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Abstract

Hydrogen can be used as fuel for power generation; however current hydrogen

production processes are not sustainable as they involve considerable CO2

emissions, and are mostly based on production from fossil fuels. Municipal solid

waste (MSW) in the form of refuse derived fuel (RDF) can be subjected to

thermal processes such as pyrolysis and/or gasification to produce a hydrogen

rich syngas. Nevertheless some operational problems associated with tar

formation arise, which significantly reduces the overall process yield.

In this work a two-stage reaction system was used for hydrogen production and

tar reduction, during the pyrolysis/gasification of RDF, using different types of

catalysts. Firstly RDF was pyrolyzed at 600ºC, the pyrolysis gases were then

passed through a second gasification stage where the catalytic steam reforming

process took place at 800ºC, in order to generate hydrogen and promote tar

cracking reactions. Different analytical techniques were used in this work to

characterise RDF, product gases, tars/oils, and fresh/reacted catalysts.

Initially two different Ni/Al2O3 catalysts were prepared, and their catalytic

activity towards hydrogen production and tar reduction were assessed during

the pyrolysis/gasification of RDF. The results were compared with those

obtained using a bed of sand. Using a 10 wt.% Ni/Al2O3 catalyst, about 45 vol.%

of hydrogen in the syngas was obtained together with other gases: CO2, CO, CH4,

C2-C4. Also the condensed tar fraction was analysed and was found to contain

polyaromatic hydrocarbon (PAH) constituents included naphthalene, fluorene

and phenanthrene as the major components. Additionally, diverse Ni/SiO2

catalysts were prepared using different synthesis methods, including sol-gel,

impregnation and homogenous precipitation. Among the catalysts tested for tar

reduction, a 20wt.% Ni/SiO2 catalyst presented the highest activity resulting in

a tar concentration of 0.15mgtar g-1RDF; PAH and oxygenated tar compounds

were also identified within the analysed samples. For the catalysts tested in

relation to hydrogen production, using a 10wt.% Ni/SiO2 catalyst prepared by

homogeneous precipitation-sol-gel based method, resulted in a H2

concentration of 59 vol.%. Finally different Fe/SiO2 and Ni/SiO2 catalysts were

prepared using nano-porous silica as the oxide support. Better catalyst activity

in relation to H2 production was observed for the Ni/SiO2 catalysts. However

the maximum H2 concentration obtained was around 44 vol.%. It was found that

using calcination temperatures higher than 700ºC, both the surface area and the

catalytic activity for hydrogen production was diminished for this series of

catalysts.
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CHAPTER 1. INTRODUCTION

1.1 Municipal Solid Waste (MSW) generation

The production and generation rate of solid wastes around the world has

become a major concern, due to the different associated economic,

environmental and social problems. All those wastes generated in household or

commercial activities, and managed by authorities and municipalities are

known as municipal solid waste (MSW) [1-4]. The composition of solid wastes is

diverse and depends on factors such as the generation point, population income

level, and the season of the year. The typical composition of MSW includes

paper/cardboard, plastics, glass, metal, textiles, and food/garden waste [3, 5].

The World Bank made a comparison between the variability of the waste

composition in different regions of the world as shown in Figure 1.1-1 [6].

Figure 1.1-1. MSW composition by Region, 2012
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In Figure 1.1-2 is presented the MSW worldwide composition in 2009, based on

data reported by the World Bank (2012) [6]. It is observed that the majority of

the MSW are composed of organic matter, followed by other components

including textiles, leather, rubber, multi-laminates, e-waste, appliances, ash and

other inert materials.

Figure 1.1-2. Global MSW Composition

The growth in the world population and the development of social economy,

together with changes in lifestyles have prompted an increase in the daily

amount of MSW generated worldwide [7]. The precise data concerning the

global generation of MSW is difficult to obtain due to the data availability and

homogeneity which is also related to the different definitions of MSW in

countries. However according to World Bank predictions [6], by 2025 about 2.2

billion tonnes per year of solid waste will be generated by the world’s cities, this

estimate is based on economic and demographic growth rates. Figure 1.1-3

presents data on generation intensities of municipal waste (kg/capita/year) for

the years 2005 and 2010, for a range of OECD (Organisation for Economic Co-

operation and Development) countries; data from Brazil, China, and the Russian

Federation were also included for comparison [8].
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Figure 1.1-3. Municipal waste generation (kg/capita, 2005 and 2010)

1.1.1 Refuse Derived Fuel (RDF) production and composition

MSW might be subjected to a pre-sorting process aimed to classify, sort and

separate the non-combustible fractions such as glass, metals and heavyweight

inert materials. After this the remaining fraction is subjected to further

processing including drying, crushing, and pelletizing [9, 10]. As a result a high

calorific value derived fuel is obtained, containing mainly paper, cardboard and

plastics. This fraction is generally referred to as refuse derived fuel (RDF) [10].

According to the Waste Incineration Directive (BMLFUW, Austria 2010) [11],

the term refuse derived fuel refers to “wastes used entirely or used up to some

extent for the purpose of energy generation and satisfies certain quality criteria

laid down in the aforementioned Directive”. Main advantages of obtaining RDF

include an easier storage, treating and manipulation than the original MSW

stream. Additionally the calorific value of the solid waste stream is increased,

typical calorific values of RDF pellets range between 11 to 25 MJ kg-1 with

common particle sizes between 5mm < 300mm, depending on its subsequent

use [5, 9].

1.1.2 Current MSW disposal methods and alternative treatments

As mentioned above, the global MSW generation is growing at an alarming rate,

therefore governments and authorities have sought integrated management
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options to treat and confine wastes, in order to minimise as much a possible the

potential impact on human health and environment. The most common disposal

methods used worldwide are landfills, composting, incineration, discharge to

water, and land treatment. However most of these options are no longer

acceptable due to the environmental and social problems associated [12]. For

example when using landfills greenhouse gases are generated, also there is the

possibility of water supply pollution associated with leachate generation, and

the growing lack of land areas available for landfills [1, 12-14]. Incineration

disadvantages include the large gas flue emissions and the hazardous potential

of fly ash produced [15]. Modern waste management is moving from using

traditional landfills, to recycling and energy recovery systems, aimed to

combine technology and sustainability. For example waste to energy facilities

(WtE) such as pyrolysis and gasification have emerged to address these issues

[15]. The main advantages of using WtE facilities for solid waste treatment and

disposal include: the reduction of mass (70-80%) and volume (80-90%) of the

solid waste, the reduction of use of land areas, destruction of organic

contaminants, utilization of recyclables, reduction in the emission of

greenhouse gases, and reduction in the environmental impact. In general WtE

facilities can convert solid materials into valuable energy forms such as heat and

electricity through different thermochemical routes including pyrolysis,

gasification, or combination of both [16-19].

1.1.2.1 Pyrolysis and Gasification of solid wastes

Pyrolysis and gasification are thermal processes aimed to obtain products such

as char, oil/tar and pyrolysis gases with medium to high calorific value through

the thermal conversion of solid waste [20]. Pyrolysis is a thermal degradation

process in which large molecules of carbonaceous materials are broken down

into smaller hydrocarbon molecules, through a combination of thermal cracking

and condensation reactions. This process takes place in temperatures between

300-800ºC and is carried out in the absence of an oxidising agent such as oxygen

or air [5, 20, 21]. Sometimes the pyrolysis process is aimed to increase the yield

of hydrocarbon liquids to be later used as liquid fuels [14].
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On the other hand, gasification processes take place with an external agent or

gasification medium, which can be oxygen, air, steam or mixtures of these. In

general, the conversion of solid wastes into gases and chemicals through

gasification is an exothermic process. Gasification is normally is carried out at

temperatures ranging between 800-1100 ºC when air is used as an oxidising

agent, and can be further increased up to 1500 ºC when using oxygen [20, 21].

The products from the gasification process are similar to those obtained from

the pyrolysis, including gas, liquid and a solid fraction. However the tar and char

from the pyrolysis process are further converted into CO, CO2, CH4 and H2 gases,

due to the use of gasification agent and higher temperatures [20].

For both pyrolysis and gasification processes, products yields and composition

are highly dependent on the fuel type, reactor configuration, gas-solid residence

time, reaction temperature, pressure, gasifying agent (if used), and catalyst of

the gasification process [22].

Sometimes pyrolysis and gasification processes are combined with the aim to

increase the calorific value of the final gas, also known as syngas. The main

outputs from the pyrolysis process might then be upgraded by partial oxidation

(gasification) at higher temperatures. As a result, the syngas containing H2, CO,

CO2, CH4, C2-C4, and some fractions of tar is obtained together with solid and

liquid fractions. Tar concentration varies depending on the raw material used,

process conditions, etc. Unfortunately, the presence of tars significantly reduces

both the quality of the syngas and the overall yield of the process [23].

1.2 Syngas production and potential uses

The syngas from the pyrolysis/gasification of solid wastes is composed of the

permanent gases and light hydrocarbons. Syngas can be obtained from different

hydrocarbon based feedstocks such as natural gas, naphtha, coal, biomass and

other solid wastes [24]. Currently there are different technological routes used

for syngas generation, being steam methane reforming (SMR) the predominant

technology so far [25]. Depending on its final composition synthesis gas or
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syngas can have many potential applications such as Fischer-Tropsch or

methanol production, also can be upgraded to hydrogen and further converted

into transportation fuel, liquid products, and can be also used in fuel cell

applications [24, 26]. When the syngas is obtained through the gasification of

carbon based feedstock such as waste, the gasification can be integrated to

combined-cycle (IGCC) systems for example using Internal Combustion Engines

(ICE), and gas or steam turbines for electric power generation [1, 27]. When a

high hydrogen concentration is desired in the syngas composition, certain

reactions such as water gas shift can be promoted depending on the syngas

production process. In general a syngas with a H2/CO ratio higher than 1.7, is

suitable to be used in the chemical industry and for the synthesis of diverse

products such as methanol and naphtha [26, 28].

1.3 Hydrogen production, applications and future

Hydrogen is the most abundant element in the Universe, unfortunately it cannot

be found in its natural form as it is highly reactive so normally is found mixed

with other compounds as oxygen and carbon, for example as water or

hydrocarbons [29, 30]. Hydrogen can be produced by different methods such as

water electrolysis, and steam-reforming of methanol or ethanol [31]. However,

most of the current hydrogen production processes are based on the processing

of natural gas and other light hydrocarbons, which in turn comes from non-

renewable sources as fossil fuels therefore are not sustainable [32, 33]. In

addition some pollutants including carbon dioxide are released during this

process which contributes to the greenhouse gases emissions [34].

Hydrogen has a flexibility to be used in diverse applications, for example in

semiconductor processing, petroleum refining, ammonia production, metals

treatment, as coolant in electrical generators, among others. Hydrogen as an

energy carrier represents an alternative to fossil fuel use without the problems

of CO2 emissions [30, 34]. For example hydrogen can be used as fuel and also as

energy store, which is particularly relevant for the transport sector

representing a zero emission alternative replacing the current dependence on

fossil fuels [30].
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The hydrogen global demand is expected to increase up to 4.1% annually

through 2016 [35]; for this reason the pursuit of renewable sources for

hydrogen production has increased through the years. The term “hydrogen

economy” has been recently used and refers to all the factors that require a

change and adaptation to systems for hydrogen production, utilisation and

inclusion into the global economy [30, 34]. Bearing in mind this scenario, the

role of hydrogen as an alternative fuel for power generation, is increasing in

importance as part of a sustainable energy economy [36]. Therefore a future

energy framework based on hydrogen should ensure its production from an

abundant, clean and secure renewable source to fit with the required

environmental benefits [37].

1.4 Tar: definition, composition and problems associated

Tar formation during the pyrolysis and/or gasification of solid waste, has been

one of the major challenges to overcome, as significantly reduces the quality of

the produced syngas. Tar is complex mixture of polyaromatic and oxygenated

compounds formed during the thermal degradation of solid waste, through a

series of complex chemical reactions under thermal or partial-oxidation

conditions [38-41]. A high tar concentration in the produced syngas might

create diverse operational problems such as attrition and clogging in pipelines

and equipment which reduce both the quality of the syngas, and the overall

gasification yield [42]. Thus the reduction of tar formation during the

gasification process is a priority when the gasification process is proposed as an

alternative treatment for solid wastes.

1.4.1 Tar removal methods

Different physical and chemical methods have been studied in order to

minimise tar formation considering criteria such as efficiency, economic

feasibility and influence over gas formation [40, 43, 44]. Physical methods (or

secondary methods) take place outside the gasifier and are cleaning techniques

based on the use of gas filtering, scrubbers, cyclones and electrostatic

precipitators. Whereas, chemical methods (primary methods) comprise:
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catalytic steam reforming (bed of catalyst), thermal cracking and plasma

reactors [39, 45, 46].

1.4.1.1 Catalytic steam reforming

Catalytic steam reforming processes have been recognized as the most efficient

methods to promote tar cracking reactions and reduce gas yield in the syngas

[15]. Therefore have been widely assessed as the use of catalyst help to increase

both the hydrogen content and the calorific value in the syngas [47]. During the

catalytic steam reforming, a bed of a specific catalyst is used and the gases are

passed through it. The reactants are adsorbed onto the catalyst’s surface to

rearrange and combine into products that are later desorbed from the surface

allowing tar cracking reactions to take place [24]. So far there are a variety of

catalysts reported in the literature to reduce tar concentration in gasifier

streams with nickel-based catalysts the most popular [48-54]. Among the main

advantages of using nickel based catalysts are their high activity for tar

elimination at process temperatures around 900ºC, and the increase in the H2

and CO yields in the syngas [55].

1.5 Description and Objectives of this Research

Considering the relevance of hydrogen as a fuel for power generation, and the

large availability of municipal solid waste (MSW); both factors might be

correlated by means of thermal treatments such as pyrolysis and gasification for

the conversion of solid wastes into hydrogen. By combining the pyrolysis and

gasification methods, a high hydrogen rich syngas can be obtained. In addition,

the reduction in tar formation can be promoted by the use of different nickel-

based catalysts during the gasification stage.
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In this research, diverse nickel based catalysts were tested in a two stage the

pyrolysis/gasification reaction system, using refuse derived fuel (RDF) as raw

material. A series of experiments were carried out with the following objectives:

 To find the most suitable process conditions such as pyrolysis and

gasification temperatures, for the thermal degradation of refuse derived

fuel (RDF).

 To analyse the influence of catalyst type, catalyst ratio, metal loading,

etc., of different catalysts to be used during the catalytic steam reforming

of RDF, for hydrogen production and tar reduction.

 To characterise quantitatively the condensed tar fraction and to

qualitatively identify the major tar compounds.

 To analyse the used catalysts from the gasification stage to identify the

carbon deposition.

 To propose a tar formation and degradation mechanism through the

pyrolysis/gasification of RDF.
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CHAPTER 2. LITERATURE REVIEW

2.1 Municipal Solid Waste (MSW)

Various definitions of municipal solid waste (MSW) have been stated in the

literature over the years, but in general the term encompasses all the by-

products with a lack of value, generated during human activities in households

and commerce [1-4]. The MSW fraction accounts for less than 10% of the total

waste produced in the world, however there are major environmental, social,

and economical issues associated with their management and final disposal [2].

In general MSW is collected by municipalities, excluding sewage networks,

construction, and demolition waste [5].

2.1.1 MSW generation and composition

The production rates and the composition of MSW vary according to factors

such as economic development, population growth and lifestyle, sociocultural

habits, trends in urbanisation, climate, recycling potential etc., [3, 6]. A

projection of the production of MSW based in income level for different

countries from the year 2010 to 2025 is presented in Figure 2.1-1 [5].

Figure 2.1-1. Projection MSW generation according to the income level
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Figure 2.1-1, shows that countries with a high income level tend to produce

more kg of waste per capita per day than countries with lower income. However

the estimated production for the year 2025 for low income to upper middle

income countries will increase significantly when compared with the increase in

trend for high income countries. This trend is related to the size and affluence

for each country as well as the consumption habits [5, 7].

A flow diagram of the solid waste generation during the conversion of raw

materials into goods for consumption, is shown in Figure 2.1-2 [8]. From Figure

2.1-2 it can be observed that solid wastes are generated through the whole

conversion process including some recovery and recycling intermediate steps.

Figure 2.1-2. Materials flow and solid waste generation

Waste generation intensities are good markers for solid waste management

implementation in countries. Currently, the world’s cities generate around 1.3

billion tonnes of MSW per year, and it is estimated that by 2025 this amount will

increase up to 2.2 billion tonnes per year, based on economic and urban

population growth rates from the World Bank [6]. Due to the significant

increase in the municipal solid waste (MSW) production it is necessary to find

sustainable and environmentally friendly routes to treat and dispose MSW

efficiently [9]. The most common activities carried out once MSW is generated

include collection, handling, separation of certain fractions, storage, processing

and disposal; these set of activities are part of the waste management process.

When these activities also include the selection and application of technologies
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to meet specific waste management goals, then the process can be defined as

integrated solid waste management (ISWM) [8]. Additionally a hierarchy of the

different elements that compose the ISWM has been set out, starting with

source reduction, reuse of materials, recycling and recovering, waste

transformation (including energy recovery), and finally the disposal (e.g.

landfilling) [8, 10].

The composition of the MSW is a major parameter as it gives information about

the materials contained and its potential to be segregated, for example, for

recycling purposes. In general MSW is characterised by having organic and

inorganic materials, but radical changes over the years such as modifications in

the eating habits of the population and the way in which goods are packaged

promotes variations in the composition of household wastes [7, 8, 11]. For

example the generation source is a factor that influences the composition of

MSW, thus the materials contained in MSW varies from country to country as

observed in Figure 2.1-3 [7]. The composition considered 6 major groups: metal,

glass, plastics, paper, organic, and other material fractions [7].

Figure 2.1-3. MSW composition in developed countries

Most of the countries presented in Figure 2.1-3 have a high income level;

however variations in the waste stream are still unclear. For example the
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organic fraction of wastes from Norway is very low with similar proportions of

metal, glass and plastics, and considerably higher amounts of other materials

[6]. In general of the total MSW stream, between 50 and 75 per cent comes from

residential and community activities [8]. Wastes from household activities

might include newspapers, clothing, disposable tableware, food packaging, cans

and bottles, garden waste, food scraps, etc.; whereas the commercial waste

stream might contain corrugated boxes, food scraps, office disposable tableware,

paper napkins, etc., [4, 12]. The inorganic fraction consists of residues of paper,

plastic, metals and other materials, a more detailed description of each fraction

contained in the MSW stream is presented in Table 2.1-1 [6].

Table 2.1-1. MSW fractions and description

Some physical, chemical and biological characteristics are of interest when

materials in a MSW stream require recycling and further treatment. The

physical properties of MSW refers to specific weight, particle size and size

distribution, etc.; chemical analysis gives specific information about chemical

composition, energy content, etc.; and biological analysis is focused on the

organic fraction to get mainly information about biodegradability [8, 10].

Chemical characterisation of solid wastes is essential when solid wastes are

meant to be used as fuel. Four main analyses are carried out to obtain

information about MSW composition including proximate analysis, ultimate

analysis, fusing point of ash, and energy content. However the most common are

the proximate analysis that determines moisture, combustible content, volatiles,

and ash content; and the ultimate analysis that gives mass fraction values of

Fraction Materials and sources

Organic Food scraps, yard waste (leaves, grass, brush), wood, process residues

Paper

Paper scraps, cardboard, newspapers, magazines, bags, boxes, wrapping paper,
telephone books, shredded paper, and paper beverage cups. When paper is
contaminated is not considered within the organic fraction.

Plastic Bottles, packaging, containers, bags, lids, cups

Glass Bottles, broken glassware, light bulbs, coloured glass

Metal
Cans, foil, tins, non-hazardous aerosol cans, appliances (white goods), railings,
bicycles

Other
Textiles, leather, rubber, multi-laminates, e-waste, appliances, ash, other inert
materials
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elements contained in the sample such as C, H, N, O and S [13]. The moisture

content in the MSW is one of the most relevant parameters as it influences the

weight of the waste, its processing, handling, and final treatment. High moisture

content promotes a faster degradation of the biodegradable fraction of waste,

and also makes the waste unsuitable for thermal conversion [7]. This parameter

depends on the climatic conditions such as rainfall and harvest season, and is

measured according to the loss of moisture when the solid waste is heated to

105 °C for 1 hour [8, 10, 14]. The potential contaminants that might be found in

waste streams include heavy metals, soluble salts, organic matter, etc. [15]. An

example of the typical properties of MSW is presented in Table 2.1-2 [3, 8].

Table 2.1-2. Typical properties of MSW

All the MSW characteristics are relevant when selecting management and

disposal methods. New technological alternatives based on energy efficient and

environmentally friendly approaches for the disposal of MSW have been used

around the world [11]. These alternatives are aimed at enhancing resource

recovery from MSW, such as the production of a value added material including

refuse derived fuel (RDF) obtained from the processing of the MSW stream.

