)
Biochar Pb?* 295 -1.10 9.82 36.99
303 -1.39
308 -1.57
Cd* 295 -0.60 6.71 24.79
303 -0.80
308 -0.93
Hydrochar Pb?* 295 -1.81 11.17 44,01
303 -2.17
308 -2.39
Cd?®* 295 -1.34 5.23 22.28
303 -1.52
308 -1.63

Table 5.5: Thermodynamic parameters for Pb? and Cd? adsorption onto the biochar and

hydrochar, calculated from Equation 5.10 using values from Figure 5.11. The negative values of

AG® show that the adsorption processes are spontaneous, while the positive values of AH® indicate

endothermic process. The positive values of AS® shows increase in randomness at the interface of

the solid/liquid during the adsorption process.

5.4 Conclusion

In this study, biochar and hydrochar prepared from pyrolysis and microwave-

assisted hydrothermal carbonization of a waste material (Prosopis africana shell)
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respectively have been used to adsorb metal ions from aqueous solution using a batch
adsorption process. The result shows that the adsorption of the metal ions is dependent
on the pH of the solution, with the adsorption decreasing in more acidic solutions and
was rapid for the first 30 minutes after which equilibrium was attained. The uptake of
the metal ions depends appreciably on the amount of the adsorbent. Interestingly, the
hydrochar from the microwave-assisted hydrothermal carbonization, which is a green
chemistry approach, was capable of adsorbing the metal ions more effectively from
aqueous solution than the biochar, because of the presence of more functional groups
on the surface. The kinetics of the adsorption of the heavy metals followed the pseudo-
second-order rate expression and the adsorption data could be better described using
the Langmuir model than the Freundlich model with the maximum adsorption
capacities of 45.3 and 31.3 mg/g for Pb?" and 38.3 and 29.9 mg/g for Cd?** on the
hydrochar and biochar respectively from single component solution, which is higher
when compared with some adsorbent materials previously reported. The
thermodynamics study shows that the adsorption process for both metal ions was
spontaneous and endothermic. The results indicate the possibility of using low cost
carbonaceous materials produced from plant residue or agricultural waste under mild
conditions like these as effective adsorbents for water treatment and purification, and

could be an attractive alternative, especially in developing countries of the world.
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Chapter 6
Preparation of Mesoporous Carbon Monolith from Waste Plant Material
6.1 Introduction

The carbon materials prepared in Chapter 4 of this thesis are non-porous and in
powder-like form which makes it difficult for the direct use of these materials in
certain applications. Production of porous carbon materials from cheap naturally
occurring precursors through environmentally friendly processes is a hot topic in
modern materials science. Porous materials are generally classified based on the size of
their pores (micro- < 2 nm), meso- 2-50 nm, and macroporous > 50 nm) and are
widely considered as promising adsorbents due to their unique properties, such as, high
surface areas, large pore volumes, regular and tunable pore sizes, and the well-arranged
porous structure which can easily be modified or functionalized to fit into different
kinds of purpose [1,2]. This study presents a novel concept using readily available and
sustainable organic waste material as a precursor for the synthesis of porous carbon
monolith. It aimed at providing a cost effective strategy for the production of advanced
material through a green process which does not involve the use of too many chemicals,
and also provides a platform for converting waste material into a useful form for

different applications, therefore reducing environmental pollution.

Carbon monoliths with mesostructure have received widespread interest due to
their structural features, such as, high surface area, high thermal stability and chemical
inertness, and their promising applications as adsorbents, catalyst support, and
electrode materials for electrochemical double-layer capacitors (EDLCs) [3-6].
Nanocasting methods utilising mesoporous silica materials as “hard template” have
been the traditional way of preparing these materials. This method however, is costly
and involves several steps to prepare the scaffolds which are normally sacrificed along
with the surfactant templates [3]. The pore system of the mesoporous carbon is
inversely replicated from the silica template and the morphology of the silica is usually
preserved in the carbon, making it difficult for the direct control of the mesostructural
property and morphology [7]. The use of mesoporous silica material is unsuitable as a
template from the standpoint of morphology control because it is difficult to
impregnate the pores of silica membrane with carbon precursor, and thus to maintain

the continuous membrane and membrane adhesion to the substrate [7]. Silica monoliths
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have been used in the past to fabricate corresponding carbon monolith using different
approaches [8-14], the long processing time and high-cost of the synthesis makes it
difficult for the method to be employed for large scale manufacturing of the materials
[15]. This drawback has stimulated the search for the development of alternative time-
saving and scalable synthesis of mesoporous carbon monoliths [15]. The “soft-template”
method is expected to be more flexible in the synthesis of monolithic carbon materials
in terms of scaling up and lowering the cost [3,16]. It is a method of organic-organic
self-assembly involving the use of polymerizable precursor and block copolymer
templates based on the principle of liquid-crystal templating [3]. This soft-template
approach in general, uses cross-linked polymeric materials, such as, resorcinol-
formaldehyde [3], resorcinol-phloroglucinol-formaldehyde [7], phenol-formaldehyde
[4], as the carbon-yielding component and amphiphilic block copolymer usually F127
[3,5-7], CTAB [17], P123 [18], and mixed F127and P123 [4], as pore-forming
component. The acidic route in particular affords carbons with better-developed
mesostructure than that prepared under basic conditions [16]. Using the soft-template
approach a family of mesoporous carbons have been synthesised using the
hydrothermal approach [3-6,15], aqueous reaction routes under atmospheric pressure at
relatively low temperatures [19,20], or via the evaporation-induced self-assembly
(EISA) [21-23].

Hydrothermal synthesis route has also been extensively used in the preparation
of carbonaceous material, as well as in the inorganic synthesis of nanomaterials,
zeolites, ion-conductors and catalysts under controlled temperature and pressure [24-
28]. This powerful method is faster and more energy efficient than conventional
aqueous chemical processing conditions [4]. Evaporation-induced self-assembly (EISA)
method on the other hand has been used recently and has proven to be an attractive
alternative to the synthesis of carbon film and monoliths, although structural
disfigurement of the resultant materials always take place [29]. The direct synthesis of
mesoporous carbon with well-ordered pore systems and perfect macroscopic
morphologies using EISA still pose a great challenge, because of the difficulty in
controlling the solvent evaporation rate [3].

The use of microwave heating and waste plant materials as carbon precursor in
the synthesis of carbon monolith to the best of my knowledge is absent in literature,
despite the advantages of using microwave heating over the conventional oven heating,
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and the reduction in cost of production the use of readily available and sustainable
waste plant materials as carbon precursors will bring into the synthesis of monolithic
carbon materials. It would therefore be significant, if the carbon monoliths could be
synthesised through a one-step process that is economical and convenient like using
microwave heating in place of the conventional oven heating and using a waste plant

material as carbon precursor.

In this chapter, the aim is to use microwave-assisted hydrothermal process
and the evaporation-induced self-assembly (EISA) approach to prepare carbon
monoliths from waste plant material. The effect of different conditions, namely
microwave temperature and time, and the ratio of the waste plant material to the

template (pluronic F127) on the synthesis will also be considered.

6.2 Synthesis Routes for the Formation of Mesoporous Carbon Monolith
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Figure 6.1: Formation of mesoporous carbons monolith through different routes. Temperature
and pressure enhances the polymerization rate under the microwave-assisted route making it
faster than the EISA route in which the evaporation of the solvent drives the assembly between the

reacting molecules.
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The synthesis route for the formation of carbon monoliths with mesostructure
through organic-organic self-assembly is by strong and collective interactions
involving the reacting species [21]. The formation routes for carbon monoliths with
mesostructure is shown in Figure 6.1. In the first instance, polymerization slowly takes
place between the carbon precursors (e.g. resorcinol and formaldehyde) forming water-
soluble oligomers which have plenty of hydroxyl groups. These hydroxyl groups are
capable of interacting through hydrogen bonding with the polyethylene oxide (PEO)
segments of the amphiphilic triblock copolymer [30]. A strong interaction between the
oligomers and the template would result and drive the assembly process between the
(resorcinol-formaldehyde) polymer and the pluronic F127 [31]. The processing
condition of the phase-segregated polymer phase determines the periodicity and the
pore size distribution of the resulting carbon materials [3]. It is expected that under the
microwave-assisted hydrothermal synthesis, the temperature and pressure play an
important role in enhancing the interactions between the molecules, thereby inducing a
faster rate of polymerization, and this can accelerate the phase separation. The reaction
mixture, which is homogenous, separates slowly into two distinct layers, the upper
layer made up of ethanol and water, and the lower layer made up of polymer/F127. A
polymer monolith with rigid mesostructure is obtained from the lower phase on further
polymerization. This results in increased tolerance to internal pressure during the
drying and carbonization process, leading to the absence of macrocracks accompanying
the uniform structural shrinkage. The template decomposes on carbonization changing

the polymer monolith to a carbon monolith leading to the formation of mesopores [3].