Composition Wt.%
Elemental Analysis

Element Wt.%
Paper/cardboard
Plastics
Glass
Metals
Food/garden
Textiles
Others

33.0
7.0

10.0
8.0

20.0
4.0

18.0

Carbon
Hydrogen
Oxygen
Nitrogen
Sulphur
Chlorine

21.5
3.0

16.9
0.5
0.2
0.4

Proximate Analysis
Element (ppm)

Property Wt.%
Combustibles
Moisture
Ash

42.1
31.0
26.9

Lead
Cadmium
Arsenic
Zinc
Copper
Chromium
Mercury

100-2000
1-150

2-5
400-1400
200-700
40-200

1-50



- 19 -

2.1.2 Refuse Derived Fuel (RDF) definition and composition

Refuse derived fuel (RDF) is a fraction obtained from the main MSW stream via

a pre-sorting process including manual and mechanical operations, aimed to

remove non-combustible materials such as glass and metals. Once the non-

combustible materials are segregated, the remaining fraction has better

physical and combustion characteristics. The major benefits of obtaining RDF

are the higher calorific value and homogeneous particle size and composition [1,

8, 16, 17]. The calorific value of the raw MSW has a typical calorific value around

9 MJ kg-1, whereas the calorific value of RDF pellets is around 18 MJ kg-1 [18].

The more the solid waste is pre-treated; the better is its quality and heating

value, as the volume and size of plastics and paper is reduced resulting in a

material that can be combusted more evenly [10, 11].

RDF pellets are also produced in order to facilitate the handling and storage of

MSW. RDF can be stored for long periods, and then can be used as fuel for heat

or electricity generation. The unitary operations or sequential steps used to

produce RDF pellets include segregation or separation, drying, crushing,

shredding, screening, air classification, magnetic separation, screening,

solidifying, and pelletizing [19]. An example of the combination of some of these

unitary operations is shown in Figure 2.1-4 [7, 20, 21].

Figure 2.1-4. RDF manufacturing process

The most common materials that are segregated from the MSW, due to their

potential to be recycled include fibre (cardboard, paper, newspaper, office
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paper), metals (ferrous and aluminium), mixed glass, and plastics (polyethylene

terephthalate-PET and high density polyethylene-HDPE) [3, 22]. Once the solid

waste is passed through these steps, a RDF fraction with a similar energy

potential to coal is obtained [23]. For example Lin et al [24], reported the

production of RDF from MSW through a mechanical separation consisting of bag

ripping, magnetic sorting, shedding and a rotary trommel screening. Additional

inert materials contained in the MSW stream such as glass and ceramics were

also segregated, to obtain final RDF pellets with particle size between 25-

100mm. Different pathways are followed to obtain RDF depending on the

specific requirements and further use. A general diagram showing major

separation processes from the original MSW to obtain RDF is shown in Figure

2.1-5 [17].

Figure 2.1-5. Refuse Sorting Processes
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Seven different classes of RDF have been suggested by the American Society for

Testing and Materials (ASTM) and U. S. Environmental Protection Agency (EPA)

considering its general composition. The description of each RDF type is

summarized in Table 2.1-3 [8, 10].

Table 2.1-3. Refuse derived fuel (RDF) classification

Dalai et al [11], carried out characterisation of two different RDF samples

differing slightly in composition, the thermal analysis indicated the presence of

plastics and cellulose materials in both samples. The composition of any

carbonaceous based fuel is very complex as they include some inorganic and

organic fractions. The organic fraction is mostly composed of C, H, O, and N;

arranged in hydrocarbon chains together with other elements such as metals,

glass, and polymers from plastic residues [13]. Proximate and ultimate analyses

carried out to characterise MSW samples, are also used to characterise RDF

samples. When RDF samples from different sources are subjected to elemental

analysis (proximate and ultimate analyses), slight variations in certain

parameters might be found, as the solid waste composition is diverse. Therefore

a solid knowledge of the main constituents is useful for further applications of

the RDF. Examples of the elemental analyses carried out on RDF samples from

different sources, are presented in Table 2.1-4.

Type Composition-use
RDF1 Used as fuel as-discarded
RDF2 Wastes treated to get big particle size, might contain ferrous

materials
RDF3 Wastes are shredded and processed to remove metal, glass and

other inorganic materials (passed through a 50mm square mesh
screen)

RDF4 Combustible fraction obtained in powder form (passed through a
2mm mesh screen)

RDF5 Densified RDF in the form of pellets, slugs, cubettes, or briquettes
RDF6 Combustible waste processed into liquid fuel
RDF7 Combustible waste processed into gaseous fuel
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Table 2.1-4. Elemental analysis of RDF from diverse sources

1 Buah et al, 2007 [18]; 2 Cozzani et al, 1995 [25];
3 Dou et al, 2007 [26]; *O- obtained by difference; **nd- no detected
a value as appear in the cited reference

More specific analysis of solid waste samples can be carried out, for example a

comparison of the properties of MSW and two RDF samples differing in particle

size have been reported by Chang and collaborators [27]. The results are

presented in Table 2.1-5.

Table 2.1-5. Properties of the MSW and RDF Samples

RDF1

(wt%)
RDF2

(wt%)
RDF3

(wt%)

Proximate Analysis

Moisture Content 4.0 4.0 11.8
Ash Content 17.0 12.3 13.4

Volatile Matter 64.0 77.8 71.0
Fixed Carbon 15.0 9.9 3.8

Ultimate Analysis

C 40.0 45.9 56.8
H 6.9 6.8 8.4
N 0.6 1.1 0.5
S 0.1 nd** nd

O* 52.4 33.7a 3.0a

MSW
RDF

25-100 mm > 100 mm

Bulk density (kg/m3) 289.90 334.80 179.10
Paper (%) 28.62 8.08 5.70
Plastics (%) 26.33 29.15 57.81
Garden trimmings (%) 4.05 4.60 4.21
Textiles (%) 9.03 7.43 18.23
Food Waste (%) 14.04 0.00 0.00
Leather/rubber (%) 0.58 1.13 1.48
Metal (%) 6.99 1.09 0.03
Glass (%) 7.26 0.00 0.00
Ceramics and China 0.47 0.00 0.00
< 5 mm 1.59 16.15 8.89
> 5 mm 1.04 32.36 3.65
Heat Value
HHV (kcal/kg) 2277.80 2554.50 3715.90
LHV (kcal/kg) 1816.30 2095.70 3296.00
Chemical Composition on wet basis (%)
C 20.11 24.45 29.24
H 2.92 3.21 3.30
N 0.55 1.09 1.04
Cl 0.18 0.16 0.23
S 0.80 0.10 0.05
O 12.58 11.69 15.90
Proximate Analysis on wet basis (%)
Moisture (%) 50.65 47.55 40.28
Ash (%) 12.21 11.75 9.96
Combustibles 37.15 40.70 49.76
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From Table 2.1-5, a variation between the percentage of materials found in the

MSW and RDF samples can be seen. Also there is an influence of different

particle size on the properties of RDF samples, for example higher heating

values were reported for RDF pellets with a particle size greater than 100mm,

this parameter is relevant when RDF is meant to be used as fuel [10, 27].

Thermogravimetric analysis (TGA) is used to study the thermal degradation

behaviour and combustion characteristics of solid samples, since different

decomposition stages can be identified. A solid sample is combusted under

specific conditions and changes in the sample weight are recorded and related

with the increase of the temperature. Sørum et al [28], analysed the thermal

degradation of cellulosic and plastics fractions contained in MSW, and observed

a major weight loss occurring within the region of 250 °C to 400 °C. Additional

studies focused on the analysis of the thermal degradation of polystyrene,

polypropylene, low-density polyethylene and high-density polyethylene, and

identified the degradation between the range 350-500 °C. The thermal

decomposition of the main paper compounds has been also reported in the

literature [29]. For example the thermal analysis of hemicellulose was reported

to start around 250 °C with the major weight loss between 250-350 °C; whereas

the main weight loss for cellulose occurs between 325 and 400 °C. The study of

the degradation of these components is relevant as most of them can be found

in RDF samples.

In general it has been reported that RDF decomposition starts around 230 °C, a

first weight loss occurs within the region between 240-380 °C, which might be

related with the decomposition of cellulosic material; a second weight loss takes

place at around 410 and 500 °C, which may be mainly influenced by the

presence of plastics in the RDF samples [11, 18]. An example of the thermal

degradation analysis of RDF is presented in Figure 2.1-6.
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Figure 2.1-6. Thermogravimetric analysis of RDF

From Figure 2.1-6 the first weight loss is associated with the loss of moisture or

water due to evaporation, the remaining fraction at the end of the analysis is

considered as ash or carbon, and is represented as a straight line as there are no

more weight variations.

The main characteristics that make RDF an attractive renewable source are its

abundance, the localized source since the collection of MSW is already arranged,

and the cost is more stable as in many cases is even subsidized by municipalities

as part of waste management policies [30].

2.1.2.1 MSW disposal and treatment methods

MSW treatment practices adopted around the world include incineration,

recycling, compost, landfill, dump, and others [6]. The use of landfill sites has

been the most common MSW disposal option worldwide and just a small

percentage of the wastes are subjected to a recycling process. Other treatment

options such as composting or anaerobic digestion are used in smaller

percentages [18]. Figure 2.1-7 shows the distribution of the MSW treatment

methods used during 2012 by some OECD countries (Organisation for Economic

Co-operation and Development) [6].
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Figure 2.1-7. MSW disposal methods used for some OECD countries

From Figure 2.1-7, it is observed that some countries like Japan have promoted

the use of waste-to-energy facilities (WtE) as major waste disposal method

using about 70% this alternative in combination with about 17% of recycling. It

is also observed that other countries such as Switzerland and Sweden have used

a combination of recycling and waste-to-energy options.

These changes are based on the fact that landfills contribute to greenhouse

gases emissions and also to the pollution of surface and groundwater due to the

leachate generation [15]. During the waste degradation process diverse

contaminants such as methane, carbon dioxide, and hydrogen sulphide are

generated, which contributes to atmospheric pollution [2]. These environmental

and health associated problems together with the lack of land areas and society

opposition, have prompted the assessment of alternative waste disposal

methods to be integrated into the waste management regulations. Also different

regulation measures and guidelines have been developed with the aim to reduce

the waste associated problems [8, 15, 26].
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2.1.2.2 Alternative thermal treatment for MSW and RDF

A wide range of processes including physical, chemical and biological

transformations have been assessed in order to reduce the volume of wastes, to

segregate as much recyclable materials as possible, to facilitate the handling, to

dispose of them in an environmental friendly way, to recover energy, etc. A

diagram showing the potential pathways for collected MSW is shown in Figure

2.1-8 [1, 8].

* MBT Mechanical Biological Treatment; MHT Mechanical Heat Treatment

Figure 2.1-8. Diagram showing different conversion options for MSW

Most of the methods shown in Figure 2.1-8 seek the production of heat, fuel

and/or electricity by different means. Technologies can be classified as thermal,

biochemical, and chemical processes, focused on the energy recovery [7].

Diverse thermal treatments can be used either as a way to valorise the waste for

energy recovery or as pre-treatment of waste prior to disposal, and are also

referred as thermo-chemical processes. The main aims of using thermo-

chemical technologies are the volume reduction, the stabilisation of the waste,
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recovery of energy from waste and the sterilisation of waste [1, 31]; therefore

are a viable and environmental friendly way to process wastes.

There are several types of thermal process technologies namely plasma arc

gasification, conventional gasification, pyrolysis and/or gasification. The

thermal efficiency of each process is different, a comparison between the net

energy production from each technology is shown in Figure 2.1-9 [12].

Figure 2.1-9. Net output of various thermal processes

Renewable energy sources are seen as an alternative to partly covers the energy

requirements of the future, as they have broad availability. One example is the

use of municipal solid waste (MSW), in the form of refuse derived fuel (RDF) as

raw material in processes such as pyrolysis and gasification [32].

The design and selection of the thermochemical process it is highly influenced

by the physicochemical properties of the MSW [7], as the diverse decomposition

reactions taking place depend on the raw material characteristics, as well as the

process conditions [13]. Thermal treatments are an essential part of an

integrated waste management system because of the benefits that the use of

this technology brings [33]. When MSW or RDF are subjected to thermal

treatments, the energy recovery through heat or power generation is feasible,

which is desired within the waste management hierarchy [32]. Furthermore the
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original mass and volume are reduced around 70-80%, and 80-90%

respectively; therefore the land area required for landfill for the same quantity

of MSW is also diminished. Due to the elevated temperatures of the process

(500-1000°C), some relevant organic contaminants such as hydrocarbons and

halogenated materials are eliminated. Nowadays most of the thermal processing

facilities are well equipped with pollution control systems and also represent a

nearly complete recycling alternative and a source of clean and renewable

energy if implemented in a proper manner [22, 34]. However there is still a

concern regarding the disposal alternatives for the 10% remaining waste

fraction [10], and also a concern about the possible diverse toxic effects of the

emissions. For example a fraction known as tar might contain diverse

components such as tri- and tetra-methylphenanthrenes, chrysene,

methylchrysenes, and benzapyrenes, which are of known carcinogenic and/or

mutagenic activity [35-37].

Among the thermal processes options presented in Figure 2.1-8, pyrolysis and

gasification have been broadly studied for energy recovery, using diverse types

of carbon based feedstocks. A description of both thermal processes is

addressed in the following sections.

2.1.2.3 Pyrolysis

The pyrolysis process is the thermal conversion or degradation of a solid waste

or organic material in the total absence of oxidising agents such as oxygen,

steam or carbon dioxide. The overall pyrolysis process is endothermic, thus

requires an external heating source to reach process temperatures between 300

to 800 °C. At these temperatures the chemical bonds forming the organic

material break down; and as a result gaseous, liquid and solid fractions are

released [8, 13, 38-40]. The major weight loss occurs during the evolution of

volatile matter, followed by the decomposition of char as observed in [26, 41].
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Figure 2.1-10. Pyrolysis process of a fuel particle

Initially the solid waste undergoes a drying process aimed to release all the

moisture contained in the solid waste between 100-120 °C. After that the

pyrolysis (or devolatilization) process takes place and the long polymer chains

contained in the fuel material break down into shorter molecule chains

releasing mainly gases such as H2, CH4, CO, CO2, H2O, etc., together with other

hydrocarbons; this occurs as a result of different complex reactions taking place

at temperatures around 200-800 °C; also a carbonaceous or coked material

remains as solid residue (Figure 2.1-10). These reactions are sometimes

referred to as primary reactions; whereas secondary reactions further convert

products and increase the concentrations of CO2 and CH4 in the produced gas.

Secondary reactions might also take place during the gasification process as will

be discussed in Section 2.1.2.4. A more general evolution of the pathway

correlating the pyrolysis temperature and the products formed was proposed

by De Souza-Santos et al [13], in Figure 2.1-11:

Figure 2.1-11. Pyrolysis steps related with the process temperature

The overall pyrolysis reaction can be expressed according to Equation 2.1-1

[42]:

150 ºC

DESORPTION

Release:
H2O, CH4, N2

< 250 ºC

DESTRIATION

Release:
Aromatics,
Aliphatic (from
tar)

< 400 ºC

DEGRADATION

Release tar and
CH4, H2O, C3H8

< 600 ºC
CONDENSATION
&
DECOMPOSITION
Aromatic Structures
and heterocyclic
compounds
Release H2, CO, N2
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The evolution of the chemical reactions that occur during the pyrolysis process

are described in Table 2.1-6 [38, 43].

Table 2.1-6. Evolution of pyrolysis reactions according to the temperature

The specific characteristics of the pyrolysis products depend on diverse factors

including the raw material composition, and operational conditions such as

temperature, pressure, and heating rate [3]. The general characteristics of each

fraction are addressed in Table 2.1-7 [8, 38].

Table 2.1-7. Characteristics of products from the pyrolysis of organic material

Pyrolysis gases are mainly composed of carbon dioxide, carbon monoxide,

hydrogen, methane and hydrocarbon gases. Both liquid and gaseous fractions

Temperature (0C) Chemical Reaction
100-120 Thermal drying, dehydration

250
Deoxidation, desulfurization, molecular separation of water and
carbon dioxide, starts cleaving hydrogen sulphide

340
Breakage of bonds of aliphatic compounds, splitting of methane
and other aliphatic compounds

380 Carbonization phase (residues)
400 Breakage of carbon-oxygen and carbon-nitrogen bonds

400-600
Decomposition of bituminous compounds into low-temperature
carbonization oils and tars

600
Cracking of bituminous compounds into heat resistant
components formation of aromatic compounds (light
hydrocarbons and derivatives)

>600
Olefin (ethylene) dimerization, dehydrogenation to butadiene,
reaction of ethylene to cyclohexane, thermal aromatization to
benzene and higher-volatility aromatic compounds

Fraction or product Characteristics

Gaseous

Mainly composed by H2, CH4, CO, CO2, plus other volatile
constituents, and hydrocarbons. Pyrolysis gas yield is 20-50%
weight of the input; with heating values are between 3-12
MJ/Nm3.

Liquid

Contain mainly tar, oil and water in different amounts. It is
mainly composed by polyaromatic hydrocarbons (PAH), and
oxygenated compounds. Liquid yields are around 30-50% in
weight with hating values around 5-15MJ/kg.

Solid

Char-like material consisting almost entirely of carbon, plus
some inert materials (metals, glass, etc.) present in the raw
material. The heating value of the char might be between 10-35
MJ/kg.
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contain complex mixtures of hydrocarbons and other organic compounds,

whose yield and composition is related to the fuel used and process conditions.

For example a raw material or fuel with high amounts of oxygenated structures

such as lignin or hemicellulose, might promote an increase in the concentration

of carbon monoxide and carbon dioxide in the produced gas, also known as

syngas [3]. Chars from pyrolysis are sometimes used as fuel, or are also

upgraded to produce a high grade activated carbon [3]. Also Horne and Williams

[44], reported the influence of the pyrolysis temperature over the products

from the flash pyrolysis of biomass. They found that by increasing the pyrolysis

temperature, the concentration of polyaromatic hydrocarbons (PAH) also

increased in both liquid and gaseous fractions. In general the increase in the

pyrolysis temperature promotes an increase in the H2 and CH4 concentrations in

the produced syngas, and also it has been found that the final heating value of

the syngas is influenced by both the raw material and the process temperature

[11].

During the pyrolysis of municipal solid waste it has been reported that a yield of

about 35% of char, with a high ash content (up to 37%) was obtained [3]. Lin et

al [24], reported a yield of about 28wt.% of oils, 30wt.% of non-condensable

hydrocarbons, and 42wt.% of solid fraction when RDF were subjected to

pyrolysis at 500°C. Product yields for solid, liquid and gaseous fractions using

RDF and a mixture of plastics are presented in Table 2.1-8 [24, 29, 45, 46].

Table 2.1-8. Product yields from the pyrolysis of RDF and plastics mixtures

From Table 2.1-8, it can be observed a difference in the products yields when

temperature, heating rate or pyrolysis process were changed. Williams and
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Williams [46], reported that for a mixture of plastics, the increase in the

pyrolysis temperature increased the gas yield as the molecules break down

promoting the formation of smaller molecules; whereas the yield of tar/oil tend

to be reduced. In general the increase in the pyrolysis temperature, and/or

longer residence times result in an increase in the gas fraction at the expense of

the oil produced [24].

Some pyrolysis facilities are focused on the production of the oil fraction as it

can be later used as a liquid fuel in further processes. However, sometimes not

all of the oil characteristics match with the equipment or facilities requirements,

thus the oil can require further upgrading to be used as chemical feedstock, in

fuel applications, conventional electricity-generating systems such as diesel

engines, or can also be used to produce refined fuels [3, 47].

Some of the polymeric materials contained in RDF are poor heat conductors and

require a significant amount of energy to break down the macromolecules that

comprise them, therefore the pyrolysis of RDF is a complicated process [24, 25].

For this reason a better understanding of the kinetics of RDF during the

pyrolysis process is important. The thermogravimetric kinetics of the pyrolysis

process have been investigated; specifically focused on the behaviour of

municipal solid waste (MSW) [48]. Using thermogravimetric analysis (TGA)

different decomposition reactions and the kinetic parameters of the MSW

decomposition can be obtained. For example the thermal decomposition of

refuse derived fuel (RDF) has been analysed by Cozzani et al [16]; they assumed

that the thermal degradation of RDF can be considered as the sum of the

thermal degradation of the main compounds including cellulose, lignin and

hemicellulose from paper and wood-like materials, and polyethylene (PE) from

plastics. The overall kinetics of thermal degradation or rate of conversion

during the pyrolysis process can be addressed by a model of independent and

parallel reactions. The single reaction model and rate of conversion can be

expressed according to the Arrhenius equation (Equation 2.1-2) [24, 28]:
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Where E and A are the activation energy and the frequency factor respectively;

R is the universal gas constant (8.314x10-3 kJ kg mol-1 K-1), and α is the

conversion or reacted fraction that can be described as follows [28]:

ߙ =
1 − ݉

1 − ݉ ௖௛௔௥
Equation 2.1-3

Where m and mchar are the original sample mass and the char yield respectively.