In the case of the evaporation-induced self-assembly, the evaporation of the
solvent drives the assembly between the oligomers and F127. The challenge in using
evaporation-induced self-assembly is the difficulty in controlling the rate of
evaporation due to the shape of the mould which makes the reaction mixture only have
a small area in contact with the atmosphere and also due to the presence of water and in
such situation it is difficult for phase separation to reach equilibrium, except if an
external force is applied such separation could be facilitated resulting in a higher

ordered structure [3].
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6.3 Materials and Methods
6.3.1 Materials

Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) triblock
copolymer Pluronic F127 (EO106PO70EO106) and resorcinol were purchased from
Sigma Aldrich, UK, formaldehyde and ethanol were purchased from Fischer Scientific,
UK, while 37 % hydrochloric acid was purchased from Romil, UK. The Prosopis
africana shell is a waste plant material of Nigerian origin. It was collected in Benue
State, Nigeria and was dried, crushed and sieved to 212 um size. The Prosopis

africana shell has been described in Chapter 4.
6.3.2 Methods
6.3.2.1 Microwave-Assisted Hydrothermal Synthesis of Carbon Monolith

The synthesis was carried out in microwave oven (MARS, CEM, Milton
Keynes, UK equipped with XP1500 digestion vessels). The pressure was monitored in
the reference vessel during the reaction using a pressure sensor, while the temperature
was monitored using an infrared fibre optic sensor installed in a ceramic sleeve in the

same vessel. The microwave power used was 400W.

In order to study the effectiveness of microwave heating in the hydrothermal
synthesis of carbon monolith, before using waste plant material as carbon precursor in
such synthesis, a repeat of previously reported method by Liu et al. [3] using
conventional oven heating was carried out in the microwave oven. In a typical
synthesis, 2.5 g of pluronic F127 and 1.65 g of resorcinol were dissolved in a mixture
of deionised water and ethanol (20 mL each). A colourless solution was obtained after
the mixture was stirred for about 15 minutes. 0.2 g of 37 % hydrochloric acid was then
added to the resulting solution. It was then stirred for 1 hour, after which 2.5 g of
formaldehyde was added in dropwise. The reaction mixture was vigorously stirred for
another 1 hour and it was poured into a microwave reaction vessel made of Teflon. It
was then placed in a microwave. The mixture was heated between 50-100 °C in the
microwave which was set to ramp to a given temperature in 5 minutes and was held at
the given temperature for 5-20 minutes. The maximum pressure attained during the
process was 0.32 MPa. The reaction system was allowed to cool down to room

temperature and the resulting polymer monolith was collected by filtration using
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Whatman filter paper number 3, ashless 11 cm, washed several times with de-ionised
water, poured into a mould and dried in a conventional oven at 50 °C for 12 hours, and
then 80 °C for 12 hours. This made the colour of the polymer monolith to change from
cream to orange. After this, the resulting polymer monolith was carbonized in a tubular
furnace under an inert environment of nitrogen flow with a heating rate of 5 °C/min,
and then keeping the temperature at 600 °C for 6 hours to obtain the carbon monolith.
The synthesized carbon monolith were denoted as CMx.y, where x and y represent

temperature and time in the microwave respectively.

For the microwave-assisted hydrothermal synthesis of carbon monolith using
waste plant material as carbon precursor, the method of Liu et al. [3] was also adopted
with modification. In a typical synthesis, 2.5 g of the pluronic F127 was dissolved in a
mixture of deionized water and ethanol (20 mL each). 2.5-7.5 g of Prosopis africana
shell was added. This was followed by the addition of 0.2 g of 37 % hydrochloric acid.
The reaction mixture was then stirred for 1 hour and was poured into the microwave

reaction vessel made of Teflon and treated the same way as stated above.
6.3.2.2 Evaporation-Induced Self-Assembly Synthesis of Carbon Monoliths

The method of Liu et al. [3] was adopted, but the carbon precursor in this study
is a waste plant material. In a typical synthesis, 2.5 g of the pluronic F127 was
dissolved in a mixture of deionized water (20 mL) and ethanol (20 mL) in a conical
flask. 2.5 g of Prosopis africana shell was added. This was followed by the addition of
0.2 g of 37 % hydrochloric acid. The reaction mixture was then stirred for 1 hour and it
was left open for 72 hours at room temperature to enable the ethanol to evaporate. The
reaction mixture was then transferred into moulds of different sizes and dried in a
conventional oven at 50 °C for 12 hours and 80 °C for 12 hours. The obtained monolith
was carbonized in a tubular furnace under an inert atmosphere of nitrogen flow with
the heating rate of 5 °C/min, and keeping the temperature at 600 °C for 6 hours to
obtain the corresponding carbon monolith.

6.4 Characterization

The characterization of the materials was carried out using a wide range of
instruments. N2 adsorption and desorption isotherms were measured on a

Micromeritics Tristar BET-N2 surface area analyser, before carrying out the analysis
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the samples were degassed at 120 °C for 3 hours. The Brunauer-Emmett-Teller (BET)
model was used for calculating the specific surface area (Sget), while the pore size
distributions were calculated using the Barett-Joyner-Halenda (BJH) model. Fourier
transform infrared (FT-IR) spectra were collected on a Thermoscientific Nicolet 380
FT-IR using KBr pellets of the solid samples. Each sample was investigated in the
wavenumber range of 4000-525 cm™ using 16 scans at a spectral resolution
wavenumber of 4 cm. The morphology and particle size was visualised using a ZEISS
EVO 60 scanning electron microscopy (SEM), the samples were coated with gold and

platinum alloy and impregnated on a sticky disc before analysis.

6.5 Results and Discussion

6.5.1 Microwave-Assisted Hydrothermal Synthesis of Carbon Monolith using

Resorcinol and Formaldehyde as Carbon Precursor
6.5.1.1 Effect of Temperature on the Synthesis

At a reaction temperature of 50 °C for 5-20 minutes, no phase separation was
observed in the microwave vessel, this could probably be because the temperature and
pressure generated were not sufficient or too low to enhance the polymerization
reaction between the hydroxyl group of the oligomer and the polyethylene oxide (PEO)
segment of the template [3]. At 75 °C for 20, 15, 10 and 5 minutes, a small amount of
cream gel-like product was obtained, but on drying in the oven at 50 °C for 12 hours
and 80 °C for 12 hours, it turned to an orange gel which attached to the walls of the
mould and could not be removed for further study, which could be attributed to the
formation of lowly cross-linked resorcinol-formaldehyde polymer [5], indicating that
the polymer monolith was not rigid enough and required further polymerization. At
100 °C, a large amount of cream gel-like product was obtained, which on drying in the
oven at 50 °C for 12 hours and 80 °C for 12 hours turned to a solid orange polymer
monolith which took the shape of the mould in which it was dried. Irrespective of the
time, microwave-assisted hydrothermal synthesis at 100 °C produced a rigid polymer
monolith; the difference was only in the yield. At 120 °C for 20, 15, 10 and 5 minutes,
the product obtained was an orange foam-like solid, which could probably be because

the temperature and pressure were too high for the polymerization process.
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6.5.1.2 Effect of Time on the Synthesis

The effect of time on the microwave-assisted hydrothermal synthesis was
investigated at a constant temperature of 100 °C, since this temperature was found to be
optimal for the synthesis, while the time for the synthesis was varied from 5-20
minutes. The yield increased with time until 20 minutes, and after that the yield was
almost the same as that of 20 minutes and because of this, syntheses above 20 minutes
were not investigated further. All carbon monoliths synthesized at 100 °C showed a
Type 1V isotherm based on the IUPAC system of classification [32] with capillary
condensation at P/Po = 0.5-0.8 and pore size distribution in the range of 6.4-7.7 nm
(Appendix 1-4), while the SEM images (Appendix 5) of all the synthesized monoliths
were made up of microspheres of different sizes in the range of 10-20 um. Table 6.1
shows a summary of the structural properties for the carbon monoliths prepared by
varying the time at 100 °C. Due to the similarities in the properties of the synthesized
carbon monolith further discussion was limited to the synthesis at 100 °C for 20

minutes (CM100-20) Which was found to have the highest yield for the synthesis in this

study.

Carbon Yield BET Pore Total aMlicropore | PMesopore
Monolith | (%) surface size pore volume volume
(100 °C) area (nm) | volume | (cm®qg) (cmd/g)

(m?/g) (cm*/g)

CMag0-20 55+0.50 | 697+36 6.4+0.0 | 0.85+£0.12 | 0.14+0.08 | 0.71+0.04
CMu00-15 54+1.05 | 66528 6.5+0.1 | 0.75+0.05 | 0.14+0.10 | 0.61+0.15
CMaoo-10 51+0.75 | 646+42 7.7£0.5 | 0.67£0.05 | 0.15£0.02 | 0.52+0.07
CMao0-5 47+2.33 | 63035 7.7+0.3 | 0.58+0.03 | 0.13+£0.03 | 0.45+0.06

2The micropore volume was calculated from the t-plot method.

bThe mesopore volume is the difference between the total pore volume and the micropore volume.

Table 6.1: Structural properties for microwave-assisted carbon monoliths using resorcinol and

formaldehyde as carbon precursor
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Figure 6.2 (a and b) shows the photographs of the polymer monolith and the
corresponding carbon monoliths respectively. The polymer monoliths (Figure 6.2 a)
showed good bulk macroscopic appearance and are very stable and crack-free. The
shape of the polymer monoliths can be changed by changing the shape of the moulds.
The carbon monoliths (Figure 6.2 b) obtained after carbonization at 600 °C for 6 hours
remained crack-free, although the volume shrinks to about 50%, while the colour
changes from orange to black, the monolithic morphology was still preserved. The high
yield for the carbon monolith and the relatively high speed of the microwave-assisted

hydrothermal route suggest that this synthetic route could be of importance for the

large-scale production of mesoporous monolithic carbon materials [4].

Figure 6.2: Photographs of (a) polymer monolith (b) carbon monolith from microwave-assisted
hydrothermal synthesis using resorcinol and formaldehyde as carbon precursor. The carbon
monolith remained stable, crack-free, and maintained the monolithic shape despite the shrinkage

during the high temperature carbonization.

The scanning electron microscope (SEM) provided more information about the
structural morphologies of the carbon monolith. The SEM of the polymer monolith
Figure 6.3 (a), shows a material that is non-porous. After carbonization, Figure 6.3 (b),
porous carbon monoliths with fused sphere-like microparticles of different sizes (10-20
pum) were obtained, which result from the decomposition of the template (Pluronic
F127) during the carbonization process opening up the pores, and leaving behind the
carbon precursors which grew into the sphere-like microparticles and also remained as

carbonaceous pore wall [7].
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Figure 6.3: SEM images of (a) polymer monolith (b) carbon monolith from microwave-assisted
hydrothermal synthesis using resorcinol and formaldehyde as carbon precursor. The template
decomposed on carbonization forming the pores as seen in the carbon monolith leaving the carbon

precursor that formed the pore walls.

A further insight into the changes in the material and pore generation on
carbonization was provided by the nitrogen sorption measurements performed on the
polymer and carbon monoliths. Figures 6.4 (a-c) show the N, adsorption-desorption
isotherms of the polymer monolith, carbon monoliths, and the pore size distribution of
the carbon monolith. The polymer monolith showed a Type Il isotherm, which is a
typical isotherm for a non-porous material [32], while a typical Type-1V isotherm with
a hysteresis loop, which is a characteristic exhibited by mesoporous materials was
obtained for the carbon monolith [5], with a clear step which is associated with the
filling of mesopores due to capillary condensation at approximately P/Po = 0.5-0.8,
suggesting the synthesized carbon monolith has a uniform mesopore [4]. It has a
narrow pore size distribution of 6.4 nm and BET surface area of 697 m?/g. It has been
reported that mesoporous carbonaceous material obtained using triblock copolymers as
template also possess micropores [33,34]. The increase in the amount of gas adsorbed
at low relative pressure (P/Po < 0.1) for the carbon monolith (Figure 6.4 b) confirms the
presence of the micropores in the framework [3]. The high surface area and pore
volume (Table 6.1) is an indication that the synthesized carbon monolith would exhibit
excellent performance in applications, such as, adsorption of pollutants, energy storage

and catalysis [4,35].
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Figure 6.4 (a): Nz adsorption-desorption isotherm of polymer monolith, showing a Type Il

isotherm which is a characteristic exhibited by a non-porous material.
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Figure 6.4 (b): N2 adsorption-desorption isotherm for carbon monolith, showing a Type IV

isotherm with a hysteresis loop, which is a characteristic exhibited by mesoporous materials. The

increase in gas adsorption at P/Po < 0.1 indicates the presence of micropores.
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Figure 6.4 (c): Pore size distribution for carbon monolith from microwave-assisted hydrothermal
synthesis using resorcinol and formaldehyde as carbon precursor, showing a narrow pore size of

6.4 nm which is in the mesopore range.

The FTIR-KBr analysis gave further insight into the chemical composition of
the carbon monolith. Figure 6.5 shows the FT-IR spectra of the polymer monoliths (red)
and the corresponding carbon monolith (green). The spectra have different shapes,
indicating a clear change in the framework. The determination of the main functional
groups for a given wavelength is based on previous report [3,5] and summarized in
Table 6.2. A broad band present at about 3600-3000 cm™ is due to —OH stretching,
showing the presence of a large number of phenolic groups in the polymer monolith.
The peaks at about 1600-1400 cm™ are due to the C-C stretching vibration of tri-
substituted aromatic ring structure of phenolic resin framework of the resorcinol-
formaldehyde, were retained after carbonization indicating the aromatic nature of the
carbon monolith. The peaks at about 1200-950 and 3000-2800 cm™ which could be
assigned to the C-O and C-H stretching vibrations arising from the triblock copolymer
F127 also disappeared in the carbon monolith confirming the removal of F127 by
decomposition after the carbonization. The peaks below 950 cm™ are due to aromatic

C-H bending vibrations.
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Figure 6.5: FTIR-KBr spectra of polymer monolith (red) and carbon monolith (green) from

microwave-assisted hydrothermal synthesis, showing the different sections and the changes in the

spectra due to the decomposition of the template during the carbonization process (assignment of

functional group is in Table 6.2).

Section

Wavelength range (cm™)

Functional group

Description

3600-3000

O-H stretching

Due to the presence of a
large number of phenolic
groups in the polymer
monolith

3000-2800

C-H stretching

Due to the stretching vibrations
of C-H bond in the triblock
copolymer F127

1600-1400

C-C stretching

Due to the stretching
vibration of tri-substituted
aromatic ring structure of
phenolic resin framework of
the resorcinol-formaldehyde

1200-950

C-O stretching

Due to the stretching vibrations
of C-O bond in the triblock
copolymer F127

<950

C-H bending

Due to aromatic C-H

bending vibrations

Table 6.2: Assignment of the main functional groups to FTIR-KBR peaks of microwave-assisted

hydrothermal synthesis using resorcinol and formaldehyde as carbon precursor.
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The results obtained in this study in minutes using the microwave-assisted
hydrothermal carbonization is consistent with previous reports in literature which took
days and hours using the conventional method of oven heating [3,4]. Therefore, the use
of microwave heating could be a time saving strategy in the synthesis of monolithic
carbon materials. However, the microwave-assisted hydrothermal synthesis using
waste plant material as carbon precursor was unsuccessful because the as-synthesized
monolith cracked, which could be attributed to the low solubility of the waste plant
material in water, coupled with a steric hindrance, due to the large amount of the
groups present within the waste plant material (Prosopis africana shell), making the
fabrication of a crack-free monolith difficult at the applied temperature and pressure
[36]. This feature could limit the use of biomasses in the hydrothermal synthesis of
monolithic carbon material. However, when the evaporation-induced self-assembly
(EISA) approach was used in the synthesis of carbon monolith using waste plant
material (Prosopis africana shell) as a source of cheap and readily available carbon
precursor in replace of widely studied resorcinol and formaldehyde, a crack-free
carbon monolith was obtained and the result for the synthesis is discussed below.

6.5.2 Evaporation-Induced Self-Assembly Synthesis of Carbon Monoliths using
Waste Plant Material as Carbon Precursor

As mentioned earlier, the aim of this chapter is to use a waste plant material as
carbon precursor in the synthesis of carbon monolith. The reason for this is because, it
is thought that the high numbers of hydroxyl groups of the oligomers present in the
plant material will provide the great driving force needed for the self-assembly
interaction with the polyethylene oxide (PEO) segments of the amphiphilic triblock
copolymer through hydrogen bonding [30]. This factor is very important for the
preferential organisation of the carbon precursors according the spatial arrangement of
the hydrophilic block of the F127 [3]. It is also believed that the oligomers in the plant
material in addition, can further polymerize to thermosetting polymers with cross-
linked nanostructure, resulting in high carbon content and mesoporous structure after

carbonization in an inert atmosphere.
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Figure 6.6: Photographs of (a) as-synthesized monolith (b) carbon monolith from evaporation-
induced self-assembly using waste plant material as carbon precursor. The carbon monolith

remained crack-free despite structural shrinkage during the high temperature carbonization.