As the RDF is composed of more than one simple material (Section 2.1.2), the

decomposition rate of each material is independent from each other, thus the

overall conversion can be described as [28]:

−
݀݉

ݐ݀
= ෍ ௜ܿ

௜

௜ߙ݀
ݐ݀

;݅= 1, 2, 3, … ,ܰ Equation 2.1-4

The individual decomposition of each material can be thus calculated according

to the Equation 2.1-2; using experimental values from the thermogravimetric

analysis [28]. By using these expressions, a quantitative prediction of the RDF

pyrolysis behaviour can be obtained [24].

Variations in the pyrolysis process include conventional pyrolysis, flash-liquid,

flash-gas, and carbonisation. For each type of pyrolysis, features such as the

heating rate and temperature are varied according to the different products

which are targeted to be obtained, namely: charcoal, gas, char, liquid, and or

chemicals [3].

2.1.2.4 Gasification

The gasification process is strictly speaking a continuation of the pyrolysis

process. It differs from the pyrolysis process as the thermal decomposition

takes place at higher temperatures and under partial-oxidizing conditions i.e. in

the presence of oxidising agents. The relation between the actual amount of
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oxidising agent (air, oxygen, steam, or mixtures of these) and the amount of fuel

used in order to achieve full combustion (under stoichiometric conditions) is

known as the equivalence ratio or stoichiometric ratio [43, 49]. During the

gasification, the carbonaceous based materials are converted into gas with a low

amount of liquid and solid fraction, through a series of different reactions [11,

12]. In Table 2.1-9, are summarized the main chemical reactions occurring

during the gasification process [33, 34]. The exothermic reactions include the

reactions of oxygen with carbon, hydrogen and carbon monoxide, and the

endothermic reactions include the reactions of carbon with carbon dioxide and

steam.

Table 2.1-9. Basic homogeneous and heterogeneous reactions during
gasification of solid waste
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In a similar way as in the pyrolysis process, there are some factors that

influence the products distribution and composition from the gasification

process, including raw material characteristics, process temperature, pressure,

gasifying medium, catalyst and additives, equivalence ratio (ER), residence time,

etc. The selection of these parameters is also related to the design of the

gasification reactor [50]. For example the moisture content of the solid waste

influences process temperatures, composition and amounts of products. When

the moisture content is above 20wt.% and gasification temperatures around

600 °C, MSW cannot be easily degraded [13, 51]. Also an increase in the

gasification temperature and/or in the heating rate might result in higher

hydrogen concentrations in the produced gas [42].

The gasification temperature has significant influence on the gas heating value,

tar content in the produced gas, etc. Figure 2.1-12., shows the effects of the

gasification temperature over various parameters when different feedstocks are

used during the gasification process [50].

Figure 2.1-12. Influence of the gasification temperature over product
characteristics, using different raw materials

2.1.2.4.1 Types of gasifier

The design of each gasifier is defined according to the products requirements,

raw materials used, operational conditions, etc. Different gasifier designs

include fixed bed, fluidized bed, and entrained flow; the general configuration of

each reaction system is presented in Figure 2.1-13 [11, 52-54].
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Figure 2.1-13. Configuration of gasification reactor systems

For each one of the reaction systems presented in Figure 2.1-13 there are

diverse operational advantages and disadvantages, which are summarised in

Table 2.1-10.
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Table 2.1-10. Strengths and weaknesses of gasifiers according to their design

Adapted from [54-57]

From all the different gasifier designs the most used are fluidized and fixed bed

reactors. Fixed bed gasifiers with a downdraft configuration have been reported

to attain high feedstock conversion, to produce a gas with higher quality and

lower tar levels, when compared with other gasifiers under similar conditions

using the same feedstock [55, 58].

2.2 Pyrolysis-gasification for hydrogen production

Pyrolysis and gasification processes are focused on the thermal degradation of

solid wastes; however both differ in some operational and technical parameters.

A summary including the main characteristics of pyrolysis and gasification

processes is shown in Table 2.2-1 [33].

Gasifier Type Strength Weakness Size

Entrained flow

Short residence time (seconds
or tens of seconds)
High temperatures achieved
(good fuel conversion)

High temperatures required
Entrainment of some molten
slag in the raw syngas
Relatively large oxidant
requirements
Large amount of sensible
heat in the raw syngas

Large
Scale

Fixed
bed

Updraft

Low oxidant
requirements
Counter flow
gives a high
proportion of
chemical
energy,
increasing the
gas calorific
value.
High thermal
efficiency.

Small
pressure
drop.

Little
tendency
towards slag
formation.

Good
turndown.

The
temperature of
the gas exiting
is lower than
the
temperature
needed for
complete
material
conversion
Production of
liquid
hydrocarbons,
tars and oils
Limited ability
to handle fines

Great
sensitivity
to tar and
moisture
content of
fuel.
Long time
required to
start up.
Poor
reaction
capability
with heavy
gas load.

Small to
medium
scale

Downdraft

Moderate
dust
Low tar
formation

Limited
turndown.

Fluidized
bed

Bubbling
bed

Uniform and
moderate
temperature
through the
bed
Moderate
oxygen and
steam
requirements
Availability to
treat small
particle size
feed.
Very good
scale-up
potential.

Good
temperature
distribution.
Easily
started and
stopped.

Temperature control
Difficult to achieve high feed
conversions
Poor fuel conversion to gas

Medium
Scale

Circulating
bed
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Table 2.2-1. Main characteristics of pyrolysis and gasification processes

The different primary products, recovery potential and secondary products

from pyrolysis and gasification processes are shown in Figure 2.2-1 [59].

Figure 2.2-1. Pyrolysis and Gasification primary and secondary products

Pyrolysis and gasification processes can be combined offering several

advantages rather than using each process separately. An example of the

Condition Pyrolysis Gasification
Aim of the
thermochemical
process

Thermally decompose
solid material into gases
and condensed fraction

Maximize the solid conversion
into gas containing mainly CO,
H2 and CH4

Oxidising medium No oxidising agent used

Air, oxygen, steam or mixtures
of these gases (lower amount
than that required for
stoichiometric combustion)

Operating
temperatures

300-800°C
550-900°C (air)
800-1500°C (oxygen)

Pressure Slightly over pressure Atmospheric

Output gases
CO, H2, CH4 and other
hydrocarbons

CO, CO2, H2O, H2, CH4

Contaminants in
the output gas

H2S, HCl, NH3, HCN, tar,
particulate

H2S, HCl, COS, NH3, HCN, tar,
alkali, particulate

Gas cleaning
requirement

Syngas cleaning required for further use; e.g. in chemical
production processes o high efficiency energy conversion
devices
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combination of pyrolysis and gasification processes and products is presented

in Figure 2.2-2 [38].

Figure 2.2-2. Pyrolysis and gasification main products and combination of both
processes

In order to use the syngas as feedstock for methanol and naphtha production in

the chemical industry, it should meet certain requirements such as a H2/CO

ratio higher than 1.7. To achieve this requirement during the gasification of

wastes, it is necessary to add steam into the process [60]. When steam is added

into the combined process, some chemical reactions are promoted (water gas-

shift, steam methane reforming, steam reforming, etc.), resulting in the

formation of CO and H2 [12].

The recovery of energy from solid wastes processing can be addressed from two

different perspectives namely electricity and/or heat production. However the

type of energy recovery is highly dependent on the produced gas or syngas

characteristics [38]. Therefore by combining pyrolysis and gasification

processes seems a viable way to obtain a high-hydrogen rich syngas, with a high

heating value and low tar content.

2.2.1 Syngas and Hydrogen; potential applications

A syngas with different H2 to CO ratio can be obtained through different

production processes using diverse carbon based feedstocks. A general diagram

showing some of the most common syngas production routes and applications

is shown in Figure 2.2-3 [61-63].
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Figure 2.2-3. Potential uses of syngas from carbon based feedstocks

A partially cleaned syngas can be fed into combustion chambers to recover

energy by a water-steam cycle. As shown in Figure 2.2-3, the syngas can be

further upgraded e.g. to obtain hydrogen. A cleaned syngas can be used in small

scale internal combustion for electricity production, furthermore when the

gases are thoroughly cleaned can be directly used in combined cycles for

electricity production including a gas turbine and a second cycle for steam

production and further use of a steam turbine [12, 38]. Figure 2.2-4 shows

diagrams of the most common systems used for energy recovery [8].
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Figure 2.2-4. Typical energy recovery flow diagrams

Steam turbines (Figure 2.2-4a) are the most common energy recovery devices

and are normally used for large systems (10-50MW). Gas turbines (Figure

2.2-4b) are compact and efficient systems that can be fed with gaseous or liquid

fuels. Internal combustion engines are alternative equipment to gas turbines

and are modifications of original systems designed for natural gas or propane

(Figure 2.2-4c). Figure 2.2-4d and Figure 2.2-4e, are examples of systems used

for cogeneration, these types of engines are widely used in the industry for

electricity generation [8].

Hydrogen has a broader potential to be used for power generation both in the

form of heat and/or electricity, when compared with the raw syngas. Hydrogen

potential yield is defined as the sum of the hydrogen in the produced syngas and

the theoretical hydrogen from the water-gas-shift reaction, as well as the

complete reforming of hydrocarbons in the produced syngas according to

(Equation 2.2-1) [64]:
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Gaseous hydrogen can be burned as fuel or used in fuel cells for power

generation [65]. When hydrogen is combusted with oxygen, energy is released

in the form of heat, also water (steam) is released into the atmosphere, thus the

hydrogen cycle is closed [66]. Hydrogen can be also used as feedstock in

chemical processes, fuel cells or for methanol and/or ammonia generation [11].

Hydrogen is a fuel with high energy per unit mass, can be produced by

renewable sources (solid waste, water, etc.), and is also a clean energy

alternative therefore is also referred to as an energy carrier [67, 68]. For these

reasons many researchers have focused on the further upgrade of syngas to

hydrogen (Figure 2.2-3).

Currently about 95% of the total hydrogen produced comes from the use of

carbonaceous raw material (mainly from a fossil source), and is widely used

worldwide in the hydrocarbon processing industry. The hydrogen demand in

the year 2000 was approximately 50 million tonnes and is expected to increase

about 4 per cent per annum, thus by the year 2016 will be required about 300

million tonnes of hydrogen; therefore it is essential to develop alternative

routes to produce hydrogen different from those based on fossil fuels [69, 70].

Currently there are a number of processes for hydrogen production namely

electrochemical routes, thermochemical processes, photochemical and

photocatalytic processes, or photoelectrochemical processes [71]. Among the

thermochemical routes used for hydrogen production, the most common is the

natural gas steam reforming process, which is used to supply about half of the

world’s hydrogen demand [71].

Of the total energy produced in the world, about 80% comes from fossil fuels

sources, including natural gas, oil, and coal [66, 72]. The world energy demand

tends to increase every year; for example according to the Energy Information

Administration (EIA, 2013) IEO report, the energy consumption in 2010 was

2.67x1020 joules; it will increase to 6.65x1020 joules in 2020 and up to 8.65x1020
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joules by 2040 [73]. About 85% of the world energy demand from 2010 to 2040

will come from countries outside the Organization for Economic Cooperation

and Development (non-OECD); according to the projections showed in Figure

2.2-5 [73].

Figure 2.2-5. World total energy consumption, 1990-2040

In order to propose a clear scenario about the future use of hydrogen it is

necessary to ensure its production, safe storage and conversion potential

methods [66]. For this reason, different production routes are considered to

ensure its supply in the future. In addition there are some challenges associated

with the potential of hydrogen to be stored and transported. Different ultra-high

capacity materials have been researched to ensure the highest potential

hydrogen storage, as most of the time there is a significant loss (up to half the

storage capacity by weight) in the systems integration [74]. All these

parameters give an idea about the different challenges that hydrogen as an

energy carrier must meet to be further considered as an alternative fuel.

High hydrogen content is desirable to simplify the hydrogen production route

from syngas (Figure 2.2-3); unfortunately sometimes impurities such as tar and

particulates are present in the syngas composition, reducing its quality and

hindering its use for further applications.
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2.3 Tar: definition and composition

The term tar encompasses different aromatic hydrocarbons contained in the

product gas from single ring aromatic structure to 5-ring aromatic compounds

together with other oxygen-containing hydrocarbons and polyaromatic

hydrocarbons (PAH); hence tar is not a single compound [50, 75-77]. For

example Pober and Bauer [78], analysed the oil fraction from the pyrolysis of

MSW and found a large number of compounds with molecular weights ranging

from 32 to 10,000 Da; therefore the tar boiling point also varies from about 55

to 300 °C. The variety of compounds that can be found in the tar fraction is

influenced by diverse parameters such as process conditions and raw materials

used.

In the literature, different definitions of tar have been stated, for example Milne

et al [76], defined tars as highly aromatic compounds resulting from thermal

processing of organic materials. Also in the literature it has been reported that

tar includes all the aromatic compounds, excluding benzene and light

hydrocarbons from C1-C6 [79, 80]. In a joint meeting among diverse experts in

the field organised by the IGT (Institute of Gas Technology, Chicago, USA), in

Brussels on March 1998; it was agreed to define tar as “hydrocarbons with

molecular weight higher than benzene”; this definition was considered along

this research work [81].

The first global approach to the study and characterisation of tars from thermal

processing of solid waste was carried out by Elliot and collaborators in 1986

[82], using capillary gas chromatography coupled to mass spectrometry

techniques. Elliot et al, correlated the formation of oxygenated tar at low

temperature with the deoxygenated tars formed at higher temperatures. Tar

evolution and composition has been studied during the gasification process

according to the gasification temperature, residence time, gasification medium,

and equivalence ratio (ER). However most of the studies have centred their

attention on the effects of the temperature on tar composition. For example,

Phuphuakrat et al [83], reported that an increase in the ER and high
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temperature enhanced tar cracking reactions during the gasification of dry

sewage sludge, using a fixed bed reaction system. In general the overall yield of

PAHs has been found to increase as process temperature and gas residence

times are also increased during the thermochemical processing of solid waste

[84]. Williams and Besler [85], reported that the formation of PAH were

influenced by both the process temperature and the residence time during the

pyrolysis of diverse waste materials. They stated that the aliphatic tar fraction

was reduced and the aromatic fraction increased when the pyrolysis

temperature was increased.

When a solid fuel is exposed to elevated temperatures, thermal cracking takes

place breaking the molecular bonds of the organic material and generating two

phases. The first one is a gas phase formed by the smallest molecules and the

larger molecules generate the primary tars. Primary tar reacts to generate

secondary tars then, the formation of tertiary tars results from the increase of

process temperature, and finally the condensed tertiary tars appear at higher

temperatures around 800 °C and 900 °C. The pathway starts with the formation

of small molecules until the formation of larger molecules and, depends to some

extent on the process temperature. The formation pathway can be exemplified

in Figure 2.3-1 [76, 86].

Figure 2.3-1. Pathway of tar formation during increased gasification
temperature

According to van Paasen [87], primary tars are characterised by cellulose,

hemicelluloses and lignin derived products, i.e. the main components of organic
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fraction of solid waste. Secondary tars are characterised by phenolics and

alkenes, and are products from the conversion of primary tars. The alkyl

tertiary products include methyl derivates of aromatics such as styrene and

xylene; and finally, the condensed tertiary tars are polyaromatic hydrocarbons

(PAH) without substituents.

The development of tar decomposition mechanisms is useful to understand the

conversion of aromatic hydrocarbons, a pathway showing this mechanism in

the presence of hydrogen and steam has been proposed by Jess et al [88], and is

shown in Figure 2.3-2.

Figure 2.3-2. Proposed pathway for thermal conversion of tar aromatic
compounds

In Figure 2.3-2, the main soot precursors are pyrene and fluoranthene, formed

through polymerization and condensation reactions. Other cracking products

such as indene, indane, dihydronaphthalene and toluene are formed through

hydrogenation reactions, and are formed in a limited extent [88].

The formation of PAH’s during the thermal decomposition of carbon based

feedstock, is attributed to reactions of the Diels-Alder and deoxygenation type

[85]. For example tertiary tars can be formed as a result of the

(4+2)cycloaddition; according to Diels-Alder a conjugated diene and a

dienophile (e.g., an alkene) react together resulting in the formation of

substituted cyclohexanes [77, 89]. In Figure 2.3-3 is presented the Diels-Alder

mechanism followed by the dehydrogenation reaction for the formation of

benzene Figure 2.3-3(a), and PAH formation of naphthalene Figure 2.3-3(b) [90].
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Figure 2.3-3. Diels-Alder and subsequent dehydrogenation reaction for the
formation of benzene (a) and naphthalene (b)

Regarding the oxygen-containing compounds, two different thermal

decomposition routes have been proposed for phenol [91]. The first one

includes the isomerization of phenol, to 2,4-cyclohexadienone followed by

endothermic decarbonylation to produce cyclopentadiene (C5H6) and CO

(Figure 2.3-4a). The second thermal route is radical fragmentation to produce

hydrogen atoms and phenoxy radicals (Figure 2.3-4b). Both pathways for the

thermal decomposition of phenol are presented in Figure 2.3-4 [91].

OH O CO

OH
H

O CO

(a)

(b)

Figure 2.3-4. Phenol cracking reactions pathways for cyclopentadiene formation

Kinoshita et al [92], reported that during the gasification of sawdust at

temperatures around 800 °C the formation of aromatic species such as

naphthalene and phenanthrene was favoured; whereas the destruction of these

compounds can be achieved at process temperatures above 850 °C. Additionally

Yu et al [93], reported that an increase in the gasification temperature from 700

to 900 °C, promoted a reduction of about 40% in the tar yield. It was also

observed that the total amount of oxygen containing compounds, and 1-2 ring

aromatic compounds were reduced, however the amount of 3-4 ring aromatic

compounds was increased.
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Based on the molecular weight of the different compounds contained in tars,

different authors have classified tar compounds into five groups [75, 94-96].

This classification is shown in Table 2.3-1.

Table 2.3-1. Classification of tar compounds

Considering the previous tar classification, it has been reported that an increase

in the process temperature has a positive effect on the decomposition of tar

Class 1 and 2, whereas concentrations of tar Class 3 and 5 tend to increase as

the temperature increases [94]. Also it has been reported by van Paasen and

Kiel [87], that tar compounds such as alkyl-substituted PAH can shift to

polyaromatic hydrocarbons by increasing the gasification temperature from

750 °C to 950 °C.

The temperature at which the tar condensation begins is referred as to tar dew

point, and can be calculated for individual tar compounds using the Equation

2.3-1 [97].

22400
ܥ

ܯ

ܶ

273

1

(ܶ)௦௩݌
= 1 Equation 2.3-1

From Equation 2.3-1, C refer to as the compound concentration given in g/Nm3,

M is the molecular weight, T is the absolute temperature, and psv(T) is the

saturated vapour pressure at the temperature T. The total tar dew point can be

therefore calculated by taking the sum of the dew points of each individual tar

compound, assuming that tar vapours behave as ideal gases. In order to prevent
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downstream tar associated problems, and to facilitate the tar dew point

calculation the ECN in joint with Michell Instruments developed a device

capable to measure the tar dew point [97].

The tar composition also has influence over the overall gas dew point. For

example has been reported that tar having 4 or more aromatic rings can raise

the gas dew point from 120 °C to temperatures above 200 °C [98]. It has been

also reported that for gasification temperatures below 750 °C the generated tar

contains low molecular weight compounds but more heterogeneous atoms.

Whereas at higher temperatures larger molecules are generated, decreasing the

reactivity of tar and increasing the tar dew point [99].

Some authors have reported a correlation between the raw materials properties

and tar composition. For example Pinto et al [100], analysed the effect of

different plastics waste in relation to the pyrolysis products yield. They

reported that the presence of specific plastic materials has a large effect, for

example an increase in the presence of polyethylene (PE) in the feedstock

promoted an increase in the alkane content, whereas a higher amount of

polystyrene (PS) led to a higher aromatic content in the final liquid product.

Pyrolysis oils are known to contain polycyclic aromatic hydrocarbons (PAH)

and oxygenated compounds. Also Desbène et al [101], worked in the

characterisation of oils from biomass slow pyrolysis, they found that the main

aromatic compounds include alkylated naphthalenes, biphenyls, fluorene,

anthracene, pyrene and benzofluorene.