Photographs of the as-synthesized and the corresponding carbon monoliths are
shown in Figure 6.6. Very stable carbon samples that retained the shape of the
monolith were obtained after carbonization. However, the volume shrinks to about 75%
of the original volume. Despite the reduction in volume during the carbonization

process, the carbon monolith remained crack-free indicating high thermal stability.

Figure 6.7: SEM images of (a) as-synthesized monolith (b) carbon monolith from evaporation-
induced self-assembly using waste plant material as carbon precursor, showing the change in

morphology of the monolith after the decomposition of the template during carbonization.

The scanning electron microscope (SEM) provided information about the
structural morphologies of the synthesized material. Figure 6.7 shows the SEM images
of the as-synthesized (a) and the carbon monolith (b). The as-synthesized monolith

shows a network of fibrous structures typical of lignocellulosic material, while small
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sphere-like microparticles ~1 um in diameter were seen on the surface of the carbon

monolith resulting from the evolutional development of plant tissue [35].

The N2 adsorption-desorption isotherm of the as-synthesized and carbon
monolith shown in Figures 6.8 (a-c) gave a further insight into the porosity of the
material. A Type Il isotherm was obtained for the as-synthesized monolith, implying
that it is non porous, while a Type-IV isotherm was obtained with hysteresis loop and a
clear capillary condensation step at P/Po ~0.4-0.8, which is a characteristic exhibited
by mesoporous materials [5], was obtained for the carbon monolith. It has a narrow
pore size distribution centred at 6.5 nm calculated using the BJH method indicating
uniform mesopore, with a surface area of 219 m?/g and a total pore volume of 0.21
cm?/g. The pore system of the carbon monolith is almost completely mesopores, as it
contains very few numbers of micropores from the t-plot analysis (Table 6.3).
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Figure 6.8(a): N2 adsorption-desorption isotherm of the as-synthesized monolith, showing a Type

Il isotherm which is a typical isotherm exhibited by a non-porous material.
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Figure 6.8(b): N2 adsorption-desorption isotherm of the carbon monolith, showing a Type IV
isotherm with a hysteresis loop which is typical of a mesoporous materials. The increase in gas

adsorption at P/Po < 0.1 indicates the presence of micropores.
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Figure 6.8(c): Pore size distribution of the carbon monolith from evaporation-induced self-
assembly using waste plant material as carbon precursor, showing a narrow pore size in the

mesopore range.

146



F127:Prosopis | Surface Pore Size | Total Pore | 2Micropore bMesopore
africana shell | Area (m?g) | (nm) Volume(cm?®/g) | volume (cm®/g) | volume (cm?g)
11 219+12 6.5£0.0 0.21+0.01 0.05+0.00 0.16x0.01

1:2 146+8 6.5+0.1 0.18+0.02 0.03+0.01 0.15+0.01

1:3 0.14+0.04 - - - -

2The micropore volume was calculated from the t-plot method.
®The mesopore volume is the difference between the total pore volume and the micropore volume.

Table 6.3: Structural properties for carbon monoliths by evaporation-induced self-assembly using

waste plant material as carbon precursor

The effect of different conditions on the synthesis was investigated by varying
the ratio of the plant material to the pluronic F127. This is because to obtain a
mesostructure based on the principles of organic-organic self-assembly the carbon
precursor is very important [3]. The time for the reaction was also varied from 24-72
hours. As the amount of the waste plant material used was increased to 5 g, while the
amount of the pluronic F127 was kept constant (ratio 1:2 of template:waste plant
material), the synthesised carbon monolith was still mesoporous and also has a narrow
pore size distribution of 6.5 nm as shown in Figures 6.9 (a and b), however the surface
area reduced to 146 m?/g, which was due to the increase in the amount of plant material
used to the template which is the pore forming component. An important criterion to
use the template successfully is to adequately load the precursors into the porous
network, which is normally carried out by an efficient impregnation of the solution
within the pores of the template avoiding as much as possible only surface coating [36].
When 7.5 g of the plant material was used (ratio 1:3); a non-porous material was
obtained (Table 6.3). Figures 6.10 (a-c) shows that as the ratio of the Prosopis africana
shell to the pluronic F127 increased the morphology of the obtained carbon monolith
becomes non-porous and more plant-like, obviously due to the increase in the amount
of the Prosopis africana shell added and also indicating that the amount of template
used is insufficient for the waste plant material. These results show the possibility of
easily changing the surface area, pore size distribution and pore volume of carbon
monoliths, without necessarily changing the monolithic aspect and the macro-
morphology, which could help in tailoring the porous structure to fit into specific

applications [36]. The summary of the structural properties for the different ratios is
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given in Table 6.3. For the effect of time, when 24 and 48 hours were used, the
synthesized carbon monolith cracked and when the time was more than 72 hours no
significant difference was observed in the carbon monolith. In this study, the optimal
reaction condition was found to be ratio 1:1 (template:plant material) and a reaction

time of 72 hours.
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Figure 6.9 (a): N2 adsorption-desorption isotherm of carbon monolith obtained using ratio 1:2 of
template:waste plant material. The carbon monolith exhibits a Type 1V isotherm with a hysteresis

loop which is typical of a mesoporous material.
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Figure 6.9 (b): Pore size distribution for carbon monolith obtained using ratio 1:2 of

template:waste plant material, showing pore size in the mesopore range.
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Figure 6.10: SEM images of carbon monoliths using different ratios of template:waste plant

material (a) 1:1 (b) 1:2 (c) 1:3, showing the absence of pores in (c).

The FTIR-KBr analysis gave further insight into the chemical composition of
the carbon monolith. Figure 6.11 shows the FT-IR spectra of the as-synthesized (red)
and the carbon monoliths (blue). The spectra have different shapes due to change in
framework and high carbon content after carbonization. The determination of the main
functional groups for a given wavelength is based on a previous report by Liu et al. [3]
and as reported in Chapter 4. A broad band at about 3400 cm™ is due to the —OH
stretching of the phenolic groups in the as-synthesized monolith. The peaks at about
1600-1500 and 1450-1200 cm™ are due to the C=C stretching vibration of the aromatic
structure in the plant material, and C-H bending vibration of aliphatic structures in the
pluronic F127 and the plant material respectively. The peaks at 2900 and 1000 cm™
which are respectively due to the C-H and C-O stretching vibrations in the plant
materials and F127 almost disappeared after carbonization confirming template
decomposition. The peaks below 1000 cm™ are due to aromatic C-H bending vibrations.
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Figure 6.11: FTIR-KBr spectra showing the main functional groups in the as-synthesized (red)

and carbon monolith (blue) using waste plant material as carbon precursor

6.6 Conclusion

Microwave-assisted hydrothermal method employing triblock co-polymer F127
as template and rescorcinol and formaldehyde as carbon precursors, and evaporation-
induced self-assembly using a waste plant material as a carbon precursor have been
used to synthesise carbon monoliths. The preliminary results showed that the
microwave-assisted hydrothermal process has an excellent advantage in the synthesis
of carbon monolith, as it requires shorter time to obtain similar results as those
obtained via the conventional hydrothermal route using oven heating, while the
evaporation-induced self-assembly approach offers a new route to the synthesis of
carbon monolith with high surface area and good mechanical stability when compared
to the hydrochar and biochar from the same material and this can improve the

performance of such carbon materials.
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Chapter 7

Composting of Prosopis africana Shell and Effect of Organic Pollutant on

Composting Process
7.1 Introduction

In the previous chapters the waste material (Prosopis africana shell) was
processed by pyrolysis, but this method requires specific technology and energy input.
Composting is a well proven process for transforming waste into a useful material and
its application for treating metal contaminated soils has been studied in detail as
reported in the literature and also at Hull [1]. Unlike pyrolysis treatments, composting
represents a simple technology and low cost approach in waste management. It
provides a platform for the sustainable reuse of the biodegradable fraction of the
organic waste materials which is both microbial and nutrient rich. Details of the
process have already been carried out in Chapter 1 (1.3.4). Composting has been
shown to improve soil properties, contribute to the partial dissipation of organic
pollutants through concentration decrease, suppress most pathogenic organisms,
decrease the bioavailability of heavy metals, and stabilizes the organic material in the
final compost before being applied in soils [2-4]. However, even with a developed
technological infrastructure, the resultant material (compost) can be difficult to utilise
if there are no sufficient markets or outlets for its use. Therefore, one of the potential
challenges with composted materials is to develop suitable end uses for the material
generated. The addition of selected organic substrate (amendment) to enhance the
bioremediation process can improve the products and overcome any drawback in the
process efficiency [5].

For the composting process to be successful and applied in the bioremediation
of contaminated sites and soils, a number of physical, chemical, and biological factors
that determine the microbial accessibility to the target molecules are very important
[6,7]. The bioavailability of the pollutants, the nature and content of the waste or soil
organic matter, which is largely composed of humic acids (HAs) have important roles
to play [8-10]. The presence of organic matter would appear to greatly enhance the
removal of organic pollutant [11], however, the exact mechanisms regarding the
removal are still not very clear. The mechanisms for the removal of organics include

complete or partial mineralisation or fixation to organic matter as non-extractable
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residues (NER) [2,12]. However, the results of such bioremediation approaches are
contradictory. For example, Joyce et al. [13] showed that generally PAHs were
removed during the active composting phases with scant removal during the latter
curing phases while, Sayara et al. [5] recommended the use of mature compost as
opposed to immature compost for the removal of PAHs. Therefore, conclusions

between studies may vary due to the different experimental/analytical approaches used.

Environmental pollution resulting from organic pollutants is a major problem in
Nigeria due to her huge natural resources. Petrochemical pollution from oil spillage
which is one of the anthropogenic sources of organic pollutants, mostly polycyclic
aromatic hydrocarbons (PAHS) in the environment as mentioned previously in Chapter
2 (2.2.2), occurs on a regular basis. Bioremediation through composting has shown to
be a major environmental process for the remediation of PAHSs pollution in terrestrial
and aquatic ecosystems [14]. This is usually achieved through biostimulation (addition
of substrates, such as, starch to enhance the degradation process) or bioaugmentation
(addition of microorganisms capable of degrading the pollutants) of the contaminated
environment [7,15]. Interest in this area of research has been on the increase with the
bioremediation of two and three ring PAHs being well documented, and the
degradation and detoxification of anthracene and other PAHs by micro-organisms,
such as, bacteria and fungus have been well studied [16-23]. Whilst degradation of
organic compounds has been studied numerous times in composting environments, the
effect of the organic pollutant on the composting process itself to the best of my
knowledge has not been investigated. It will therefore be necessary for such study to

be carried out.

As part of the investigation, starch and anthracene amendments, alongside
unamended controls were used, and the total dry matter and extracellular enzyme
activities were monitored in order to understand what is going on in the composting
environment. Complex carbohydrate polymers, such as starch, are degraded, in part,
by a consortium of enzymes excreted by the indigenous microflora. For the purposes
of this study, two extracellular enzymes (a-and B- glucosidase) were selected. a-
glucosidases are enzymes involved in hydrolysing a-1,4-glucosidic bonds in complex
carbohydrates, such as starch, to release the glucose monomers. This is in contrast to
the B-glucosidase which act on B-1,4-glucosidic bonds found in substrates, such as,
cellulose. Therefore, it is expected that the activity of the a-glucosidases will increase

156



as a result of starch amendment to a composting process, while the activity of the -
glucosidase is expected to be unaffected. The use of extracellular enzyme analysis to
investigate starch degradation with its focal enzyme (a-glucosidase) alongside a non-
specific substrate (B-glucosidase) during the composting process has been shown to be
promising [24,25].

The initial composting experiments were carried using Prosopis africana shell
a waste product from Nigeria, however work then continued with UK sourced waste
material (green compost). This material could be used for the study without having to
import large quantities of waste material. In order to investigate the effect of organic
pollutants on the composting process, a simple PAH (anthracene), Figure 7.1, was used
as a model compound that has been widely studied in the composting environment. It is
not acutely toxic, carcinogenic, or mutagenic like other PAHs [16]. However, its
solubility in water is high because of its low molecular weight; therefore, it can be
found at a more significant level in the aquatic environment compared to most of the
other PAHs and as such can be a threat to the environment, its presence has been
detected in industrial effluents, in water run-offs, in surface water and groundwater, in
sediments, as well as in drinking water [16]. The effluents from industries, such as,
synfuel industry, shale oil plants, petroleum refineries, and industries using coal-
derived products are most likely to contain anthracene and other PAHSs. It has also been
reported that anthracene, pyrene and phenanthrene are the ideal chemicals for
bioremediation through composting process [13].

Figure 7.1: Structure of Anthracene

The aims of this chapter are

e To investigate whether the waste material (Prosopis africana shell) can be
composted.

e To study the effect of an organic pollutant (anthracene) during a starch

amended co-composting process
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7.2 Materials and Methods
7.2.1 Materials

All chemicals used in this study were of analytical grade and were used
subsequently without further purification. Anthracene (97% purity) was purchased
from Sigma-Aldrich, UK. Acetone was purchased from Fisher Scientific, UK. The corn
starch was purchased from Tesco supermarket in Hull, UK. Stock solution of
anthracene (4 g/L) was prepared in acetone and diluted to the required concentration.
Prosopis africana shell, a Nigerian waste material was used in the preparation of the
compost, while green wastes compost obtained from a commercial operator in the UK
was used to study the effect of organic pollutant (anthracene) on the composting

process.
7.2.2 Methods
7.2.2.1 Composting of the Prosopis africana shell

50 g each of the pulverized Prosopis africana shell were weighed into Twelve
(12) different flasks of known weight. 50 mL of water was added to each of the flasks
and the whole content in each flask was weighed and placed in an incubator at 30 °C.
After four days three (3) flasks and their contents were taken out of the incubator and
weighed, after which they were dried in an oven at 105 °C for 72 hours. The dried
composts were removed from the oven, allowed to cool down to room temperature and
weighed to obtain the weight lost (loss in dry matter). The same procedure was carried

out for the remaining flasks on the 11", 17 and 29" day.

7.2.2.2 Effects of Organic Pollutant during a Starch Amended Co-Composting

Process

In order to investigate the effects of polycyclic aromatic hydrocarbon
(anthracene) during a starch amended co-composting process the following three
experiments were set up. It should be noted that these experimental set-ups are

exploratory due to absence of an established method in literature.

Small scale mesocosms were prepared in 250 mL conical flasks of known
weight. As a cost-effective starch amendment, food grade corn flour (aka cornstarch;

as in the wet milled product from maize) was used. Anthracene amendments were
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prepared by dissolving anthracene in acetone (4 g/L) and adding it to the compost. All
mesocosms were incubated at 30 °C. Previous studies have shown starch degradation
to be independent of temperature when compared to higher thermophilic temperatures
[24,25]. Furthermore, the use of a lower temperature eliminated the requirement for
moisture regulation during the experiment so evaporation was minimal over the time

period used. Each mesocosm was sampled to destruction.
Experiment one

This experiment was set-up to see if a given concentration of anthracene will
have effect on the total dry matter and the extracellular enzyme activity. 50 g of
compost was amended with 10 g of starch, 400 mg/kg of anthracene, and 60 mL of
distilled water. Control was prepared without anthracene and starch, the other set-ups
were with starch no anthracene, and anthracene no starch. For each of the four
treatments, five samples were prepared, which were sampled on a weekly basis for five

weeks.
Experiment two

The effects of increasing anthracene concentration were studied in this
experiment. 40 g of compost was amended with 125-750 mg/kg of anthracene, 60 mL
of distilled water and 10 g starch. Sampling was carried out after one week of

composting. Control was prepared without anthracene and starch.
Experiment three

This experiment was a repeat of experiment one using a higher concentration of
anthracene with replication. 100 g of compost was amended with 10 g of starch, 60 mL
of water and 1 g/kg of anthracene. Control was prepared without anthracene and starch,
the other set-ups were with starch no anthracene, and anthracene no starch. For each of
the four treatments, six samples were prepared. The first sampling period was after a
week. Sampling continued on a weekly basis for further two weeks. This experiment

was replicated.
Loss in Dry Matter

At sampling, the total weight (including flask) of the mesocosm was recorded.