The characterization of the tar is important to get a better idea about the variety

of compounds present as well as their concentration, also has been reported in

the literature that some of the polyaromatic hydrocarbons (PAHs) found in tar

samples might present some carcinogenic characteristics. An example of

polyaromatic hydrocarbons and their carcinogenicity is shown in Table 2.3-2

[102].
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Table 2.3-2. Examples of PAH compounds and associated carcinogenicities

Depending on the main components of the raw material used for the pyrolysis

and/or gasification process, the tar formation routes are different. According to

Qin and collaborators [103], most of the aromatic compounds present in tar are

derived from lignin, therefore a mechanism schematic was derived from the

lignin air-steam gasification. The formation of different compounds with

temperature increase is presented in Figure 2.3-5 [103].

Compound Carcinogenicity

Naphthalene

Non-carcinogen
Acenaphthene

Anthracene

Phenanthrene

Fluoranthene

Weak carcinogen

Pyrene

Non-carcinogen

Benz[a]anthracene

Carcinogen
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Figure 2.3-5. Schematic of tar formation from lignin air-steam gasification

From Figure 2.3-5 it can be observed that tar undergoes through a cracking and

polymerization cycle. The final structure is determined not only by the initial

raw material but also from the thermodynamic process itself. S2 represents

single-ring aromatic compounds formed as intermediates, if more H free

radicals were present in the S2 formation step, the aliphatic chain might be

stabilised, enhancing gas formation. Therefore the amount of hydrogen free

radicals might determine the molecular weight of the tar compounds. S2

compounds further promote the formation of larger molecular weight (MW)

compounds. S1 represents 3-ring aromatic compounds with a side-chain, and is

formed through parallel reactions; whereas S2 might also result from other

intermediaries reacting with water. The cracking reaction from S1 to S2 takes

place when the temperature is increased, and also water steam is present.

2.3.1 Syngas tar requirements

The formation and presence of tar in the produced gas or syngas, not only

influences its quality but also reduces the overall process yield. The general

syngas requirements have been addressed previously in Section 2.2.1., however

the tar concentrations and requirements are even more specific. Initially the

elevated operational temperatures in turbines, allow most of the tars contained

in the syngas to remain in the gaseous phase, however condensation might arise

downstream of the process. Once the temperature is reduced in pipelines and

other process equipment such as economizers and air-preheaters, tar starts to
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condense resulting in fouling and blocking [50, 104]. Therefore syngas aimed

for power generation must meet certain criteria in this regard. For example for

further use in internal combustion engines the tar concentration limit in syngas

is 100mg/Nm3; whereas for gas turbines the tar limit is 5mg/Nm3. Tar and

particles requirements for both systems are presented in Table 2.3-3 [76, 104-

106].

Table 2.3-3. Syngas requirements for Internal Combustion engines (ICEs) and
Gas Turbines (GTs)

To facilitate syngas transportation the syngas is sometimes compressed,

however if the tar content is particularly high, it will deposit in the equipment

[105]. Normally the tar limit concentration in the syngas for compressors is

500mg/Nm3, which is about 5 times higher than the one required for internal

combustion engines (Table 2.3-3).

2.3.2 Alternatives for tar removal and tar reduction

So far different techniques have been assessed in order to reduce tar formation

during the gasification process. For example, novel techniques such as pulse

corona discharge in the flue gas have been studied. However high energetic

requirements (~400J/L) are reported for tar removal using this method,

reducing its economic viability to be considered as an alternative technique

[107].

To a large extent two different approaches for tar removal have been

investigated in the literature, the first refers to treatments inside the gasifier

(known as primary methods), and the second is hot gas cleaning after the

gasifier (known as secondary methods). Primary methods include all the

measures taken in the gasification to avoid tar formation, for example the

design and operation of the gasifier itself. Ideally a very efficient primary

method should totally avoid the need of a secondary method. However the

Parameter Units ICEs GTs
Particles

mg/Nm3
<50 <30

Tar <100 <5
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analysis of primary methods is not within the scope of the present work. On the

other hand secondary methods include thermally or catalytic tar cracking, or

the use of mechanical methods such as cyclones, baffles filters, ceramic/fabric

filters, scrubbers, rotating particle, electrostatic precipitators, etc. Any of these

chemical or physical treatments are carried out downstream of the gasifier. The

use of mechanical devices for hot gas cleaning is not an economically viable

alternative as it involves modifications in the facility itself. Although some of

these devices have been demonstrated to be effective for gas cleaning, the trend

to reduce tar formation is focused on in situ treatments as they eliminate the

requirement of downstream cleaning systems or devices. The increase of the

process temperature and/or residence time was one of the most common

methods tested in the past. However, there is current interest in the use of

catalysts during the catalytic steam reforming process as it results in a suitable

alternative to improve the quality, composition and calorific value of the final

gas. In addition, catalysts can modify the hydrogen to carbon monoxide ratio of

the syngas by promoting steam reforming, water gas shift, and tar cracking

reactions. Additionally the required process temperature is reduced, resulting

in an economic and technologically viable alternative to reduce tar formation in

the final syngas [9, 50, 59, 64, 77, 80, 86, 108, 109].

2.4 Pyrolysis-catalytic steam reforming process

Abu El-Rub [80], reported two ways to use catalytic reforming, the first option

suggests mixing the selected catalyst with the feedstock to achieve a catalytic

gasification in situ. Whereas the second option suggests that the produced gases

are passed through a catalyst bed normally placed in a secondary reactor, the

catalyst might be recovered and further recycled making this a more

economically viable alternative. This can be achieved by combining pyrolysis

and gasification processes, following a series of sequential thermochemical

decomposition steps. The first thermochemical step or pyrolysis might be

carried out at temperatures around 300 °C up to 700 °C; during this stage the

solid waste will be thermally decomposed resulting in the formation of tar, char

and volatiles fractions. After this the gaseous fraction is passed directly to the



- 54 -

gasification stage where the gas compounds will further react according to the

following catalytic steam reforming reactions (Table 2.4-1) [64].

Table 2.4-1. Catalytic steam reforming reactions

2.4.1 Tar cracking reactions in the catalytic process

The main tar decomposition reactions take place at different stages of the

gasification process including cracking, dry and steam reforming. These

reactions are included in Table 2.4-2, where CnHx represents tar and CmHy refers

to hydrocarbons [96].

Table 2.4-2. Tar decomposition reactions

The general mechanism of catalytic tar reforming starts with the adsorption of

hydrocarbons onto the metal site of the catalyst, promoting metal-catalysed

dehydrogenation reactions. Then the water steam is also dissociatively

adsorbed onto the catalysts’ support resulting in hydroxylation of the catalysts’

surface. Depending on the process temperature, OH- radicals migrate to the

metal’s sites; thus the intermediate fragments of hydrocarbons are oxidized and

surface carbons are transformed to CO and H2 [94].

Reaction Enthalpy ∆H (MJ/kmol)
C+CO2→2CO +162.4
C+H2O→CO+H2 +131.3
CH4+H2O→CO+3H2 +206.3
Tar+n1H2O→n2CO2+n3H2 ∆H298K>0
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The kinetics of tar catalytic cracking has been addressed by Dou et al [110],

including tar components, primary and secondary gas products and coke. This

model is presented in Figure 2.4-1 [110].

Figure 2.4-1. Kinetic model for cracking of a tar component

From Figure 2.4-1, Dou et al [110] developed the kinetic expressions for the tar

compound cracking, considering product yields, deactivation function (catalyst)

and the kinetic constant.

In a deeper analysis of the tar behaviour some authors have also studied the

thermodynamic properties of tar evaluating the tar heat enthalpy and entropy

[96, 111]. According to kinetic and thermodynamic considerations, at

gasification temperatures under 800 °C tar cannot be eliminated, including

heavy and light hydrocarbons during the reforming stage, resulting in all the tar

associated problems [60].

2.4.2 Tar model compounds

To get a better understanding of the decomposition mechanism of tars during

thermal processes, and even more when interacting with catalysts during the

catalytic steam reforming process, different tar model compounds have been

studied and tested under different gasification conditions. For example Elliot et

al. [112, 113], studied the catalytic gasification of p-cresol in the presence of

nickel alumina supported catalyst at 350 °C, to produce methane and CO2.

Additionally other authors have used tar model compounds such as

naphthalene [114], methylnaphthalene [79], phenol [115], etc., to study the

different decomposition reactions.
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In the case of naphthalene, this 2-ring aromatic compound can undergo thermal

decomposition to break aromatic rings through naphthoxy formation and

further decomposition into indenyl. During the thermal decomposition

byproducts such as naphthalene-dione and phthalicanhydride are formed

towards an oxidation mechanism of intermediates, following the scheme

proposed by Nair et al, shown in Figure 2.4-2 [107, 116].

Figure 2.4-2. Naphthalene decomposition mechanism

Jess [88] reported the kinetics involved in the thermal decomposition of

aromatic hydrocarbons in the presence of hydrogen and steam, using

naphthalene, toluene and benzene as tar model compounds. The conversion

yields and the kinetic parameters involved, together with the reaction sequence

for methane formation from toluene with hydrogen to benzene were also

addressed. Świerczyński et al [109], used toluene as tar model compound to 

study the tar removal efficiency of Ni/olivine catalyst in a fixed bed reaction

system, a high steam reforming of toluene and low carbon formation were

achieved.

Güell et al [115] also proposed the decomposition mechanism of oxygen-

containing compounds such as phenol during the steam gasification process.

This mechanism is shown in Figure 2.4-3 [115].
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Figure 2.4-3. Steam gasification of phenol over nickel based catalysts

From Figure 2.4-3, it is observed that nickel and steam promote the breakage of

the phenol main aromatic ring or the separation of the radical OH-, resulting in

the formation of lighter aromatic compounds or single ring compounds

(benzene) together with other steam reforming products. Similar interactions

occur for other polyaromatic and oxygenated tar compounds when subjected to

the catalytic steam reforming process using nickel-based catalysts.

2.4.3 Tar sampling methods

There are two ways reported in the literature for tar sampling namely on-line

and off-line methods. A general approach to both tar sampling methods is given

in Figure 2.4-4 [117].
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Figure 2.4-4. Diagram of tar sampling and analysis

On-line tar sampling methods include flame ionization detection, photo

spectroscopy (laser spectroscopy), light emitting diode spectroscopy, induced

laser systems (fluorescence signals), etc. [118, 119]. Unfortunately the use of

this technology is associated with elevated costs reducing its further application

compared with other simple and efficient off-line methods.

Off-line tar sampling methods are based on the accumulation for example using

cold trapping, then the sample preparation stage where a solvent extraction

might be used, and finally the analysis that might be focused on weight

determination. The selection of each step is based according to the analysis

approach and tar analysis requirements. The most common off-line methods are

the European Tar Protocol (CEN/TS 15439) and the Solid Phase Adsorption

method (SPA) [119-121]. The European tar protocol is based on the absorption

of organic contaminants (tars) in an organic solvent. The procedure for tar

measurement consists of a gas preconditioning, a filter, tar collection and

volume metering. Also different impinger bottles filled with a specific organic

solvent are used. Qualitative and quantitative information can be obtained from

this method [119].
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The Solid Phase Adsorption method (SPA) for tar measurement, is also

commonly used and it was firstly reported by Brage et al [122], to monitoring

the evolution of tars from biomass gasification. It was initially developed by the

Royal Institute of Technology (KHT) to quantify tar compounds with molecular

weight ranging from 78 (benzene) to 300 (coronene) [122, 123], and has the

advantage of considerable reduction in the sampling time from 60 minutes to up

to 1 minute, the sampling is simple and repeatable, also the samples can be well

preserved. A schematic of the conventional SPA tar sampling system is

presented in Figure 2.4-5 [119, 122].

Figure 2.4-5. General diagram SPA tar sampling method in the produced gas

The principle of the SPA method is based on trapping vapour-phase tar

compounds in silica bonded amino-phase vapour trap, at room temperature

where molecules with polar nature will be retained by the vapour trap active

sites. An aliquot of the produced gas is drawn into the sorbent tube, followed by

elution and further addition of two internal standards, using a elutropic series

to get a neutral aromatic fraction and a polar phenolic fraction [122].

Modifications to the traditional SPA sampling method have been reported in the

literature. For example Osipovs [124], used two different solid-phase sorbents

for benzene sampling in tar from biomass gasification, and also Masson et al
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[125] reported the use of a coupled SPA with a thermal desorption and gas

chromatography analyses systems.

2.4.4 Types of catalysts used for catalytic steam reforming

When selecting catalysts, these must meet certain criteria to have an

appropriate performance, this means the catalysts must be effective for tar

removal; must be resistant to deactivation due to carbon fouling and sintering;

should be easily regenerated; should possess good mechanical properties, and

should be inexpensive [94, 126]. In the literature it has been reported that

several types of catalysts have the potential for cracking tars from the produced

gas stream [127-130]. Therefore different catalysts have been evaluated during

catalytic steam gasification processes in terms of their nature, precursor,

preparation method, activity and selectivity for tar reduction, economic

feasibility, attrition resistance, and also about their influence over the quality of

the final syngas [50, 131].

Some non-metallic catalysts that have been extensively studied for tar

conversion are calcined dolomites or limestone [132-134]. Dolomites have been

used as they represent an economic alternative and are widely available.

However their resistance to attrition is very low, with low yields for tar

conversion. Additionally dolomites require high process temperatures of

around 850 °C to be effective for tar removal. Considering the advantages of this

material, some other authors such as Corella et al [135], use a guard bed of

dolomite followed by a bed of nickel based catalysts to reduce tar content. Other

non-metallic material that has been widely used is olivine (magnesium-iron

silicate) that has demonstrated a similar activity for tar conversion as dolomite,

under similar operation conditions [136, 137]. An advantage of dolomites over

olivine is that dolomite has high attrition resistance, therefore it has been used

as the primary catalysts and not as a guard bed [109].

Regarding metal-based catalysts, catalysts based on nickel have been largely

studied to reduce tar formation, mainly in hydrocracking and biomass
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gasification processes [79, 138-146]. Nickel based catalysts are preferred over

other metals such as Rh, Ru, or Pt as nickel is widely available, represents a

more economic option, and has been proved to be very effective for tar removal

during the gasification process [79, 80, 147]. Therefore this work will be

focused on the use of nickel based catalysts during the pyrolysis-gasification

process.

2.4.5 Nickel-based catalysts during the pyrolysis-gasification process

Nickel has been widely used as the metal base for different catalysts, however

one of the main limitations of using nickel as catalysts is the deactivation, which

it is mainly originated by carbon deposition on the catalyst surface, sintering

and/or metal oxidation [109, 148, 149]. Therefore nickel catalysts are combined

with oxide supports such as silica oxide (SiO2) or alumina (Al2O3) oxide in order

to improve the catalysts properties, increasing their activity and efficiency when

used in the gasification process [150]. Diverse oxide supports have been tested

for their efficiency on improving nickel catalysts properties such as surface area

and pore distribution; hence a better catalyst performance can be achieved. To

get an idea about the oxide supports diversity and other metals that can be used

together with nickel based catalysts (metal promoters), in Figure 2.4-6 are

presented the most common oxide supports used from the year 1928 up to

2007, based in a detailed report done by Zhang et al [148].

Figure 2.4-6. Timeline of the most common nickel based catalysts synthesized
since 1928

A wide variety of synthesis methods have also been reported for catalysts

preparation, namely: sol-gel, impregnation, precipitation, co-precipitation,
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homogeneous precipitation, phase separation, etc. The preparation of catalysts

plays a major role in relation to the final catalysts characteristics and involves a

sequence of several complex steps. Each one of these sequential steps has an

effect over the final catalyst properties such as surface, area, metal dispersion,

pore size, etc. In general the main characteristics sought are good stability,

activity and selectivity [151]. A better understanding of both the process and

catalysts requirements is required before the selection of the synthesis method.

The catalysts properties and consequently their performance and activity are

highly influenced by every step of the preparation method and by the quality of

the raw materials. The selection of the preparation method depends on the

desired physical and chemical properties of the catalysts together with the

desired final composition [152]. Additionally a careful selection of the support is

relevant as it can provide a high degree of thermo stability and a high dispersion

potential to the catalyst, the effect of diverse supports and their influence over

catalyst properties have been also reported in the literature [152].

Gil et al [153], analysed the effect of the preparation method and the nature of

the support over the catalyst stability and nickel dispersion. The preparation

methods used were incipient wetness, ion exchange, and precipitation

deposition, and the supports tested were silica (SiO2), alumina (Al2O3) and

silica-alumina (SiO2-Al2O3). It was found that the metal-support interaction is

highly influenced by the preparation method, and it was found a better metallic

dispersion and stability for a Ni/SiO2 catalyst prepared by precipitation-

deposition method.

The most popular preparation methods for nickel based catalysts are the sol-gel

and impregnation methods. The sol-gel method consists of the sequential steps

of a solution and further gel formation, colloidal dispersion or organic

precursors can be used as raw materials [154]. Whereas the impregnated

catalysts are normally obtained from the impregnation of preformed supports

and an active phase [152]. For example, Efika et al [155], used a sol-gel method

for the synthesis of three nickel based catalysts: NiO/Al2O3, NiO/CeO2/Al2O3,
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NiO/SiO2 to be later tested in the catalytic steam reforming of biomass waste.

Good results were obtained using the sol-gel method for both catalysts

properties such as high surface area (~760m2 g-1), and for catalyst activity

towards hydrogen production (~44vol.%). Also Wu et al [156], worked in the

preparation of nano-Ni/SiO2 catalysts for hydrogen production during the

steam reforming of ethanol. The catalysts was also prepared through a sol-gel

method finding good nickel dispersion and high surface area (>700 m2 g-1).

Other nickel based catalysts (Ni/SiO2, Ni/Al2O3,) have been reported in the

literature to be prepared using sol-gel methods with promising results in terms

of both catalytic activity and catalysts properties [157, 158]. Other authors such

as Tomiyama et al [159], have reported the use of modified sol-gel methods for

the preparation of Ni/SiO2 catalysts. They used a homogeneous precipitation of

nickel hydroxide in a wet silica gel (HPG); the catalyst characteristics were

compared with those obtained using a conventional incipient wet impregnation

process. Larger nickel metal surface area and higher thermal stability were

found for the HPG catalyst when compared with the impregnated catalyst;

which was attributed to the concurrence of dissolution-reprecipitation of silica

and further entrapment of nickel species into the support network.

Additionally other catalysts such as iron-based catalysts have been also used

with good performance in terms of hydrogen production. Ermakova et al [160],

synthesized Ni/SiO2 and Fe/SiO2 catalysts through a heterophase sol-gel

method and compared their performance for hydrogen production during

methane decomposition. They reported that the effect of silicates over iron is

not well understood, although might inhibit and/or promote the process of

carbon formation [160]. However Rao et al [161], previously reported a

spectroscopic analysis carried out on iron-based catalysts identifying the

formation of small particles of ferric oxide, and also the formation of an iron(II)

silicate layer that might affect the rate of reduction of the catalysts as tend to

partly cover the iron crystallites.



- 64 -

2.4.5.1 Addition of metal promoters to nickel-based catalysts

Diverse metals such as cerium (Ce), magnesium (Mg) and aluminium (Al) have

been added to nickel based catalysts in order to improve the catalysts

properties, and catalyst performance (Figure 2.4-6).

For example Cai et al [162], reported that the addition of Ce to Ni/Al2O3

catalysts resulted in an improvement in the catalyst performance towards

hydrogen production in the auto thermal reforming of methane. Also they

stated that the prevention of undesirable phases such as NiAl2O4 facilitated the

formation of NiO crystals; therefore the active sites were increased resulting in

higher catalyst activity. Hu and Lu [163], also reported the modification of

Ni/Al2O3 catalysts by the addition of a range of metals (Li, Na, K, Mg, Fe, Co, Zn,

Zr, La, Ce). They reported that the addition of Ce to Al2O3 catalysts promoted the

methanation reaction, whereas the addition of Mg might increase the number of

Ni metallic sites by promoting the reduction of NiO. However a negative effect in

relation to catalytic activity was reported when adding Mg as metal promoter.

The addition of Mg to Ni/Al2O3 catalysts has also been reported by Wu and

Williams [164], for hydrogen production during the pyrolysis-gasification of

polypropylene. They stated that the addition of Mg significantly increased the

amount of reacted steam improving the performance of the catalyst in relation

to coke formation. However no positive effects in relation to the hydrogen

production were attained.

Wang et al [165], studied the catalytic steam reforming of methane with carbon

dioxide, using Ni/Al2O3 catalysts promoted with Mg, Ce and other metals. Higher

activities were observed for the catalysts promoted with Ce when compared

with the catalyst promoted using Mg, additionally the latter also showed a

significant deactivation. When compared with the original Ni/Al2O3 catalysts,

the promoted catalysts suppressed carbon deposition. Also Zapata et al [166],

added Ca, K and Ce metals to Ni/SiO2 catalysts in order to increase the catalyst

activity for methane decomposition. The results suggested that the addition of

Ce prevents sintering of nickel particles and helped to maintain the distribution
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between the silica and cerium oxide also promoting a homogeneous distribution

of deposited carbon.

2.4.6 Summary of nickel-based catalysts

A wide range of catalysts have been used and tested during thermochemical

decomposition processes such as methane reforming and solid waste

gasification. However some of them have become more popular for example

Ni/SiO2 and Ni/Al2O3 catalysts due to the higher performance attained either

respect to the gas composition or to the improvement in the catalysts properties.

The properties and efficiency using other metals such as iron with similar oxide

supports (Fe/SiO2) has been also discussed. The most relevant information

regarding the catalysts described above is given next.

1) Ni/SiO2: for this type of catalyst common nickel loadings range

between 10 and 20wt%, with positive effects over catalysts properties such as

resistance to deactivation[167] and good catalyst activity towards hydrogen

production [168]. The preferred synthesis method for this catalyst is sol-gel, as

this results in a good metal dispersion over the silica lattice [157, 169]; although

the effects of impregnation or deposition-precipitation have been also studied

in the past for metal-support interactions [170]. Ni/SiO2 catalysts prepared by

sol-gel have demonstrated better activity for hydrogen production in processes

such as steam reforming of ethanol [156], and pyrolysis/gasification of solid

wastes [168], than those prepared by different methods.

2) Ni/Al2O3: normal metal loadings used for this catalyst are between 10-

20wt.%, also different preparation methods have been reported in the literature.

The coprecipitation method and a nickel loading of 15wt.% were reported

suitable for hydrogen production during the reforming of ethanol, when

compared with the impregnation method [171]. A stable activity for Ni/Al2O3

catalyst correlated with the resistance to deactivation due to coke deposition or

morphological modifications, during the gasification of biomass was observed

when compared with olivine and dolomite performances [141].



- 66 -

3) Fe/SiO2: the performance of high loaded Fe/SiO2 catalysts has been

evaluated and compared with Ni/SiO2 catalysts. Different preparation methods

have been reported for these catalysts such as (heterophase) sol-gel [160] and

impregnation [172]. The metal-support interaction for this catalyst has not been

well understood, however good performance and activity have been reported in

the literature.
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CHAPTER 3. EXPERIMENTAL
METHODOLOGY

3.1 Introduction

This chapter addresses the analytical techniques used to characterise the raw

materials, the different catalysts prepared, and products from the

pyrolysis/gasification process. The procedures used to carry out the

experiments are also described. Additionally the reproducibility of the

experimental methodology and analytical techniques used are presented.

3.2 Materials

In this section the characteristics of the raw material used, as well as the

synthesis and materials used for the catalysts preparation are described.

3.2.1 Refuse derived fuel (RDF)

Municipal solid waste (MSW) in the form of refuse derived fuel (RDF) was used

as raw material during the pyrolysis/gasification process. The original samples

in the form of pellets with about 40 mm of length by 20 mm of diameter, were

obtained from Byker, a municipal waste treatment plant based in the United

Kingdom (UK) (Figure 3.2-1a). To ensure the homogeneity of the material, a

certain amount of the RDF was taken, mixed, coned, and quartered repeatedly.

Then the sample was further shredded and ground to obtain RDF samples with

a particle size of about 1.00mm, as presented in Figure 3.2-1b. The final RDF

samples were mainly composed of plastics, paper, board, wood and other textile

materials.

3.2.1.1 Elemental Analysis of RDF

The elemental analysis of the RDF sample was carried out using a CE Instrument

to determine carbon (C), hydrogen (H), nitrogen (N), and sulphur (S); whereas

the oxygen weight fraction (O) was calculated by difference. The results
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demonstrated that the RDF sample contained about 44wt.%, 6wt.%, 48wt.%,

and 1wt.% of C, H, O, and N respectively. Additionally the proximate analysis

was carried out using a thermogravimetric analyser (Schimadzu, Stanton

Redcroft 280); about 2mg of RDF were placed in a pan; the sample was heated

from room temperature to 125 ºC, at a 40 ºC min-1 heating rate and 10 minutes

dwell time. Then the temperature was increased up to 900 ºC with the same

heating rate and a further 20 minutes dwell time using nitrogen; after that the

gas was switched to air maintaining the temperature at 900 ºC for 20 minutes

more. The results showed that the RDF sample contained about 7wt.% of

moisture, about 15wt.% of ash, around 67wt.% of volatile matter, and about

10wt.% of fixed carbon.

Figure 3.2-1. Appearance of RDF: (a) original pellets, and (b) shredded samples

3.2.1.2 Thermogravimetric Analysis of RDF

Additionally the thermal degradation behaviour of the RDF samples was

investigated; this analytical technique is aimed to give information about RDF

thermal stability and its fraction of volatile components, details about the

weight change of the sample when is heated were obtained. The main
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components of a thermogravimetric analyser are a controlled ceramic furnace

coupled to a microbalance, and a data recorder [1]. The thermal analysis was

carried out using a TGA Schimadzu, Stanton Redcroft 280 analyser; about 10mg

of the RDF sample were placed inside of an alumina crucible (1cm diameter and

0.7cm deep), which at the same time was held by a platinum holder that also

acted as a thermocouple. A computer system registered the time, temperature,

and changes in the weight with the help of the microbalance. For the analysis of

thermal decomposition of RDF, the temperature was increased from 25 ºC, up to

800 ºC with 10 ºC min-1 heating rate; and helium flow rate was set as 50 ml min-

1. Once the final temperature was achieved, the carrier gas was changed to air to

leave the residual ash. The results were displayed as a thermogram showing the

weight change against temperature; additionally the first derivative of the TGA

thermogram was plotted [2], as shown in Figure 3.2-2.

Figure 3.2-2. TGA and DTG thermograms of RDF samples

From the thermogravimetric analysis (Figure 3.2-2), different decomposition

stages were identified; the first weight loss before 100 ºC was generally

associated with water or moisture evaporation. After that it was observed a

weight decrease at around 230 ºC; some authors have identified this point as

the start of the decomposition temperature of the RDF, when some of the

volatile compounds start to be released as a result of the temperature increase

[3]. From the DTG thermogram also around 300 ºC the volatile matter

decomposition was observed, followed by higher volatiles released at around
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500 ºC, and finally after 600 ºC the fixed carbon or ash decomposition was

observed.

3.2.2 Researched catalysts

The catalyst preparation plays a major role in the catalyst activity, hence in their

efficiency for tar reduction and overall gasification yield. Different catalyst

preparation methods have been reported in the literature, namely sol-gel [4],

impregnation [5], incipient wetness [6], homogenous precipitation [7], etc. The

preparation methods and raw materials used in this research work are

described below.

3.2.2.1 Ni/Al2O3 impregnated catalysts

Two different nickel alumina oxide catalysts were prepared by an impregnation

method; the resulting catalysts contained 5wt.% and 10wt.% of metal weight.

The oxide support used was α-Al2O3, obtained from Sigma-Aldrich (99%), nickel

(III) nitrate hexahydrate Ni(NO3)2·6H2O also from Sigma Aldrich was used as

metal precursor. An aqueous solution was prepared using a certain amount of

the metal precursor and deionised water. The mixture was stirred until

complete dissolution, and then the amount oxide was added, followed by drying

at 105 ºC. After drying, the catalysts were calcined at 750 ºC with 20 ºC min-1

heating rate, for 3 hours under an air atmosphere. (Refer to Chapter 4).

3.2.2.2 Ni/SiO2 catalysts by different preparation methods and metal

loadings

Four Ni/SiO2 catalysts were prepared by a sol-gel method using different nickel

loadings (5wt.%, 10wt.%, 20wt.%, and 40wt.%). In addition three more

catalysts were prepared by adding aluminium (Al), magnesium (Mg), and

cerium (Ce) as metal promoters to the 20wt.% Ni/SiO2 catalyst. The preparation

method followed was similar to those reported by Wu and Williams [8, 9].

Ni(NO3)2·6H2O, anhydrous citric acid (Alfa Aesar) deionized water, absolute

ethanol (Sigma-Aldrich), and tetraethyl orthosilicate (TEOS: Si(OC2H5)4, Sigma-

Aldrich), were used as raw materials. The metal promoters used were obtained
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from Ce(NO3)3·6H2O (Aldrich), Al(NO3)3·9H2O (Sigma-Aldrich), and

Mg(NO3)2·6H2O (Alfa Aesar). Different amounts of the nickel nitrate, citric acid,

and metal promoter (if used) were dissolved into 200 ml of ethanol absolute;

the solution was stirred at 60 ºC for 3 hours, then a solution containing different

volumes of deionised water and 50 ml of absolute ethanol was added to the

solution. The resulting mixture was further stirred for about 30 minutes at 60 ºC,

meanwhile a certain amount of TEOS was added, drop wise into the solution to

obtain different Ni:Si ratios. The obtained solution was dried at 80 ºC overnight,

and finally was calcined at 500 ºC for 4 hours (20 ºC min-1, heating rate) in the

presence of air. (Refer to Chapter 5.1).

Another four Ni/SiO2 catalysts were prepared by a wet impregnation method,

using the same metal loadings (5wt.%, 10wt.%, 20wt.%, and 40wt.%). Different

amounts of Ni(NO3)2·6H2O were dissolved into 25 ml of deionised water, and

mixed with silicon (IV) oxide amorphous (SiO2, 99.5% Alfa Aesar). The

precursor was stirred at 100 ºC for 30 minutes, then dried overnight (105 ºC),

and further calcined at 500 ºC in an air atmosphere for 3 hours. (Refer to

Chapter 5.1).

3.2.2.3 Ni/SiO2 catalysts prepared using different nickel to citric acid

(Ni:CA) ratios

Ni/SiO2 catalysts were prepared by a sol-gel method with a 20wt.% of nickel

content and using different nickel to citric acid molar ratios (Ni:CA). The

catalysts were prepared according to the method described by Wu and Williams

[8], therefore the same raw materials were used. For this preparation method,

different amounts of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and citric acid

(C6H8O7) were dissolved into 200 ml of ethanol, and stirred at 60 ºC for 3 hours.

Then a solution containing different volumes of deionized water and 50 ml of

ethanol was added. A fixed amount of TEOS was added, dropwise, into the

solution and stirred for 30 more minutes at 60 ºC. The resulting solution was

dried and calcined using the conditions described above. The amount of citric

acid was varied to obtain Ni:CA ratios of 1:1, 1:2, and 1:3. (Refer to Chapter 5.2).
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3.2.2.4 Ni/SiO2 catalysts prepared by homogeneous precipitation methods

Two different homogeneous precipitation methods were used to prepare a

series of six Ni/SiO2 catalysts, with 10wt.% nickel loading. The preparation

methodology was adapted from that reported in the literature for the

homogeneous precipitation method (HPG) from Tomiyama and collaborators

[7], and for the combined phase separation and HPG methods from that

reported by Takahashi et al [10]. For the homogeneous precipitation method

(HPG), the raw materials used were tetraethyl orthosilicate (TEOS) as a source

of silica; nickel nitrate hexahydrate (Ni(NO3)2·6H2O) as a source of nickel; nitric

acid (HNO3; Aristar), and urea (CH4N2O; analytical/reagent grade Fisher

Scientific); with an initial composition of TEOS: 0.1mol dm-3 HNO3 aq:

Ni(NO3)2·6H2O: urea = 18.7: 20.0: 2.34: 4.09 in wt.%. Initially nickel nitrate and

urea were added into the aqueous solution of HNO3; then TEOS was added into

the solution. After continuous stirring a homogenous solution was obtained, this

was poured into an open container at room temperature. A wet gel was

obtained and kept in a sealed container at 50 °C, after one day the temperature

was increased up to 80 °C for 7 days. A dry gel was obtained and it was further

dried for 5 days at 80 °C.

A second method was used, adding a phase separation step to the HPG process

described above. The same raw materials were used together with polyethylene

oxide (PEO; Acros Organics), deionised water and a 60wt.% aqueous solution of

nitric acid (HNO3; Aristar). The initial composition of raw materials was TEOS:

Ni(NO3)2·6H2O: PEO: urea: H2O: 60wt.% HNO3 aq = 26.6: 3.7: 3.2: 4.0: 32.0: 2.8

in weight; for a final catalyst concentration of 10wt.% NiO. Initially PEO, urea

and nitric nitrate hexahydrate were dissolved into the nitric acid aqueous

solution; TEOS was added and the solution was stirred until it became

homogeneous. The solution was kept in a sealed container for 20 hours at 50 °C,

and finally the temperature was increased up to 80 °C for 7 days.

For both methods, the final composites were calcined using three different

temperatures: 500 ºC, 700 ºC, 900 ºC for 3 hours in air. A comparative diagram
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showing both preparation pathways is shown in Figure 3.2-3. (Refer to Chapter

5.3).

Figure 3.2-3. Comparative of homogeneous precipitation-based preparation
methods

3.2.2.5 Fe-Ni/SiO2 catalysts using a nano-support

A series of catalysts using silica oxide as support and two different metal

precursors (nickel or iron), were prepared by a conventional impregnation

method. The raw materials used were amorphous silica oxide, ethanol (99%,

Sigma-Aldrich), and nickel nitrate hexahydrate (Ni(NO3)2·6H2O), or iron nitrate

nonahydrate (Fe(NO3)3·9H2O; Sigma Aldrich). A solution with a concentration of

1mol/L was prepared using nickel nitrate hexahydrate or iron nitrate

nonahydrate and ethanol. Different volumes of the appropriate solution were

mixed with a known amount of amorphous silica, to obtain metal loadings of

2.5wt.%, 5 wt.%, 7 wt.%, 10 wt.%, and 20 wt.%. The solution was stirred for 2

hours at room temperature, then was evaporated overnight at 80 ºC and finally

calcined at 550 ºC for 4 hours in air atmosphere. (Refer to Chapter 6).
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After calcination, all the prepared catalysts were crushed and sieved to obtain

finer particles with a size between 0.05 mm and 0.18 mm. None of the resulting

catalysts were reduced as this process took place inside the reaction system,

when the catalyst bed came into contact with some of the produced gases from

pyrolysis such as hydrogen (H2) and carbon monoxide (CO) [11]. The activation

of the catalyst took place inside the reaction system at the gasification

temperature of 800 ºC.

3.3 Two-stage fixed bed pyrolysis/gasification reaction system

A two-stage fixed-bed catalytic reaction system was used to carry out various

experiments; their physical and operational details are described below.

3.3.1 Reactor Set-up

The reaction system consisted of two stages with a downdraft configuration.

The reactor was designed to test the catalytic steam reforming process of

different solid waste samples, including RDF. The pyrolysis process takes place

within the first stage; whereas the catalytic gasification was carried out

downdraft in a second stage. The internal furnace was constructed of one piece

of stainless steel, with a length of 26 cm by 5 cm of diameter for the first

pyrolysis stage, and 35 cm length by 2.5 cm of diameter for the gasification

stage (Figure 3.3-1). Both stages were thermally heated independently, two

thermocouples located in each reactor allowed control of the temperature for

each stage; the heat transmission from one stage to the other was negligible.

The two sections were mounted in a vertical arrangement with the pyrolysis in

the upper stage and gasification in the lower stage. The sample container was

also made of stainless steel with dimensions of 17.4 cm length and 1.8 cm of

diameter. A schematic diagram of the reaction system is presented in Figure

3.3-1.
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Figure 3.3-1. Schematic diagram of the two-stage fixed-bed catalytic reactor

3.3.2 Experiment Reproducibility and Selection of Process Conditions

The reactor was initially validated and optimised through a series of

experiments in order to establish the most suitable operational conditions for

the pyrolysis/gasification process. During the blank experiments, a bed of sand

was initially used, whose main compound is silicon oxide (SiO2) [12].

Additionally, some experiments were performed using a prepared 5wt.%

Ni/Al2O3 catalyst, whose preparation details can be found in previous Section

3.2.2.1.

The amount of RDF used was varied between 1 and 2 grams, this amount was

established considering the very low RDF density, and sample container size.

According to Wukovits et al [13], the typical steam/carbon ratio used during

steam reforming reactions is between 2.5 and 3.5. However this is not a rule of

thumb as this parameter also depends on the type of feedstock used, the reactor

configuration, process conditions, etc. For example Franco et al [14], worked

with biomass as the feedstock and analysed the effects of varying the steam to

biomass ratio over the steam gasification process, and found the most suitable

conditions to obtain a gas rich in hydrogen and low in tar was obtained using a
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0.6-0.7 w/w steam/biomass ratio. De Filippis et al [15], used a simulation tool

to predict the syngas composition during the gasification of different waste.

They determined that about 50wt.% of water in relation with RDF was suitable

to obtain a final H2/CO ratio higher than 1.7, which is a desirable value for

syngas composition and further use.

Li et al [16], reported that the most suitable temperature for catalyst activation

is around 800 °C, also this temperature promotes a high carbon conversion and

low tar content in the produced gas. The gasification temperature for the

experiments carried out in this research work was initially fixed at 800 °C.

Different experiments were carried out varying the pyrolysis temperature and

residence time (reaction time); the results were assessed according to the solid

conversion of the RDF. The residence time was varied using 10, 20, and 30

minutes, and maintaining other process conditions. Results from these

experiments are presented on Table 3.3-1.

Table 3.3-1. Solid decomposition yield at different reaction times

From the literature, a normal conversion rate for solid feedstock under similar

conditions should be between 60-70wt.%. All the conversion rates in Table

3.3-1 were within this range, but higher RDF conversion was attained using 30

minutes of residence time. However the RDF conversion was further improved

by increasing the pyrolysis temperature up to 600 ºC (see Table 3.3-2).

The general process conditions established were: 1g of RDF (1.0mm particle

size), gasification temperature 800 ºC, and N2 flow rate (carrier gas) 80 ml min-1.

The catalyst or sand/RDF ratio was fixed at 1:2 for all the experiments.

Conditions such as the bed type, pyrolysis temperature, and H2O flow rate were

varied; the results obtained from this set of experiments, are presented on Table

3.3-2.

RDF

weight (g)

Gasification

temperature

(ºC)

Pyrolysis

temperature

(ºC)

Residence

time (min)

Solid

conversion

(wt.%)

10 65.35

20 67.39

30 68.93

5008001
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Table 3.3-2. Validation of the two-stage pyrolysis/gasification reaction system

1 2 3 STDV* RSTDV** 1 2 3 STDV* RSTDV** 1 2 STDV* RSTDV** 1 2 3 STDV* RSTDV**

64.0 67.4 67.0 1.5 2.29% 69.7 68.7 70.0 0.6 0.80% 68.9 69.3 0.2 0.29% 67.5 70.0 70.1 1.2 1.74%

16.4 15.3 17.2 0.8 4.78% 32.0 33.7 34.6 1.1 3.22% 24.1 34.7 5.3 18.03% 37.1 43.5 42.2 2.8 6.75%

50.1 47.9 53.0 2.1 4.15% 95.5 95.4 91.9 1.7 1.78% 81.7 92.5 5.4 6.20% 101.1 100.8 100.0 0.5 0.46%

25.6 26.4 26.9 0.5 2.04% 27.2 28.3 23.9 1.9 7.06% 29.7 18.1 5.8 24.27% 16.7 18.1 17.8 0.6 3.43%

8.4 18.5 12.3 4.2 31.83% 23.2 21.9 26.9 2.1 8.83% 21.3 31.6 5.1 19.47% 39.4 37.0 41.7 1.9 4.85%

36.8 29.1 27.8 4.0 12.72% 21.8 22.7 16.5 2.7 13.45% 15.1 20 2.5 13.96% 21.1 25.0 23.2 1.6 7.02%

14.7 14.1 18.8 2.1 13.16% 17.7 17.4 20.8 1.5 8.25% 22.8 18.2 2.3 11.22% 12.2 11.1 10.0 0.9 8.05%

14.5 12.0 14.2 1.1 8.22% 10.1 9.7 11.8 0.9 8.64% 11.1 12.0 0.5 3.90% 10.6 8.8 7.4 1.3 15.02%

*STDV: standard deviation ; **RSTDV: relative standard deviation
1

O 2 concentration was 0 vol.% for all the experiments

H2 (vol.%)

CO2 (vol.%)

CH4 (vol.%)

C2-C4 (vol.%)

Mass Balance

RDF conversion rate (wt%)

Gas yield (wt%)

Mass Balance (%)

Gas Composition (N 2 free basis)
1

CO (vol.%)

Carrier gas flowrate (ml min -1) 80 80 80 80

H2O flow rate (ml h -1) — — 5 5

Pyrolysis temperature (ºC) 500 600 600 600

Gasification temperature ( ºC) 800 800 800 800

Sand bed 5wt.% Ni/ α-Al 2O 3

General Conditions

RDF sample weight (g) 1 1 1 1
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From Table 3.3-2, it is shown that the experiments are repeatable. The influence

of the time collecting gases over the Mass Balance and products yields is

presented in Table 3.3-3.