One gram of waste material was removed for slurry preparation. The remainder of the
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material was used for the determination of moisture content. Moisture content was
calculated by measuring the weight loss, after oven drying, at 105 °C, for 72 hours.
The total wet weight, absolute value of moisture content and dry weight (the total wet
weight minus the total moisture content) of each mesocosm was then calculated based
on the moisture content and the total wet weight of the mesocosm at sampling (loss on

ignition method).
Extracellular Enzyme Analysis (EEA)

Slurries were prepared from the samples by adding 1 g (wet weight) of sample
to 99 mL of sterile water. It was subsequently diluted to 1 g/L final concentration. The
extracellular enzyme analysis for the activities of (alpha) a- and (beta) - glucosidase
were assayed using the model fluorogenic substrate with methylumbelliferone (MUF)
as the fluorescing agent based on the principles of Hoppe [26]. 240 pL of waste slurries
(1 g/L) were placed into 1.5 mL microcentrifuge tubes. 10 ul of respective 5 mM a-
and P-glucosidase substrates (4-methylumbelliferyl o-D-glucopyranoside and 4-
methylumbelliferyl B-D-glucopyranoside respectively; Sigma) were added to each tube.
Negative controls, consisting of slurries, that have been boiled for 10 minutes and then
cooled before the addition of the assay enzyme substrates, were used in correcting for
the background fluorescence and activity for each sample. After incubation, the
samples were centrifuged for 2 minutes at 10 000 rpm. In order to measure the
fluorescence of each of the samples, 200 pl was added to a microtitre plate containing
16 uL of pH 10 borate buffer solution (Sigma). It was quantified using a fluorometer
(FLU-Ostar OPTIMA, BMG LABTECH Ltd., UK) which has a fitted excitation filter
at 350 nm and an emission filter at 460 nm. The blank sample fluorescence reading
was subtracted from the positive sample to correct for background florescence.
Concentrations of samples were determined using a straight line calibration curve with

standard solutions of 4-methylumbellifone (Sigma).
7.2.2.3 Statistical Analysis

Linear regression analysis and a two way ANOVA model (Stata v7.0, Stata
Corporation, College Station, Texas, USA) were used to assess the effects of time,
starch and anthracene on the total dry matter and enzyme activity for each enzyme

substrate.
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7.3 Results and Discussion
7.3.1 Composting of the Prosopis africana shell

The results for the loss in total dry matter for Prosopis africana shell is shown
in Figure 7.2. The rapid loss in dry matter corresponds to the active phase of the
composting process [27]; and it occurred within the first 14 days of the composting
process. The greatest loss in dry matter of about 30% occurred during this period. The
active phase was followed by maturation phase (14-29 day) which was characterized
by decline in the loss in dry matter accounting for about 5.8 % of the total loss in dry
matter, which showed the stability of the compost after the active phase [27]. The trend
for the loss in dry matter is consistent with previous reports [27-29]. The total loss in
dry matter was close to the 40% found for the composting of olive mill wastewater
with olive leaves [29]. Further experiments would be required on larger scale

(preferably in Nigeria) to demonstrate the effectiveness of the composting process.
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Figure 7.2: Loss in dry matter during the composting of Prosopis africana shell. The loss in dry
matter was rapid during the active phase of composting (0-14 day) and decline afterwards during

the maturation phase (14-29), (n=3).
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7.3.2 Effects of Organic Pollutant during a Starch Amended Co-Composting

Process

The use of compost in the bioremediation of organic compounds is regarded as
effective method for remediation. Degradation of PAHSs in particular have been studied
numerous times in composting environments however, the underlying fundamental
mechanism is unclear [1]. There is a potential for failure if the correct conditions are
not put in place. The question is what are the correct conditions if we do not know the
exact mechanism? It is therefore necessary to have a thorough understanding of
process conditions which will allow for a proper optimisation of the bioremediation
technique and could subsequently lead to a better result. Therefore, this aspect of the
study presents a different and novel perspective from previous studies, as it aimed at
investigating the effect of an organic pollutant (anthracene) on the composting process,
and to understand such effect and possible interaction during a starch amended co-

composting process.

The results for the loss in dry matter for the three experiments are presented in
Figures 7.3-7.5. In experiment one, there were declines in organic matter for all
treatments (Figure 7.3). From each of these treatments, regression analysis (Appendix
6) revealed that each of these declines were statistically significant (p <0.05). The
decline in dry matter for the control compost, the anthracene amended compost, and
the starch amended compost are generally consistent with certain assumptions, i.e., that
starch amended compost degrades more rapidly than the control. The control compost
in this instance was not affected by anthracene. However, there appears to be an effect
of anthracene on the decline in dry matter in the starch amended compost. These
composts show increased dry matter content that cannot be explained by the additional
amounts of dry matter introduced by the anthracene amendment. Using two way
ANOVA (Appendix 7 a), the data shows that time, starch addition and anthracene
amendment were all statistically significant (p<0.05) in determining the total dry

matter.

In experiment two (Figure 7.4), the effect of increasing anthracence
concentration was investigated. This, however, did not produce a significant effect with
regard to increasing anthracene concentration and the total dry matter contents of the

seven starch amended compost ranged from 44.5 to 45 grams.
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Figure 7.3: Loss in dry matter for experiment one, showing the decline in organic matter for all
the treatments.
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Figure 7.4: Loss in dry matter for experiment two, showing no significant effect of the increasing
anthracene concentration. Sample 1 = Control, sample 2 = compost + starch no anthracene,

samples 3-8 contains increasing concentrations of anthracene (125-750 mg/kg)
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In experiment three (Figure 7.5), the observed trend was similar to that of
experiment one. Again two way ANOVA (Appendix 7 b) revealed that time, starch
addition and anthracene were all statistically significant (p<0.05) in determining the
total dry matter in experiment three. However, regression analysis (Appendix 8) of the
individual treatments reveals that only the starch amendment with anthracene shows a
significant (p=0.027) decrease. Although samples were replicated in the experiment,
compared to experiment one only three time periods were investigated, thus

experiment one had an extended time period.
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Figure 7.5: Loss in dry matter for experiment three, showing the decline in organic matter for all

the treatments.

The results for the extracellular enzyme analysis (EEA) for the three
experiments are presented in Figures 7.6-7.8. In experiment one, results of two way
ANOVA (Appendix 9 a) revealed that anthracene addition was a significant variable
for a-glucosidase activity. Surprisingly starch addition was not significant and
although elevated activities of a-glucosidase activity could be seen in the starch and
anthracene compost, starch addition alone did not promote a- glucosidase activity
whereas anthracene addition alone did (Figure 7.6). B-glucosidase activity, relative to
a- glucosidase activity, remained low in all samples and was not significantly affected

by time, starch or anthracene addition (Appendix 9 b).
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In experiment two (Figure 7.7), there was no apparent trend in a-glucosidase
activity with increasing anthracene concentration and unlike experiment one, starch
addition alone enhanced o- glucosidase activity. These data were more consistent with
no effect of anthracene.
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Figure 7.6: Enzyme analysis for experiment one, showing elevated activities of a-glucosidase
activity in the starch and anthracene amended compost.
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Figure 7.7: Enzyme analysis for experiment two, showing no apparent trend in a-glucosidase
activity with increasing anthracene concentration and unlike experiment one, starch addition

alone enhanced a- glucosidase activity.
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Finally in experiment three, results of two way ANOVA (Appendix 10 a and b)
revealed no statistically significant effect of either starch or anthracene addition on a-or
B-glucosidase. However, enhanced a-glucosidase activity was observed in samples
from both starch amended and starch and anthracene amended treatments (Figure 7.8).
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Figure 7.8: Enzyme analysis for experiment three, showing enhanced a-glucosidase activity in
starch amended and starch and anthracene amended treatments

Previous experiments have demonstrated a link between starch degradation and
glucosidase activity, but it is not always clear that this relationship is strictly adhered to
in all composting environments [24,25]. From the results obtained in this study, it can
be seen that without performing the experiments for the effects of anthracene on the
composting process at the same time, it became very difficult to have the same result
each time the experiment was carried out. In this respect, the attempts to link starch
degradation with a glucosidase activity were ambitious. As noted by Adams and Scott
[25] empirical evidence between extracellular enzyme analysis (EEA) and their focal
polymer (starch in this study) appear almost completely absent from the composting
literature. In experiment one, the starch amended compost failed to demonstrate a
glucosidase activity and the activation by anthracene was unexpected. Qasemian et al.
[30] demonstrated that various enzyme activities increased after anthracene addition to
a soil environment; however this was over a period of months. In all three experiments,

however, the interaction between the anthracene and starch consistently produced
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enhanced activities of a-glucosidase suggesting that, as an enzyme partially responsible
for starch degradation, that starch degradation would not be inhibited by anthracene.
However, it would appear that some form of toxic effect is being produced by
anthracene addition since in both experiments one and three the interaction of starch
and anthracene produced a level of dry matter that was higher than expected. Although
persistent, anthracene is not regarded as a particularly toxic organic pollutant. On
investigating anthracene toxicity, Bonnet et al. [16] showed that anthracene had no
biocidal effect on eukaryotic microorganisms, but did show a biostatic effect on these
organisms. The effects of a biostatic as opposed to a biocidal response on a-
glucosidase after starch amendment could be interesting, since there is already a
microbial presence in the compost, a biostatic response may inhibit succession of
starch hydrolysing organisms, but not necessarily inhibit expression of hydrolytic
enzyme by the resident biomass and since the microbial community is not growing as a
result of this biostatic effect of the anthracene, the higher level of the dry matter
obtained in experiment one and three for the anthracene and starch amended compost
could be as a result of fewer microorganisms present in the compost when compared
with the starch amended compost making the decomposition process slower. Therefore,
whilst apparent enzyme activity is increased, this may not necessarily be related to the

true enzyme dynamics in the system.