Table 3.3-3. Influence of the gas collection time in general Mass Balance

From Table 3.3-3, it was observed no effect over the RDF or gas yield by

changing the gas collection time, but the Mass Balance was considerable

improved by increasing the time from 10 to 20 minutes. Blank experiments to

calculate the error per cent for water injection and water collection in the

condensers (cooling system), were also carried out, the results are presented in

Table 3.3-4.

Table 3.3-4. Blank experiments for water yield calculation

From Table 3.3-4., it is observed a difference between the total water injected

and the water collected in the condensers of less than 10wt.%; this difference

was attributed to operational error and system configuration, and was also

considered for further calculations regarding the liquid fraction yield.

Throughout the whole research programme the experiments were repeated in

order to ensure the reliability and accuracy of the research data.

Time collecting gases (min) 40.0 40.0 66.0 66.0

RDF sample weight (g) 1.0 1.0 1.0 1.0

Pyrolysis temperature (
0
C) 600.0 600.0 600.0 600.0

Gasification temperature (
0
C) 800.0 800.0 800.0 800.0

H2O flow rate (ml min
-1

) 0.0 0.0 0.0 0.0

RDF conversion rate (wt%) 69.2 69.3 69.7 68.7

Gas Yield (wt%) 32.2 30.0 32.0 33.7

Mass Balance 83.0 79.4 95.5 94.5

General Conditions

Products Yield

Experiment time (min) 30.0 30.0

Pyrolysis temperature (
0
C) 600.0 600.0

Gasification temperature (
0
C) 800.0 800.0

Water injected (g) 2.9 4.1

Water condensed (g) 2.5 3.7

Weight difference (g) 0.4 0.4
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3.3.2.1 Experimental Procedure

Considering the results from the blank experiments, the following general

conditions were maintained constant through all the experiments carried out in

this research project. Approximately 2 grams of RDF were placed in a stainless

steel sample container and placed within the first pyrolysis stage (Figure 3.3-1);

a bed of catalyst (or sand) was placed within the second gasification stage,

maintaining the catalyst/RDF ratio constant at 0.5g g-1 for all the experiments

[17]. The experiment was started by heating up the gasification stage up to 800

ºC to promote catalyst activation; at the same time the pyrolysis temperature

was increased avoiding reach the RDF decomposition temperature, previously

identified at around 230 ºC. Once both temperatures were stable, steam/water

was introduced from the top of the reactor using a water syringe pump with a

flow rate of 5ml min-1; at the same time the pyrolysis temperature was

increased up to 600 ºC with 30 ºC min-1 heating rate. When both pyrolysis and

gasification temperatures reached 600 ºC and 800 ºC respectively, the

operational conditions were maintained constant for about 30 minutes (hold

time). The final amount of water supplied was calculated from the weight

difference between the initial and final syringe weight, which resulted in steam

to RDF ratios of about 1.75:1.0. The pyrolysis gases were conducted through the

second gasification stage with the aid of nitrogen as carrier gas continuously

supplied with a flow rate of 80 ml min-1. The product gases exit from the bottom

of the reactor, and were passed through a cooling system consisting of two

condensers cooled by air and dry-ice respectively; a condensed fraction

containing water and tar/oil was collected in the condensers. The non-

condensed gases were collected in a 10L TedlarTM gas sample bag, and for about

20 more minutes after the residence time passed to ensure most of the

produced gases were collected. All the assembled and main parts of the reaction

system are shown in Figure 3.3-2.
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Figure 3.3-2. Assembled and main parts of the pyrolysis/gasification reactor.

3.4 Characterisation of materials and products

Different products were obtained from the experiments including solid, liquid

and gaseous fractions. All these products were correlated at some extent, and

gave different information about the general yield of the process and efficiency

of the products and raw materials used. For this reason all these fractions were

subjected to different analysis procedures described below.

3.4.1 Analysis of produced gases (GC)

The gases collected in the gas sample bag were analysed by gas chromatography

(GC). The aim of using this analytical technique is to obtain qualitative and

quantitative information about the gas composition. To carry out this analysis,

in general the sample is injected into the chromatograph through an injection

port. A carrier gas chemically inert (helium, nitrogen, argon) was used to

transport the sample through the oven and then through an analytical column

packed with a mesh of specific characteristics. Finally the sample reached the

detection system which was either a flame ionization (FID), or thermal

conductivity detector (TCD). The main components of a gas chromatograph

including a sample injection system, oven, column, thermostat, detector, data

interpretation system, and a flow meter; are shown on Figure 3.4-1 [18].
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Figure 3.4-1. GC general layout and gas chromatograph equipment

3.4.1.1 Permanent Gas Chromatography (GC) Analysis

Permanent gases including hydrogen (H2), oxygen (O2), carbon monoxide (CO),

and nitrogen (N2); were analysed using a Varian CP-3380 GC equipped with a

thermal conductivity detector (GC/TCD). The GC was equipped with a column of

2m length by 2mm of diameter, packed with 60-80 molecular sieve; using argon

as carrier gas. Carbon dioxide (CO2) was analysed by another Varian CP-3380

(GC/TCD), a column with 2m length by 2mm diameter was packed with a Hysep

80-100 molecular mesh, and argon was also used as carrier gas. The GC oven

temperature was isothermally held at 30 ºC; the injector and detector

temperatures were set at 120 ºC, and the filament temperature at 160 ºC.

3.4.1.2 Hydrocarbons Gas Chromatography (GC) Analysis

For the analysis of hydrocarbons C1-C4, a Varian CP-3380 gas chromatograph

equipped with a flame ionisation detector (GC/FID) was used. This GC included

a stainless steel column of 2m long by 2mm diameter packed with a Hysep 80-

100mesh; nitrogen was used as carrier gas. The oven temperature was set at 60

ºC for 3 minutes, then the temperature was increased up to 100 ºC with 5 ºC

min-1 heating rate and held for 3 more minutes; finally the temperature was

ramped up to 120 ºC with 20 ºC min-1 heating rate and held for 17 minutes.

3.4.1.3 Calibration of Gas Chromatograph instruments

To ensure the values obtained from the GC equipment were accurate, different

standard gas mixtures were used. These gases were used to create calibration

curves, used as reference for further calculations related with the concentration
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of each gas. For the permanent gases, a standard gas containing 1vol.% of each

of the following gases H2, O2, CO, CO2, and 96vol.% of N2, provided by Supelco

was used. Whereas for hydrocarbons the calibration curve was created using

two different standard gas mixtures for alkanes and alkenes, both balanced with

nitrogen. Standard alkane mixture included 1vol.% CH4, 1vol.% C2H6, 1vol.%

C3H8, and 1vol.% of C4H10; and alkene hydrocarbons gas mixture contained

1vol.% C2H4, 1vol.% C3H6, 2vol.% 1-3C4H8.

During the calibration, 1ml of each standard was injected into the equipment.

The voltage signal obtained for each compound was fed into a digital integrator,

which in turn gave a response factor for each compound. A typical

chromatogram containing different peaks for permanent and hydrocarbon

gases in the gas mixture, expressed as voltage against time is shown on Figure

3.4-2. The obtained sepcode values were later used to calculate a response

factor for each gas.

Figure 3.4-2. GC response peaks for a standard gas mixture of permanent gases
(H2, O2, N2, CO)

Similar chromatograms were obtained for the hydrocarbons standard gas

mixtures. The resulting reference peaks for alkanes and alkenes are shown in

Figure 3.4-3.
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Figure 3.4-3. GC response peaks: standard gas mixture of hydrocarbons (C1-C4)

3.4.1.4 Calculation of gas concentration

The response factor values were later used to do a calculation in volume per

cent of each analytical gas present in the produced gas, using the following

equation:

ܨܴ =
ܲ݁ܽ ݎ݁ܣ݇ ܽ

ݐܵܽ ݊݀ ݎܽ݀ ݊݋ܥ ܿ݁ ݎܽݐ݊ ݊݋ݐ݅ Equation 3.4-1

Where RF is defined as the response factor (Volts per unit time per vol.%); peak

area and Standard Concentration correspond to values from the standard gas.

Then the volume per cent of each gas can be calculated by using the following

equation:

ݔܸ ݈݋ . % =
ܲ݁ܽ ݎ݁ܣ݇ ௫ܽ

ܨܴ Equation 3.4-2
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Where x is defined as the gas whose value will be calculated, and RF is the

response factor from the standard gases. Once the vol.% for each gas was

obtained, the mass of each gas can be calculated using the ideal gas law

equation:

݊ =
ܸܲ

ܴܶ Equation 3.4-3

Where n is the mole number (mol); V is the volume previously obtained (m3); P

and T are pressure and temperature respectively (Pa, K), and R is a constant

value (8.31441 J K-1 mol-1) [19].

3.4.1.5 Reproducibility of gas analysis

Values of the concentration of permanent gases and hydrocarbon gases were

obtained in vol.% (Equation 3.4-2). These values were then used to calculate the

mass of an individual component, according to the ideal gas law (Equation

3.4-3). These values were processed into an Excel spread sheet designed to

compare and analyse mass and volume concentrations of gaseous products.

Analysis of permanent gases and hydrocarbons were repeated in order to

ensure data reliability and consistency. An example of the values obtained and

how they were collated is presented in Table 3.4-1.



-
9

6
-

Table 3.4-1. Concentration of permanent gases and hydrocarbons from standard values
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From Table 3.4-1, it was observed that the relative standard deviation (R_STDV),

reported for all the data is lower than 2% which is an acceptable value. The

more precise data yield the smaller relative standard deviation.

As nitrogen was used as the carrier gas during the experiments, it was assumed

the nitrogen flow rate was constant and as observed on Table 3.4-1, the

standard nitrogen concentration was higher than 95 vol.%. Also from the ideal

gas law equation (Equation 3.4-3), it was assumed that one mole of gas occupies

22.4 L at standard conditions of pressure and temperature. From this, the moles

of each gas where calculated using the following expression:

ܺ௜=
݈݋ܸ . %௜

݈݋ܸ . %ேమ

× ே݊మ Equation 3.4-4

Where i, represents the gas (different from nitrogen), whose concentration

needs to be determined. The other two values (Vol.%N2, and nN2) correspond to

the volume in per cent and the mole number (Equation 3.4-3) of nitrogen,

obtained from experimental and calculated values respectively. To determine

the total volume of nitrogen supplied, experimental data from the time

collecting the produced gases was included in the spread sheet.

The general gas yield might be calculated considering the total produced mass

of the gas (g) divided by the weight of the sample used (g) using the following

expression:

௚ܺ௔௦ = ෍ ܺ௜

௡

௜ୀଵ

Equation 3.4-5

Where Xi refers to the calculated weight of each compound of the gas (g),

including permanent gases and hydrocarbons (Table 3.4-1), and Xgas is the total

gas weight in grams. This value will be later used to calculate the total gas yield

as follows:
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௚ܻ௔௦ =
௚ܺ௔௦

ܺோ஽ி
Equation 3.4-6

Where Ygas is the gas yield (g/g), Xgas is the total weight of the gas produced (g),

and XRDF is the initial sample weight, RDF in this case (g).

3.4.2 Characterization of catalysts (fresh/reacted)

Fresh catalysts were characterised using different analytical techniques to

obtain information about their properties. Some of the techniques were also

used to characterise reacted catalysts and compare some properties before and

after the pyrolysis/gasification process. The analytical techniques used in this

research work are described below.

3.4.2.1 Determination of surface area by Brunauer-Emmet-Teller (BET)

method

Fresh catalysts were analysed to determine their surface area and porous

properties via nitrogen adsorption at liquid gas temperature, which is one of the

most widely used methods. However the surface area might be also determined

using other techniques such as adsorption from solutions and by heat of

adsorption [20].

The BET method has been mainly used to analyse ultra-fine powders and

porous materials. The general Brunauer-Emmet-Teller linear equation used for

the determination of surface area is as follows [21, 22]:

1

ܸ(ܲ
଴
ൗܲ − 1)

=
1

௠ܸ ܥ
+

−ܥ) 1)

௠ܸ ܥ
൬
ܲ

ܲ଴
൰

Equation 3.4-7

Where V is the amount of gas adsorbed at the determined P/P0 pressure; P0

refers to the saturation pressure, Vm is the monolayer capacity, and C is an

empirical constant. Thereby a linear trend can be constructed using point-by-

point adsorption data from the multipoint analysis. The amount of gas adsorbed
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is related with the interactions between the gas and the solid, the temperature,

and the controlled relative pressure as P/P0.

The surface area analysis was carried out using a Quantrachrome NOVA 2200e

series apparatus (Figure 3.4-4). Prior to the analysis about 90 mg of each

catalyst were degassed for 2 hours at 120 ºC under a nitrogen atmosphere, in

order to remove all previously physisorbed material from the adsorbent surface

[21]. Adsorption and desorption isotherms were later obtained using the

multipoint data of gas adsorbed or desorbed at different relative pressure.

Figure 3.4-4. BET surface area and pore size analyser: Quantrachrome NOVA
2200e

The surface area values obtained of some of the catalysts investigated in this

work are presented on Table 3.4-2.

Table 3.4-2. BET Surface area of some nickel and iron-based catalysts

Catalyst

Metal

loading

(wt.%)

Calcination

temperature

(ºC)

BET surface

area (m
2
g

-1
)

5.0 595.40

10.0 836.90

20.0 756.40

40.0 481.56

Mg-Ni/SiO2 20.0 554.40

2.5 208.50

5.0 313.70

* Prepared by sol-gel method

Ni/SiO2*

Fe/SiO2

500

550
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As shown in Table 3.4-2, surface areas greater than 800 m2g-1 were attained for

the Ni/SiO2 catalyst prepared by a sol-gel method, using a metal loading of

10wt.%. It was also noted that the surface area values were highly influenced by

factors such as calcination temperature, metal, loading, and synthesis method.

This will be discussed in depth later in this research.

3.4.2.2 Determination of micropore volume by Dubinin-Radushkevich

(DR) method

Additional information might be obtained from the adsorption-desorption

analysis, using different calculation methods. The Dubinin-Radushkevich (DR)

method, relates the temperature, relative pressure and energy with the

adsorbed amount of gas per unit of micropore volume, allowing the calculation

of micropore volumes, based on Equation 3.4-8 [23, 24]:

ܹ ܹ ଴ = ܴܶ)−]݌ݔ݁ ݈݊ ⁄[ଶ(ܧ/(ݔ) Equation 3.4-8

Where x=P/P0, E is the characteristic energy for a given system, W is the amount

of gas adsorbed, R is the Universal gas constant, and T the temperature (in

Kelvin). The values of the adsorbed volume (Vads; cm3 STP g-1) can be further

plotted against the {log(P/P0)}2. This relationship gives a straight line from

which the extrapolation of the ‘y intercept’ represents the log(V0); using this

value the volume of gas adsorbed can be obtained. A typical plot is presented in

Figure 3.4-5.
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Figure 3.4-5. Diagram used for micropore and mesopore volumes determination

From Figure 3.4-5 the ‘y intercept’ is used to calculate the micropore volume

(Vmicro). The amount of gas adsorbed at relative pressures closer to unity

corresponds to the total amount adsorbed for both micropores (generally filled

at low relative pressures), and mesopores (generally filled at relative pressures

above 0.2). Therefore the mesopore volume value can be calculated by

subtracting the micropore volume (calculated from DR equation) from the total

amount of gas adsorbed at the relative pressure P/P0=0.95 (Equation 3.4-9).

௠ܸ ௘௦௢௣ = ଴ܸ.ଽହ− ௠ܸ ௜௖௥௢௣ Equation 3.4-9

3.4.2.3 Barrett, Joyner & Halenda (BJH) method for total pore volume and

pore diameter determination

Additionally using the Barrett, Joyner & Halenda (BJH) method, information

about the total pore volume and pore diameter can be obtained. This method

was aimed at obtaining information about porous adsorbents with a wide range

of pore sizes, but it is also applicable to different solid materials. The method

accounts for capillary condensation in pores, based on the classical Kelvin

equation. An excess of absorption is given by a surface layer thickness t(P)

including an additional pore-filling term, as stated in Equation 3.4-10 [25, 26].

݈݊
ܲ

ܲ଴
≥
ߛ2ܸ− ௅

ܴܶ

1

஼ݎ
Equation 3.4-10
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Where rC=r-t(P), r is the pore’s radius, VL is the molar volume (liquid), γ is the

surface tension and P0 is the vapour pressure. In the original BJH formulation it

was considered the C value of core radius as a constant value [26].

3.4.2.4 Pore size distribution by Density Functional Theory (DFT)

The density functional theory it is based on a regularization method and is

based on a molecular model of nitrogen adsorption in porous solids [27]. The

use of the DFT method is useful to characterize adsorbents according to their

porous structure and surface properties, from experimental adsorption

isotherms [28]. Some of the Ni/SiO2 catalysts prepared within this work were

expected to present a broad pore size distribution, thus this method was useful

to compare the pore size for different synthesised catalysts. The calculation was

carried out using Quantachrome NovaWin software. The pore size distribution

was obtained plotting values of the pore size (nm), against dV/dR (cm3/g-nm).

This theory has been successfully used for the characterisation of different

nanoporous materials, when compared with other methods, and a detailed

description of the theory may be found elsewhere as the theoretical

development is beyond the scope of this work [29, 30].

3.4.2.5 X-ray Diffraction (XRD)

XRD analyses were carried out in order to identify crystalline phases and the

main chemical compounds in the fresh prepared catalysts. A Bruker D-8

diffractometer was used to record the XRD patterns of the samples, using a Cu-

Kα X-ray source with a Vantec position sensitive detector. Corundum was used 

as external standard (Figure 3.4-6).
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Figure 3.4-6. X-ray Bruker D-8 for diffraction analysis

Diffraction patterns of a crystal lattice generate different reflections occurring at

an angular position (2θ), and at an angular wavelength (λ) according to Bragg’s

law [31]. Diffraction patterns give structural information about the sample, for

example the angular position is related with the shape and size of the crystal,

whereas the intensity of the pattern is related to the lattice symmetry and

electron density [32]. The crystallite size of some samples was also determined

according to Scherrer’s method, from the broadening of the line [33]. About 2

grams of the sample were placed in an inert sample holder and placed in 63mm

support plane. Analysis conditions such as time were set up according to the

catalyst to be analysed. The data was recorded using DIFFRACplus software. As a

result a XRD spectrum containing the different diffraction pattern was obtained

as observed in Figure 3.4-7.
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Figure 3.4-7. XRD patterns of Ni-based fresh catalyst, using DIFFRACplus
software.

3.4.2.6 Temperature programmed oxidation (TGA-TPO)

Reacted catalysts from the pyrolysis-gasification of RDF were analysed using a

thermogravimetric method known as temperature programmed oxidation

(TGA-TPO). This analytical technique is useful for the analysis of coked and

reacted catalysts, based in the TGA analysis previously described for the RDF

characterisation (Section 3.2.1.2). A thermogravimetric analyser Schimadzu,

Stanton Redcroft 280 was used. About 20 mg of the reacted catalyst were placed

in a crucible and heated up to 800 ºC at a 15 ºC min-1 heating rate, using air with

50 ml min-1 flow rate, and dwell time of 10 minutes. Changes in the catalyst

weight represented the combustion of coke deposited over the catalyst surface.

The variations in weight were detected by the microbalance and recorded by

the computer system. Both the thermogravimetric curve (TGA-TPO) and the

differential thermogravimetry (DTG-TPO) were obtained. Three main stages

could be identified from the TPO analysis: around 100 ºC water vaporization,

around 350 ºC occurs the Ni or metal oxidation, and above 400 ºC might be

identified carbon combustion depending on the sample analysed. From Figure

3.4-8 some of these main stages can be identified for a specific 40wt.% Ni/SiO2

catalyst prepared by an impregnation method.
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Figure 3.4-8. Thermogravimetric analysis (TPO) of 40wt.% Ni/SiO2 reacted
catalyst

From Figure 3.4-8, the initial mass decrease around 100 ºC might be attributed

to vaporisation of moisture contained in the catalyst [34]. At around 300 ºC the

mass gain is likely to be related with the oxidation of metal (in this case nickel)

particles, and the final stage is generally associated with the combustion of

carbon deposition of the catalyst [8].

3.4.2.7 Scanning Electron Microscopy (SEM) and Transmission Electron

Microscopy (TEM)

Two different microscopic techniques were used to characterise and examine

the surface of the fresh and reacted catalysts. In addition, since coke formation

on the catalyst and indeed the type of carbon deposited influences catalyst

deactivation, the analysis of catalyst coke indicates catalyst efficiency. The

images of morphologies before and after reaction, together with information

obtained from other characterisation techniques, was correlated in order to

have a better understanding of the catalysts structure and properties.

The main component of a scanning electron microscope (SEM) is the electron

column, which consists of an electron gun and at least two electron lenses.

Additionally there is a control console consisting of a cathode ray tube (CRT),

screen, and computer system that allows the control of the electron beam.

These main components are shown in Figure 3.4-9. An energy filter might be

also used, allowing the electron beam to be dispersed according to the electron
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energy. Electrons can pass through a diaphragm to form the final image. The

main components of an energy filter are shown in Figure 3.4-9 [35].

Figure 3.4-9. Main components of an electron column (a) and energy filter
diagram (b)

A high resolution scanning electron microscope (LEO 1530), coupled to an

energy dispersive X-ray spectrometer (EDXS) was used to carry out SEM-EDXS
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analysis. In order to observe the surface of the catalyst, it was necessary to

apply a metallic coating to the sample, in this way the charge dissipation was

improved [36]; therefore the coating was carried out with Pt/Pl to produce a 5.0

nm layer thickness. An example of a SEM-EDXS result is presented in Figure

3.4-10.

Figure 3.4-10. SEM-EDXS results of 10wt.% Ni/SiO2 fresh catalyst

Certain features including the electron gun, vacuum system and condenser

lenses are the same for both the scanning and transmission microscopes.

However a screen with a layer of electron-fluorescent material, and a camera

working under vacuum are used for the latter. Also the ways in which the

images are produced and magnified are entirely different for both devices [37].

The transmission microscope’s column is located vertically and the electrons

travel down through a fine tube of about 1mm in diameter. The column is also

equipped with two condenser lenses, and four or five projector lenses to

magnify the image [38].

Selected samples were prepared by dispersing in ethanol, a Pasteur pipette was

used to place drop of the sample over a tiny copper grid. The sample was later

carefully introduced into the microscope to be analysed. The transmission

electron microscope used was a TEM, Phillips CM200. High magnification
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micrographs were obtained for different fresh and reacted catalysts. Examples

of TEM micrographs are shown in Figure 3.4-11.

Figure 3.4-11. Micrograph images of fresh 10wt.% Ni/SiO2 catalyst, obtained by
TEM analysis

3.4.2.8 Infrared Spectrometry (FTIR)

Fourier Transform Infrared Spectrometry (FTIR), is a technique used to obtain

information about the different functional groups present in liquid and solid

samples. The basic components of a FTIR spectrometer are presented in Figure

3.4-12 [39].

Figure 3.4-12. Basic FTIR spectrometer components

An IR spectrum including the wave number (cm-1) against intensity (%

transmittance or absorbance), can be obtained as both parameters are

inconvertible by using the mathematical method of Fourier-transformation. On

Figure 3.4-13 an example of the spectrum from the analysis of a tar/oil sample

obtained from the pyrolysis-gasification of RDF is shown. Different functional

groups might be identified from the band location and intensity.
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Figure 3.4-13. FTIR spectrum of tar/oil from pyrolysis-gasification of RDF using
no catalyst bed or steam

The FTIR analysis was performed using a Thermo Nicolet Corporation iS10

(Thermo Scientific). The FTIR spectrum was generally recorded within the

region comprised from 4000 to 650cm-1. The sample plate was carefully cleaned

in situ using acetone before each analysis. Different methodologies were

undertaken for sample preparation accordingly (see Section 3.4.3).

3.4.3 Analysis of liquid fraction (tar/oil/H2O)

The condensed fraction from the pyrolysis-gasification of RDF was collected at

the bottom of the cooling system, consisting of two different condensers. Once

the experiment was finished, two different procedures were used for the liquid

fraction collection. The first one included the use of dichloromethane (DCM) as

organic solvent. As a result a heterogeneous mixture was obtained containing a

water fraction and an oil/tar-DCM fraction. Both fractions were separated and

the oil/tar-DCM fraction was further subjected to centrifugation. The resulting

fraction was subjected to GC-MS analysis to determine PAH and oxygenated

compounds contained in the oil/tar fraction. The second technique for liquid

fraction collection included the use of DCM and ethanol absolute (HPLC grade)

for the samples collection; as a result a homogeneous liquid sample was

obtained. The resulting sample was studied to determine its water content, and

then was further prepared to identify and quantify the different aromatic and

oxygenated compounds in the liquid fraction by GC-MS.
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Details about the sample preparation and specific objectives of using each of the

above described techniques are given below.

3.4.3.1 Sample preparation: centrifugation for DCM evaporation

The heterogeneous fraction was physically separated by decantation. The

tar/oil-DCM fraction was passed through a bed of sodium sulphate (Na2SO4),

previously dried for 2 hours at 140 ºC to remove any moisture content. The

DCM was later evaporated by using a Genevac Rocket evaporation system at 30

ºC, to obtain a final fraction containing tar/oil. The weight was registered and

the samples were further analysed by GC-MS technique.

3.4.3.2 Karl-Fischer Titration

The condensed fraction was collected using different volumes of ethanol

(absolute grade), and dichloromethane (DCM, analytical reagent grade, Fischer

Scientific), using a ratio of EtOH:DCM of 2:1 v/v. As a result, a homogenous

solution containing ethanol, DCM, tar/oils, and water was obtained. The

volumes of DCM and ethanol were registered together with the weight of the

tar/oil-H2O fraction collected. The sample was subjected to a titration analysis

with the aim to determine the water content. The water determination in the

tar/oil samples is a very important characteristic, as it influences the calorific

value and viscosity of the oil [40]. It is also is useful to determine the amount of

water reacted and condensed during the pyrolysis/gasification process. To

carry out the water determination in the liquid samples, a device known as Karl-

Fisher titration (KFT) was used. The principle of KFT is based on a redox

reaction where water is consumed and sulphur dioxide is oxidized by iodine. An

organic base is used together with anhydrous methanol as solvent, following the

reaction: SO2+I2+2H2O⇄H2SO4+2HI [40].

For the determination, an empty syringe was weighed, then about 0.1ml of the

sample was taken, and the syringe was weighed. The sample was injected into a

flask containing a pair of platinum electrodes immersed into the titration

solution, and the syringe was weighed again. The weight difference was
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recorded by the instrument software. A stirrer was used to homogenise the

solution during the titration, changes in the current are registered using the

platinum electrodes. After the sample titration, the excess of iodine solution

used is determined by an electrometric end-point detector.

The KF was calibrated by titrating a standard solution containing a mixture of

methanol and water with a 3:1 mass ratio. Different measurements were

carried out, and a calibration curve was obtained according to the least squares

method [18]. The volumetric titrations were carried out using a KF Titrando

890 Metrohm (Switzerland). The titrating agent medium used was a Hydranal®-

composite 5K one-component solution, and the working medium was a

Hydranal®-ketosolver (Figure 3.4-14). The end point of the titration (+100mV)

was detected with a double platinum electrode (type Pt1400).

Figure 3.4-14. Karl-Fischer Metrohm Titration equipment for moisture
determination in liquid samples

The sequential steps followed for the water and tar determination, according to

the methodology described above, is shown in Figure 3.4-15.
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Figure 3.4-15. Sequential steps for water and tar determination in condensed
fraction

3.4.3.3 Gas Chromatography/Mass Spectrometry (GC-MS)

The tar/oil fraction mixed with DCM, obtained by any of the two methods

described, were analysed using a gas chromatograph coupled to a mass

spectrometer (GC-MS). This device combines the benefits of the high resolution

separation components from the GC with the very selective and sensitive

detection of the MS [41]. The Mass Spectrometer measures the relation of mass

and charge ratio (m/z) from the produced ions of the sample. The interaction

between the GC and the MS takes place through an inlet system (interface) that

must provide an adequate pressure drop from atmospheric pressure (vapour

sample from GC) to low pressure (10-5 to 10-8 torr) by using a vacuum system

[18, 42]. A schematic diagram of a typical GC-MS apparatus is presented in

Figure 3.4-16.
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Figure 3.4-16. General diagram of a typical GC-MS system

The GC-MS analyses were carried out using a Varian CP-3800 gas

chromatograph, coupled to a Varian Saturn 2200 GC/MS/MS mass spectrometer.

An aliquot of 2µL of the tar/oil sample dissolved into DCM, was injected into the

GC injection port at a temperature of 290 ºC. The oven programme temperature

was 40 ºC for 2 minutes, and then the temperature was ramped to 280 ºC at 5 ºC

min-1 heating rate, and held for 10 minutes. The transfer line temperature was

maintained at 280 ºC, the manifold was 120 ºC and the ion trap temperature

was held at 200 ºC. A PAH (polyaromatic hydrocarbon) standard solution,

containing mixtures of different aromatic and oxygenated compounds; was

created based on the most common compounds reported in the literature for

tar/oil samples from the thermal processing of different solid wastes [43, 44].

About 0.1000±0.0002 g of each aromatic or oxygenated compound was weighed

and further dissolved into 10 ml of dichloromethane (DCM, Fischer Scientific). A

solution with 1x104 ppm of concentration was obtained for each compound,

then 1mL of this solution was further dissolved into 100mL of DCM to get a final

solution with a concentration of 100 ppm. Parallel dilutions were carried out

using the general expression for dilution (Equation 3.4-11) to calculate the

amount of stock solution required to obtain solutions with concentrations of 20

ppm, 40 ppm, 80 ppm and 100 ppm.

ଵܥ ଵܸ = ଶܥ ଶܸ Equation 3.4-11

Injection Point

Fused Silica
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GC Column Transfer Line
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Electron Multiplier
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Where C1 is the original concentration of the solution, C2 is the final

concentration of the solution; V1 is the unknown volume required to get the

final concentration (C2); and V2 is the volume that will be prepared or final

volume. The sequential steps followed for the preparation of standard solution

is presented on Figure 3.4-17.

Figure 3.4-17. Methodology followed for the preparation of the PAH and
oxygenated standard solution

In Figure 3.4-17, X refers to the different compounds used to prepare standard

solutions. In the following Table 3.4-3, are listed the polyaromatic and

oxygenated compounds used to calibrate the GC-MS apparatus.
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Table 3.4-3. Compounds used for the standard solution (PAH and oxygenated
compounds) for GC-MS calibration

RT Response Factor

1 Cyclopentanone 6.11 595.3

2 Furfural 7.35 658.3

3 Ethylbenzene 8.11 692.0

4 p -Xylene 8.57 1033.1

5 m -Xylene 8.53 1230.2

6 Styrene 9.34 1482.7

7 o -Xylene 9.39 788.1

8 Anisole 10.15 2097.3

9 Pyran 11.66 658.3

10 Phenol 12.59 954.0

11 Alphametylstyrene 12.47 1747.6

12 Betamethylstyrene 13.10 1699.2

13 s -Limonene 14.16 485.2

14 Indane 14.25 2665.6

15 Indene 14.59 2982.2

16 o -Cresol 14.93 1453.5

17 Acetophenone 15.35 1153.4

18 p -Cresol 15.81 3189.2

19 m -Cresol 15.83 2860.6

20 2-Methoxyphenol (guaiacol) 16.04 1677.4

21 2-Methylbenzofuran/2,5-Dimethylanisole 16.78 3752.7

22 1,2,3,4-Tetramethylbenzene 17.03 2649.1

23 3,5-Dimethylanisole 17.15 2036.2

24 2,3-Dimethylanisole 17.51 1512.9

25 2-Ethylphenol 17.57 440.5

26 3,4-Dimethylanisole 17.95 2074.6

27 2,4-Dimethylphenol 17.94 1260.7

28 3-Ethylphenol/4-Ethylphenol 18.60 1207.6

29 2,6-Dimethylphenol 18.66 833.5

30 Naphthalene 19.11 3136.4

31 1,2-Benzenediol (Catechol) 19.26 1702.6

32 2-Isopropylphenol 19.78 468.5

33 2,3,5-Trimethylphenol 19.75 1868.2

34 4-Isopropylphenol 20.35 785.0

35 2-Methylnaphthalene 22.47 2846.7

36 1-Methylnaphthalene 23.00 2846.7

37 Biphenyl 24.48 2614.1

38 2-Ethylnaphthalene 24.77 631.6

39 1-Ethylnaphthalene 24.77 295.6

40 2,6-Dimethylnaphthalene 25.03 2267.3

41 1,4-Dimethylnaphthalene 25.65 2471.7

42 Dibenzofuran 27.07 1184.1

43 2,2-Diphenylpropane/4-Phenyphenol 27.32 4440.2

44 Fluorene 27.95 3252.9

45 1,3-Diphenylpropane 28.89 2305.1

46 2-Phenylphenol 29.62 5001.3

47 Phenanthrene 30.49 3005.5

48 1-Phenylnaphthalene 31.29 1591.6

49 o -Terphenyl 31.58 2252.7

50 Fluoranthene 33.42 2115.3

51 Pyrene 33.94 7822.1

52 m -Terphenyl 34.21 3285.0

53 1,3,5-Triphenylbenzene 41.15 3734.7

Compound
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The corresponding calibration curves were created for each compound by

injecting 2µL of each concentration (20ppm, 40ppm, 80ppm, 100ppm) into the

GC-MS equipment. Examples of some calibration curves obtained for phenol, p-

cresol, dibenzofuran, ethylbenzene, indane, naphthalene, and fluorene are

presented in Figure 3.4-18.

Figure 3.4-18. Calibration curves at different concentration for some
oxygenated and PAH compounds in the GC-MS equipment
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3.4.3.4 Size Exclusion Chromatography (SEC) and FTIR

Size exclusion chromatography is also referred as gel-permeation

chromatography; this analytical technique was used to analyse tar samples and

to obtain information about the molecular distribution.

SEC differs from the HPLC technique as largest molecules elute first during the

analysis. The SEC equipment used was a Perkin-Elmer Modular, Series 225,

equipped with a 5µm SEC column from Polymer laboratories. The equipment

was calibrated with polystyrene samples with broad molecular weight range

from 800-860000; also single ring and PAH standard samples of low molecular

mass were used for calibration.

The samples were prepared by dissolving a small amount of oil/tar in

tetrahydrofuran (THF), with an approximate concentration of 0.2vol.%. THF

was used as mobile phase during the analysis, and the detector used was a

Perkin-Elmer 200a refractive index detector. The analytical set-up was

connected to an analytical recorder and a computer with processing data

software to obtain information on the molecular mass distribution of the tar/oil

samples. The results obtained from the SEC analysis were plotted in a graph of

intensity against molecular weight. An example from the SEC analysis of the

tar/oil from the pyrolysis of RDF is presented in Figure 3.4-19.
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Figure 3.4-19. Size exclusion chromatogram of tar/oil samples

Additionally FTIR analyses were carried out to tar/oil samples with the aim to

determine functional groups present in the samples. The FTIR analysis was

carried out as described in Section 3.4.2.8.
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CHAPTER 4. EFFECTS OF
OPERATIONAL PARAMETERS ON GAS

AND LIQUID YIELDS AND COMPOSITION

4.1 Effects of bed type and gasification temperature, on gas and
liquid products during pyrolysis-gasification of RDF

A series of experiments were carried out in the two-stage pyrolysis-gasification

catalytic reaction system described in Chapter 3, Section 3.3. Refuse derived fuel

(RDF) was used as raw material and also nickel-based catalysts were tested

during the gasification stage in order to promote catalytic steam reforming

reactions. The high calorific value of RDF make it suitable to be used for

pyrolysis-gasification, and furthermore to be a candidate for the generation of a

hydrogen-rich syngas. This section will address the selection, characterisation

and activity of nickel-based catalysts when used for the production of a

hydrogen-rich syngas. Some of the catalysts were also tested according to their

ability to reduce tar formation during the process, through the analysis of the

condensed fraction.

4.1.1 Ni/Al2O3 catalysts

Initially two Ni/Al2O3 catalysts were prepared according to the impregnation

method described in Chapter 3 Section 3.2.2. The metal loading was varied such

that the final metal loading of the catalysts contained 5 and 10wt.% of nickel

loading respectively. The activity of these catalysts and the influence of the

nickel loading were measured in terms of their influence on the tar and syngas

compositions. The results were compared with experiments carried out using a

bed of sand (silica based material) with and without water steam. The effect of

the gasification temperature was also measured for the experiments carried out

using the bed of sand and steam.
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4.1.2 Gas composition and Mass Balance

The yield of each fraction (solid, liquid and gas) was calculated considering the

inlet products and the resulting fractions. The following expression was

developed considering the fractions involved during the experiments:

ܯ ݈ܽܤݏݏܽ ܽ݊ ܿ݁ =
݃ +ݏܽ ݅݋ ݈+ ℎܿ ݎ݁)ݎܽ ݑ݀ݏ݅ )݁ + ݓݐݏ݈݋ ݐܽ݁ ݎ

ݏܽ ݉ ݈݌ ݁+ ݓ ݐܽ݁ .ݐݓ)ݎ %) Equation 4.1-1

The conversion rate of the raw material (RDF) was calculated considering the

initial and the final weight, using the following expression:

݊݋ܥ ݒ݁ ݏ݅ݎ ݊݋ ݎܽ ݐ݁ ோ஽ி = 100 − ݎ݁ ݑ݀ݏ݅ .ݐݓ݁) %) Equation 4.1-2

For most of the experiments, the conversion rate was around 70wt.%, which

means that just about 30% of the raw material remained as solid residue in the

form of char. The composition of the gases was measured and calculated

according to the methodology described in Chapter 3, Section 3.4.1.4. The

results regarding the product yield, gas composition and mass balance are

presented in Table 4.1-1.

Table 4.1-1. Results of pyrolysis-gasification of RDF in terms of product yield
and gas composition using different bed materials

Catalyst Bed
Sand Bed Ni/α-Al2O3

No steam Steam 5wt% 10wt%
Temperature 800°C 600°C 700°C 800°C 800°C 800°C

Water flow rate
(g h-1) 0.00 5.00 5.00 5.00 5.00 5.00

Gas composition (vol. %)
CO 27.09 20.90 21.00 18.15 16.70 17.00
H2 18.70 21.70 20.10 31.61 39.42 45.54
CO2 20.58 27.20 19.50 20.04 21.06 23.81
CH4 20.58 12.60 15.80 18.23 12.19 7.52
C2-C4 11.01 17.50 23.50 11.98 10.64 6.13
H2/CO ratio 0.69 1.04 0.96 1.74 2.36 2.68

Products Yield (wt.%)
Gas Yield (wt. %) 30.85 25.40 31.50 34.71 37.08 45.89
Conversion to
gas/oil (wt%)

69.81 70.20 71.50 69.26 67.51 69.11

Mass Balance (%) 84.85 92.10 91.37 92.54 101.14 102.30
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When comparing the experiments carried out at 800 °C with and without steam,

it was found that the addition of steam increased the gas yield, however there

was no effect on the conversion to gas/oil ratio. Furthermore the gas

composition was highly influenced by the addition of steam, as the hydrogen

concentration in the produced gas increased from 18vol.% up to 31vol.%,

whereas the CO and CH4 concentrations were reduced. This is due to the water-

gas and steam reforming reactions taking place, resulting in the formation of

carbon dioxide and hydrogen.

For the experiments carried out with steam at different gasification

temperatures, as shown in Table 4.1-1 it was observed that the gas yield

increased from 25wt.% up to about 35wt.% as the gasification temperature

increased from 600 °C to 800 °C. The H2 content in the produced gas was also

increased from 21vol.% up to 31vol.% with the increasing temperature,

whereas the CO2 was reduced from 27vol.% to 20vol.%. This was attributed to a

promotion of gasification reactions involving steam as the temperature was

increased. Li et al [1] previously reported similar results in the literature; they

observed that an increase in the gasification temperature from 750 °C up to

900 °C, resulted in an increase in the H2 and CO2 concentrations, and also an

increase in the gas yield from 10wt.% up to 50wt.%. The effect of using different

process conditions on the syngas composition during the gasification of RDF,

has been also reported by Galvagno et al [2]. They reported that the produced

gas contained up to 43vol.% of H2, about 18vol.% CO, 17.63vol.% CO2, and about

16vol.% CH4; these concentrations are similar to those reported in this work

(Table 4.1-1), when the gasification temperature was set at 800°C and using a

bed of sand.

Comparing the experiments with and without catalysts it could be seen in Table

4.1-1 that the gas yield was slightly increased using the 5wt.%Ni/Al2O3 catalyst,

but was further improved reaching about 46wt.% by using the 10wt.%Ni/Al2O3

catalyst. The hydrogen and CO2 concentrations were also increased to 45.5vol.%

and 23vol.% respectively. By adding the catalyst, reactions such as water-gas
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and tar cracking were further enhanced as the produced pyrolysis gases were

passed through the catalytic bed. The promotion of decomposition reactions of

tars and hydrocarbons using the nickel based catalysts can be seen in Table

4.1-1. The data show that the concentrations of CH4 and light hydrocarbons (C2-

C4) in the syngas were markedly reduced as a result of this decomposition.