7.4 Conclusion

The preliminary composting experiment with the Prosopis africana shell
demonstrated that it could be composted. However, due to insufficient material, a UK
based green waste compost was selected for further studies in order to understand the
effect of organic pollutant (anthracene) during a starch amended co-composting
process. The effect monitored through the total dry matter and extracellular enzyme
activities of both starch specific (a-glucosidase) and non-specific (B-glucosidase)
substrate showed that the effect of anthracene addition alone was not highly significant
on the composting process; however the interaction between the anthracene and starch
consistently produced effects on the total dry matter and a-glucosidase which is novel.
The result from this study could further be used to design experiment to describe the

magnitude of such interaction.
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Chapter 8
General Conclusions and Suggestions for Future Work
8.1 General Conclusions

Pollution arising from waste materials is a global problem and there is an urgent
need for the proper management of the environment as this is an important requirement
for overall and sustainable development. There are different approaches to the
management of waste materials, such as, incineration, landfilling, pyrolysis, anaerobic
digestion and composting. However, environmental impacts, such as, generation of
greenhouse gases (carbon dioxide and methane), and contamination of water bodies by
the leachate are the major concerns when incineration and landfilling are used.
Application of other waste management strategies of pyrolysis (wet and dry) and
composting will help in the proper management of the environment without the above

mentioned impacts.

Over the last two to three decades, various environmental and developmental
action plans have been put in place by world leaders and this had led to leaders of
individual governments taking different approaches to manage their environment, but
obtaining the right approach to tackle it is still a challenge to some governments,
especially in developing countries. Despite the measures put up by the Nigerian
Government, such as establishment of regulatory institutions, proper documentation on
the volume of waste generated is still lacking, and landfill and incineration methods of

waste management are still in practice in different part of the country.

Pyrolysis and composting have been shown to be a more environmentally
friendly way of waste management and the products from these processes if properly
managed can be further utilized as sources of low cost materials in other fields,
especially in the environment. However, care should be taken in using these
approaches, because if it not properly carried out may also lead to environmental
pollution. Therefore, the use of standardized methods should be advocated. In dry
pyrolysis, there are some drawbacks which the wet pyrolysis approach of hydrothermal
carbonization sets out to address. However, the time consuming nature of the
conventional method of hydrothermal carbonization needs to be sped up to meet the

frequent requirements of environmental monitoring. Thus, the microwave-assisted
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hydrothermal carbonization approach was used to prepare carbonaceous material from
waste plant materials in this thesis. Three different waste materials Prosopis africana
shell, rapeseed husk and coconut shell were subjected to hydrothermal carbonization
using the conventional and microwave-assisted approach. The prepared materials
showed similarities in their physical and chemical properties. The degree of
carbonization of the material depends on the nature of the material, and the process
condition (time and temperature of carbonization). Soft and hard biomass have
different structural disintegration pathways, which was obvious from the level of
carbonization observed in the waste materials. In comparison Prosopis africana shell
and rapeseed husk show more carbonization and decomposition due to their soft nature,
while the coconut shell showed a lower degree of carbonization and decomposition
when subjected to the same preparation conditions. The time and temperature of
carbonization were also found to have a significant effect on the percentage yield of the
process. A decrease in percentage yield was observed with increase in time and
temperature for the soft biomass (Prosopis africana shell, rapeseed husk), while the
hard biomass (coconut shell) showed an opposite behaviour. In all cases the
microwave-assisted hydrothermal carbonization took a shorter time and showed a
higher degree of carbonization than the conventional approach. The microwave-
assisted hydrothermal carbonization process therefore offers a new route to the
synthesis of carbon materials and requires a shorter time to prepare the materials when

compared to the conventional method.

The carbon materials from dry pyrolysis (biochar) and wet pyrolysis using the
microwave-assisted hydrothermal process (hydrochar) were also applied in the removal
of some heavy metals from aqueous solution and showed excellent performance in
removing the heavy metals studied, and in comparison with other adsorbents
previously reported proved to be better, as the materials have higher adsorption
capacities. Interestingly, the hydrochar from microwave-assisted hydrothermal
carbonization, which is a green chemistry approach, was capable of adsorbing the
metal ions more effectively from aqueous solution than the biochar because of the
more oxygen-containing functional groups on the surface. The maximum adsorption
capacities were 45.3 and 31.3 mg/g for Pb?* and 38.3 and 29.9 mg/g for Cd?* on the
hydrochar and biochar respectively. The adsorption data were modelled using pseudo

first-order and pseudo second-order kinetics. The results fitted pseudo second-order
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kinetics more than pseudo-first-order kinetics and the adsorption data could be better
described using the Langmuir isotherm model than the Freundlich isotherm model. The
intraparticle diffusion model was also used to study the diffusion mechanism of the
adsorption process and the result indicated that metal ions diffusion into pores is not
the dominating factor that controlled the mechanism of the adsorption process. The
thermodynamic results indicated that the adsorption process for the metal ions was a

spontaneous and endothermic process.

The carbon materials prepared from the pyrolysis and the hydrothermal
carbonization of the waste materials were useful, but are in powdered form, non-porous
and have small surface areas. In order to enhance the performance of the processed
waste material as an adsorbent, porous carbon monoliths were synthesized. The
microwave-assisted process was applied in the synthesis of the carbon monolith.
Mesoporous carbon monolith that compared well with those synthesized through the
conventional route of oven heating was obtained using resorcinol and formaldehyde as
the carbon precursor and pluronic F127 as the template. This method of synthesis
offers a new route to synthesis of carbon monolith with mesostructure as a shorter time
is required in the microwave-assisted synthesis. However, the use of the microwave-
assisted hydrothermal carbonization in the synthesis of carbon monolith using waste
plant material (Prosopis africana shell) as a cheap and readily available carbon
precursor and pluronic F127 as template was not successful as the synthesized
monolith cracked, but by using evaporation-induced self-assembly (EISA), crack-free
mesoporous carbon monolith was obtained. This type of process has not been
previously reported in literature. The preliminary results showed a very good prospect
and this could offer a newer and cheaper route to the synthesis of porous carbon
monolith. It could also be a better way of processing waste materials into a useful
product, as the synthesized carbon monolith has a higher surface area and porosity than

the biochar and the hydrochar prepared from the same material.

Composting has been used as a low cost alternative to other methods of waste
management. The initial composting experiment proved that the Prosopis africana
shell can be composted. The effects of an organic pollutant (anthracene) during a starch
amended co-composting process with green waste compost monitored through the total
dry matter and extracellular enzyme (a- and B-glucosidase) activities showed that the
effect of anthracene was not highly significant in this study. However, the interaction
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between the anthracene and starch had effects on the total dry matter and a-glucosidase

activity which is novel.

8.2 Suggestion for Future Work

Long processing time and high-cost are the challenges facing the available
methods for the synthesis of carbon monoliths making it difficult for the methods to be
employed for large scale manufacturing of the materials. These challenges have
stimulated the search for the development of an alternative cheap, time-saving and
scalable approach to the synthesis of carbon monoliths. The results obtained using the
microwave heating has shown that the synthesis time could be reduced if this approach
is used. Also, using waste plant material as a cheap and readily available carbon
precursor can reduce the high-cost of production. It is rational therefore to suggest that
these approaches are applied in the synthesis of materials, especially carbon monoliths.
The carbon monoliths prepared using these approaches deserve further investigation.
They can be applied in different fields, such as, adsorption, catalysis, and as electrode
materials for electrochemical double-layer capacitors (EDLCs). This will be useful in
assessing the prepared materials as compared to those that are presently available. Also,
the synthesis of carbon monolith in the microwave using plant material as the carbon
precursor should be explored further, as this if successful will reduce the time and cost

of the synthesis simultaneously.

Functionalising and magnetising the hydrochar during the microwave-assisted
hydrothermal carbonization could lead to synthesis of carbon materials that could be fit
for specific applications, such as, adsorption and catalysis. Although functionalising
hydrochar is not something new, carrying it out in the microwave could be faster when
compared to the methods that are being presently used. The microwave-assisted
hydrothermal conversion process should be applied to other types of waste materials
outside the waste biomass, such as, animal and industrial waste and in the process
remove these materials which could constitute nuisance to the environment and convert
them to useful products for different applications. Research should also be carried out
to separate and characterize the bio-oil from the aqueous products of the microwave-
assisted hydrothermal carbonization process. The biochar, hydrochar and compost from
these waste materials should also be applied to agricultural soil alone or together to see
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their effects on crop growth and in the remediation of agricultural soil contaminated
with organics and heavy metals. The synergistic effect of these products could enhance
a better and faster remediation of such soil and also improve the soil properties for

agricultural purposes.

The interaction between the anthracene and starch during a starch amended co-
composting should be further investigated by designing experiment to describe the
magnitude of such interactions. In view of this, | suggest that such interaction should
be studied under the same composting environment. If possible, these effects should be
confirmed outside the laboratory using soils contaminated with PAHs, for example

petrochemical polluted soils.
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Appendix 1: (a) N2 sorption isotherm and (b) pore size distribution of CM100-20
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Source SS df MS Number of obs =5
Model 22.13 1 22.13 F(1, 3) =5075.00
Residual 0.013 3 0.0043 Prob > F = 0.0000
Total 22.15 4 5.53 R-squared = 0.9994
Adj R-squared = 0.9992
Root MSE = 0.0661
Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -1.48 0.020 -71.24 0.000 -1.55 -1.42
_cons 50.40 0.069 727.69 0.000 50.18 50.62

Appendix 6 (a): Regression analysis, total dry matter with time, if starch=0 &

anthracene=0

Source SS df MS Number of obs =5
Model 39.96 1 39.96 F(1,3)=33.38
Residual 3.59 3 1.19 Prob > F =0.0103
Total 43.55 4 10.88 R-squared = 0.9175
Adj R-squared =0.8900
Root MSE = 1.0943
-Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -1.99 0.34 -5.78  0.010 -3.10 -0.89
_cons 54.44 1.14 4744 0.000 50.79 58.09

Appendix 6 (b): Regression analysis, total dry matter with time, if starch=10 &

anthracene=0
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Source SS df  MS Number of obs =5
Model 23.24 1 2324 F (1, 3) =22.85
Residual 3.05 3 1.01 Prob > F =0.0174
Total 26.29 4  6.57 R-squared = 0.8840
Adj R-squared = 0.8453
Root MSE = 1.0086
Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -1.52 0.31 -4.78 0.017 -2.53 -0.50
_cons 49.88 1.05 47.16 0.000 46.52 53.25

Appendix 6 (c):
anthracene=20

Regression analysis, total dry matter with time, if starch=0 &

--Source SS df MS Number of obs =5
Model 22.24 1 22.24 F(1,3)= 10.98
Residual 6.07 3 2.02 Prob > F =0.0453
Total 28.32 4 7.08 R-squared = 0.7854
Adj R-squared = 0.7139
Root MSE = 1.4233
Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -1.49 0.45 -3.31  0.045 -2.92 -0.05
_cons 57.07 1.49 38.24  0.000 52.32 61.82

Appendix 6 (d): Regression analysis, total dry matter with time, if starch=10 &

anthracene=20
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Model 249.35 6 41.56 15.42 0.0000
Starch 119.88 1 119.88 44 47 0.0000
Anthracene  15.53 1 15.52 5.76 0.0321
Time 113.95 4 28.49 10.57 0.0005
Residual 35.04 13 2.70

Appendix 7 (a): ANOVA results for loss in dry matter under different treatments

for experiment one. R? for the overall model is 0.8768

Source Partial SS df MS F Prob > F
Model 309.26 4 77.32 13.21 0.0000
Starch 207.88 1 207.88 35.51 0.0000
Anthracene  37.94 1 37.94 6.48 0.0197
Time 63.44 2 31.72 5.42 0.0137
Residual 111.24 19 5.86

Total 420.50 23 18.28

Appendix 7 (b): ANOVA results for loss in dry matter under different treatments

for experiment three. R? for the overall model is 0.7355
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Source SS df MS Number of obs = 6

Model 0.39 1 0.39 F(1,4)=0.49

Residual 3.18 4 0.79 Prob > F =0.5216

Total 3.57 5 0.71 R-squared = 0.1096
Adj R-squared = -0.1130
Root MSE = .89265

-- Total dry Coef. Std. Err. t P>t [95% Conf. Interval]

--Time 0.31 0.44 0.70 0.522 -0.92 1.55

_cons 50.47 0.96 52.35  0.000 47.79 53.14

Appendix 8 (a): Regression analysis, total dry matter

anthracene=0

with time, if starch=0 &

Source SS df MS Number of obs = 6
Model 17.20 1 17.20 F(1,4)=294
Residual 23.44 4 5.86 Prob > F =0.1618
Total 40.64 5 8.12 R-squared = 0.4233
Adj R-squared = 0.2791
Root MSE = 2.4208
Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -2.07 1.21 -1.71  0.162 -5.43 1.28
_cons 61.23 2.61 23.42 0.000 53.97 68.49

Appendix 8 (b): Regression analysis,

anthrancene=0

total dry matter with time, if starch=10 &
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Source SS df MS

Number of obs = 6

Model 55.94 1 55.94 F(1,4)=1155
Residual 19.37 4 4.84 Prob > F =0.0273
Total 75.31 5 15.06 R-squared = 0.7428

Adj R-squared = 0.6785

Root MSE = 2.2007
Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -3.73 1.10 -3.40 0.027 -6.79 -0.68
_cons 66.97 2.37 28.18 0.000 60.37 73.57

Appendix 8 (c): Regression analysis, total dry matter with time, if starch=10 &

anthracene=100

Source SS df MS Number of obs = 6
Model 21.61 1 21.61 F(1,4)=259
Residual 33.45 4 8.36 Prob > F =0.1831
Total 55.07 5 11.01 R-squared = 0.3926
Adj R-squared = 0.2407
Root MSE = 2.8919
Total dry Coef. Std. Err. t P>t [95% Conf. Interval]
Time -2.32 1.44 -1.61  0.183 -6.33 1.68
Cons 58.36 3.12 18.68  0.000 49.68 67.03

Appendix 8 (d): Regression analysis, total dry matter
anthracene=100
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with time, if starch=0 &



Model 17.89 6 2.98 4.35 0.0126
Time 1.89 4 0.47 0.69 0.6110
Anthracene  13.72 1 13.72 20.01 0.0006
Starch 2.276 1 2.27 3.32 0.0916
Residual 8.91 13 0.68
Total 26.81 19 1.41

Appendix 9 (a): ANOVA results for a-glucosidase activity for experiment one. R?

for the overall model is 0.6674

Source Partial SS df MS F Prob > F
Model 029 6 0.0049 1.31 0.3180
Week 012 4 0.0030 0.82 0.5374
Anthracene  .013 1 0.013 3.62 0.0795
Starch .0037 1 0.0037 1.00 0.3348
Residual .048 13 0.0037

Total .078 19 0.0041

Appendix 9 (b): ANOVA results for B--glucosidase activity for experiment one. R?
for the overall model is 0.3775
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Source Partial SS df MS F Prob>F
Model 52.00 4 13.00 1.59 0.2189
Starch 18.77 1 18.77 2.29 0.1467
Anthracene  7.55 1 7.55 0.92 0.3492
Time 25.67 2 12.83 1.57 0.2348
Residual 155.80 19 8.20

Total 207.81 23 9.03

Appendix 10 (a): ANOVA results for a-glucosidase activity for experiment three.
R? for the overall model is 0.2503

Source Partial SS df MS F Prob > F
Model 2852837.92 4 713209.47 2.71 0.0610
Starch 244016.66 1 244016.66 0.93 0.3476
Anthracene  82134.00 1 82134.00 0.31 0.5828
Time 2526687.25 2 1263343.62 4.80 0.0205
Residual 4997846.08 19 263044.53

Total 7850684.00 23 341334.08

Appendix 10 (b): ANOVA results for p--glucosidase activity for experiment three.
R? for the overall model is 0.3634
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