Much work has been done to analyse the effects of nickel-based catalysts during

biomass gasification. For example Miccio and collaborators [3], used a fluidized

bed gasification system, using biomass as raw material. They reported a

maximum hydrogen concentration of about 30vol.% using two different nickel-

alumina catalysts. Also Liu et al [4], and collaborators stated that the use of a

specific nano-nickel-based catalyst can increase the quality of the syngas during

the gasification steam reforming of MSW carried out at 800 °C. In addition the

resulting gas contained 50vol.% H2, 21.4vol.% of CO, and about 20vol.% of CO2.

From Table 4.1-1 it was also observed that the gas yield was increased to about

2vol.% when the bed of catalyst was changed from sand to catalyst and was

further increased to about 8vol.% when the metal loading of the catalyst was

increased from 5wt.% up to 10wt.%. Further increasing the metal loading might

be useful to maximise gas yield using this specific catalyst.

The use of nickel-based catalysts influences the tar formation and kinetics

during the gasification stage. A general expression for tar formation, based on

the evolution of light hydrocarbons has been suggested as follows [5]:

௠ܪ௡ܥ + ଶܱܪܽ → ܱܥܾ + ଶܪܿ + ௬ܪ௫ܥ Equation 4.1-3

Where CnHm and CxHy represent tar and light hydrocarbons respectively. Light

hydrocarbon can further evolve to release hydrogen according to the following

chemical reaction:

௬ܪ௫ܥ + ଶܱܪݔ → ܱܥݔ + +ݔ) 2 ⁄ݕ ଶܪ( Equation 4.1-4
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The calorific value and hydrogen concentration of the syngas can be also

improved through the promotion of hydrogenation reactions [6], by using

Ni/Al2O3 catalysts, which might explain the increase in the hydrogen

concentration from 18vol.% up to 45vol.% shown in Table 4.1-1.

4.1.3 Tar Analysis

The characterisation of tar samples collected from the pyrolysis/gasification of

RDF was carried out by using GC-MS, SEC, and FTIR analytical techniques. As

described in Chapter 3.

4.1.3.1 GC-MS analysis of the collected tar

The tars collected from the experiments were analysed by gas chromatography

coupled to mass spectrometry (GC-MS), and the resulting chromatograms are

shown in Figure 4.1-1.
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Figure 4.1-1. Chromatograms of tar samples showing the effect of gasification
temperature (a, b); and bed type (c, d, e, f).
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Some of the identified PAHs shown in Figure 4.1-1 such as acenaphthylene,

fluorene, phenanthrene, anthracene, pyrene, and fluoranthene, represent

concern due to their associated mutagenic characteristics. Phenanthrenes and

methylphenanthrenes have shown mutagenic characteristics in both human and

bacterial cell tests [7]; in addition some compounds such as chrysene, tri- and

tetramethylphenanthrenes, and benzo pyrenes have exhibited certain

carcinogenic activity [8]. Therefore some of these compounds together with

other PAHs have been classified by the Environmental Protection Agency (EPA)

as priority pollutants [9]. Thus the reduction in the formation of these

compounds is a priority when analysing the effectiveness of a catalyst.

Figure 4.1-1(a), correspond to the chromatogram obtained from the tar

collected after the experiment carried out with a sand bed and no steam

introduced into the reactor. For this tar sample it was observed a typical trend

of peak triplets related with the presence of alkadienes, alkenes and n-alkenes.

Similar trends have been previously reported in the literature by Williams and

Williams [10], when analysing wax derived from the pyrolysis at 500 °C of low

density polyethylene (LDPE). Also Predel and Kaminsky [11], reported similar

chromatograms from the analysis of light wax from the pyrolysis at 500 °C of

high density polyethylene. Therefore the presence of this pattern in the

chromatogram shown in Figure 4.1-1(a), might be attributed to the presence of

some plastics present in the RDF material subjected to pyrolysis and further

gasification at 600 °C. Comparing the chromatograms obtained at 600 °C

(Figure 4.1-1(a)), 700 °C (Figure 4.1-1(b)) and 800 °C (Figure 4.1-1(d)), a large

decrease in the number of compounds present in the tar samples was observed;

which indicates that the tar composition is directly related to the gasification

temperature, which has been also previously observed and reported in the

literature [12, 13].

A list of the identified compounds at different gasification temperatures 600 °C

(Figure 4.1-1(a)), 700 °C (Figure 4.1-1(b)) and 800 °C (Figure 4.1-1(d)), is

shown in Table 4.1-2.
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Table 4.1-2. Identified compounds in tars from the gasification of RDF at 600,
700 and 800°C

Retention
time (min)

Gasification 600°C Gasification 700°C Gasification 800°C

5.08-5.09 Toluene Toluene ─
6.03 1,2,3-Trimethylcyclopentane ─ ─
8.16 2,5- dimethylfuran 2,5- dimethylfuran ─
9.95 Ethylbenzene Ethylbenzene ─

10.66 o-xylene o-xylene ─
12.11 Styrene Styrene ─
12.40 Benzene, (1-methylethyl)- ─ ─

16.95-16.98 Alpha-methylstyrene Alpha-methylstyrene ─
17.52-17.60 Benzene-propyl Benzene-propyl ─

18.86 ─ Benzene-2-propenyl ─
19.21 5-butyl,1,3-cyclohexadiene ─ ─
19.44 ─ Indene Indene
20.04 ─ 2-methylphenol ─
20.75 Benzene, 1-ethyl-2-methyl ─ ─
21.46 ─ 4-methylphenol ─
21.52 2-furancarboxaldheyde, 5-methyl ─ ─
23.08 1,3,5-trimethylbenzene ─ ─
23.44 ─ Naphthalene, 2-dihydro ─
24.37 ─ Naphthalene Naphthalene
24.81 1,2-benzenediol ─ ─
25.84 2-furancarboxaldehyde ─ ─
27.70 ─ 2-methylnaphthalene 2-methylnaphthalene
27.76 Benzyl Alcohol ─ ─
28.16 ─ 1-methylnaphthalene 1-methylnaphthalene
30.00 ─ Biphenyl Biphenyl
30.30 ─ Naphthalene, 1-ethyl ─
30.45 n-C15 ─ ─
31.33 ─ Acenaphthene ─
31.78 Acenaphthylene Acenaphthylene Acenaphthylene
32.71 ─ 2-methyl-1,1’-biphenyl ─
32.98 n-C16 ─ ─
33.30 ─ 2-naphthalenol ─
34.61 ─ 1-naphthol ─
35.06 ─ Naphthalene, 1-(2-propenyl) ─
35.35 n-C17 ─ ─
35.88 ─ Fluorene Fluorene
36.69 Unidentified ─ ─
37.61 n-C18 ─ ─
37.64 ─ 9H-Fluorene, 1-methyl ─
39.44 ─ Phenanthrene Phenanthrene
39.67 ─ Anthracene Anthracene
39.75 n-C19 ─ ─
41.00 ─ 2-methylanthracene ─
41.77 ─ 1-methylanthracene ─
41.79 n-C20 ─ ─
43.29 ─ 2-phenylnaphthalene ─
43.74 n-C21 ─ ─
44.64 ─ 4,5,9,10-tetrahydropyrene ─
44.95 ─ Fluoranthene ─
45.61 n-C22 ─ ─
45.92 ─ Pyrene Pyrene
46.60 ─ m-Terphenyl ─
47.40 n-C23 ─ ─
47.63 ─ Benzanthrene ─
48.45 ─ Benzo[c]fluorene ─
49.11 n-C24 ─ ─
50.76 n-C25 ─ ─
51.59 ─ Triphenylene ─
52.34 n-C26 ─ ─
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From Table 4.1-2, it was observed that at 600 °C the oxygenated compounds

identified were benzenediols, alcohols and decanols, at 700 °C some phenol

derivatives such as naphthols, and naphthalenols were detected, whereas at

800 °C the tar composition was dominated by polycyclic aromatic compounds

(Table 4.1-2 and Figure 4.1-1).

Changes in the chromatograms according to different bed materials used are

shown in Figure 4.1-1(d)-(f). Additionally in Table 4.1-3, are shown the tar

compounds and concentrations found in the analysed tar samples obtained

using different bed types and a constant gasification temperature of 800 °C.

Table 4.1-3. Influence of the bed type over the tar composition during
gasification at 800°C a

a More asterisks mean higher concentration; No asterisks means compound no detected/no present in the
sample

In Table 4.1-3 a relative yield is shown by using different asterisks, for the

experiments carried out with sand there are no signals from single ring

compounds, but the presence of higher aromatic compounds such as pyrene and

triphenylene is clear. From Table 4.1-3 and Figure 4.1-1 it was also noted the

presence of other aromatic and polyaromatic hydrocarbons such as

naphthalene and phenanthrene. Compounds with 3 and 4 aromatic rings

(anthracene, fluoranthene, pyrene and triphenylene) were identified in the tar
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from the experiments carried out with the sand bed, whereas single ring

compounds such as styrene were detected in the tar samples from experiments

carried out using catalysts. The change in the presence of 3-4 aromatic ring

compounds to a dominance of single ring aromatic compounds could be due to

higher molecular weight hydrocarbons which were thermally degraded into

lighter hydrocarbons. The lighter hydrocarbons could have been subsequently

aromatised via Diels-Alder type reactions due to the thermal degradation of

alkanes into alkenes resulting in the formation of single ring compounds such as

toluene and styrene [6, 14]. An example of a cycloaddition reaction between a

conjugated diene and an alkene to form a single ring structure is shown in

Figure 4.1-2.

Figure 4.1-2. Diels-Alder cyclo-addition reaction for a single ring structure
formation

From Figure 4.1-2, it is observed an overlap between positions 1 and 4 which

ends up with the formation of sigma bonds, and a new bond formed between

the positions 2 and 3 of the diene.

From Table 4.1-3 and Figure 4.1-1(e)-(f), it was also observed that the use of

nickel-based catalysts during the pyrolysis/gasification of RDF, favoured the

formation of phenanthrene rather than anthracene, which has been also

reported in the literature [7]. It has also been reported the reduction of

oxygenated species via de-oxygenation reactions, resulting in an increase in

aromatic species [15]. Single ring aromatic compounds identified included

benzene and toluene, in addition some PAH compounds such as naphthalene,

phenanthrene, fluorene and their alkylated homologues were also identified.

From Figure 4.1-1(e)-(f), the small peak shown between biphenyl and

acenaphthylene might be due to the presence of acenaphthene, while the peak
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that elutes after acenaphthylene labelled as unidentified, might be attributed to

dibenzofuran. Both assumptions were based on the m/z spectra reported for

both peaks. From the chromatograms reported in Figure 4.1-1, it can also be

observed that when catalysts were used, aromatic compounds such as

antharecene and pyrene were not present in the tar samples, whereas some

single ring aromatic compounds such as styrene and toluene were formed

(Figure 4.1-1(e), and Figure 4.1-1(f)).

For all the tar samples analysed the major compounds identified were indene,

naphthalene, methylnaphthalenes, biphenyl, acenaphthylene, fluorene, and

phenanthrene (Table 4.1-3). These aromatic species have been reported as tar

compounds from different thermal processes such as pyrolysis and gasification

of both biomass and wastes [3, 16-19]. For example major tertiary tar

compounds such as naphthalene, fluorene, phenanthrene, and pyrene have been

reported in samples from the pyrolysis of biomass [20]. Benzene has also been

reported as tar compound; however as it is highly volatile it might not be

captured during the collection and analysing process in our work, hence the

resulting samples were deficient in lighter compounds such as benzene.

4.1.3.2 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) was used to determine the molecular

mass of the tar compounds. The SEC chromatograms were plotted as a linear

function of the molecular weight in the region between 88 and 240 g gmol-1.

From the molecular weight distributions obtained, three major regions were

identified. The molecular weights of these regions were associated and

compared with those compounds identified through GC-MS. In Figure 4.1-3 is

shown the molecular mass distribution and their associated compounds for

each region.
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Figure 4.1-3. Size exclusion chromatograms (SEC) of tar samples

The presence of some peaks around 95 g gmol-1, was attributed to the presence

of toluene and phenol. In the region between 126-135 g gmol-1 the data suggest

the presence of naphthalene, whereas the peaks shown ~219 g gmol-1 might be

due to large-molecular mass compounds such as pyrene and triphenylene. The

addition of Ni-alumina catalyst into the gasification stage promoted the

formation of single and 2-ring aromatic compounds of lower molecular weight

as shown within the first region. The SEC from the experiment carried out

without steam showed the presence of higher MW species, which might be

related to the presence of some 4-ring aromatic compounds such as anthracene,

pyrene, and triphenylene.

The molecular weight of the compounds found by SEC (Figure 4.1-3), compared

with the identified compounds by GC-MS (Figure 4.1-1) are in good agreement.

The molecular weights reported by SEC were compared with possible

compounds reported in the literature and a probable match and comparison is

shown in Figure 4.1-4.
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Figure 4.1-4. Possible assignment of MW reported by SEC

4.1.3.3 FTIR Analysis

The FTIR analysis of tar samples was carried out with the aim to identify the

chemical functional groups present in the samples derived from different Ni

catalysts. In order to carry out the FTIR analysis it was necessary to prepare the

tar samples; the preparation pathway is shown in Figure 4.1-5.

Figure 4.1-5. Sample preparation, FTIR analysis and interpretation

The original sample was a heterogeneous mixture containing

tar/oil/H2O/dichloromethane (DCM) in different proportions. The water was

separated from the original sample by simple decantation; afterwards the

remaining sample was subjected to a centrifuge process at 40 °C for 15 minutes,

as the boiling point of the DCM is around 40 °C. The resulting liquid sample was

subjected to FTIR analysis. As some traces of the DCM might have remained in
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the original sample after the centrifuge process, a parallel FTIR analysis for DCM

was carried out. The resulting spectra were compared and a final

spectralpattern for each sample was obtained.

The bands in the FTIR spectrum resulted from different vibrations and rotations

in the bonds of a molecule. Vibrational motions can be stretching and bending,

and usually occur in diatomic or triatomic molecules. Stretching vibrations are

related with changes in the interatomic distance along the axis of the bond,

whereas bending vibrations are related with changes in the angle of the bonds.

Bending vibrations include wagging, twisting, rocking, and scissoring. Examples

of some of these vibrations for CH2 groups, are graphically shown in Figure

4.1-6 [21].

Figure 4.1-6. Types of CH2 vibrations

The FTIR results obtained from the analysis of tar samples are shown in Figure

4.1-7.
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Figure 4.1-7. Fourier transform infrared spectra (FTIR) of tar from pyrolysis-
gasification of RDF at frequency of 4000-650cm-1

A difference from the GC-MS chromatograms, the absorption bands from the

FTIR spectra analysis are assigned to functional groups instead of specific

compounds. An example of the correlation of bond stretching and IR absorption

bands is shown in the following Table 4.1-4 [22].

Table 4.1-4. Bond stretching and IR absorption

Type of Bond Functional Group Family of compounds
Wavenumber range

(cm-1)

Single

−ܥ− ܪ Alkanes 2850-3300
= −ܥ ܪ Alkenes, aromatics 3000-3100
≡ −ܥ ܪ Alkynes 3300-3320
ܱ − ܪ Alcohols 3200-3600
ܰ − ܪ Amines 3300-3500

Double

ܥ = ܥ Alkenes, aromatics 1600-1680
ܥ = ܱ Carbonyls 1680-1750

Aldehydes, ketones 1710-1750
Carboxylic acids 1700-1725
Esters, amides 1680-1750

ܥ = ܰ Imines 1500-1650

Triple
ܥ ≡ ܥ Alkynes 2100-2200
ܥ ≡ ܰ Nitriles 2200-2300
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From Figure 4.1-7 it was observed that the tar samples showed a similar pattern,

which indicates a similarity among the functional groups present in the samples.

The peaks observed between the region 3000 and 2850 cm-1 (a) correspond to

aliphatic hydrocarbons, specifically to stretching of the type C-H bonds, the

peaks between 1450 and 1350 cm-1 (d) represent C-H deformation vibrations

that might be related with –CH3, CH2 and C-H groups [23]. The absorption peaks

detected around 1625 and 1575 cm-1 (c) as well as those between 950-800 cm-1

(g) indicate the presence of mono and polycyclic aromatic compounds. It has

been reported that the double bond C=C stretching vibrations from aromatic

compounds appear within the region 1430-1650cm-1 [24]. The peak between

1675-1352 cm-1 (b) represents double carbon bonds (C=C) from the alkene

functional group. Alkanes, alkenes and alkynes functional groups have been

previously reported in the literature, for example when analysing pyrolitic oils

from the thermochemical conversion of waste paper [25]. The signal around

1100 cm-1 (f) might correspond to single bond interactions between carbon and

hydrogen. The region between 500-1500cm-1 normally contains overlapped

absorption bands from both bending and stretching vibrations, this region is

known as fingerprint region and sometimes is complicated to assign them to an

specific functional group (e, f, g, h).

The functional groups identified in the FTIR spectra support the GC-MS results,

as it was confirmed the aromatic nature of the analysed tar samples.

4.1.4 Summary

In this section of the work, the effects of both the gasification temperature and

the catalyst bed type were studied regarding the yield and composition of the

gas fraction and tar by-product. It was found that the composition of the

produced syngas was highly influenced by the addition of steam into the

gasification stage. Even more it was found that the type of material used to

promote catalytic reactions in the second gasification stage also modified the

hydrogen content in the produced gas. For example by using a 10wt.% Ni/α-

Al2O3 catalyst, the hydrogen concentration was increased by almost 14%
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compared with the experiments carried out using a silica-sand bed under

similar conditions. Also it was noted that methane and C2-C4 gas concentrations

were reduced by about 10% and 5% respectively.

By combining the techniques of GC-MS, SEC, and FTIR for tar characterisation, it

was possible to obtain a general idea about the different compounds contained

in the tar samples derived from the pyrolysis-gasification of RDF. Additionally

the effects of both the gasification temperature and catalyst bed on the liquid

fraction were also studied. The tar obtained at gasification temperatures around

800 °C was found to contain PAH, consisting mainly of naphthalene, biphenyl,

acenaphthylene, fluorene, and phenanthrene. The PAH were assumed to be

formed via Diels-Alder reactions and deoxygenation reactions. The use of

nickel-alumina catalysts promoted the reduction of 3 and 4-ring aromatic

compounds and helped to increase the hydrogen yield in the syngas. It was

found that lower gasification temperatures of 600 °C promoted the formation of

oxygenated compounds; whereas at higher temperatures the formation of

aromatic compounds was preferred.
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CHAPTER 5. PREPARATION,
CHARACTERIZATION AND EVALUATION

OF NICKEL BASED CATALYSTS

This Chapter was divided in three different sections, each one mostly dedicated

to the study of nickel-based catalysts for the hydrogen production. The catalytic

activity was assessed using a two-stage pyrolysis-gasification reaction system

described in Chapter 3, Section 3.3. A brief description of each section is given

next.

Section 5.1., includes results obtained from the preparation of diverse Ni/SiO2

catalysts prepared by sol-gel and impregnation methods. Some properties such

as metal loading and the addition of metal promoters were also studied

regarding the catalysts properties. The catalytic activity towards hydrogen

production, tar composition and formation was evaluated for all the catalysts.

Section 5.2., was dedicated to the analysis of varying the nickel to citric acid

ratio (Ni:CA) into the final characteristics of a series of three Ni/SiO2 catalysts.

The catalytic performance was evaluated in a similar way as in the previous

section, considering the hydrogen and tar yields.

Finally the Section 5.3., was focused on the characterisation of a series of

Ni/SiO2 catalysts obtained using two different homogeneous precipitation

(HGP) methods. The final properties of the catalysts were correlated with their

performance for hydrogen production.
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5.1 Ni/SiO2 catalysts: Influence of metal loading, metal
promoters and preparation method on catalyst
characteristics

There are diverse parameters influencing the properties of the final catalysts,

such as the preparation method, and the type of oxide support namely Al2O3 [1,

2], and SiO2 [3-5]. Al2O3 was used as oxide support in the previous Chapter 4,

however SiO2 has been also largely used as oxide support due to promotes a

higher metallic surface area and higher sintering resistance compared with

other oxide supports [6]. In addition some authors have reported that the use of

silica oxide as support also contributes to improvement of the thermal stability

and porous properties of the resulting catalyst [4, 7, 8]. In order to further

improve the catalytic activity and selectivity of catalysts, diverse metals such as

Ce, Al, and Mg have been added to Ni/SiO2 catalysts as metal promoters. The

enhancement of steam adsorption and the reduction in carbon deposition over

the catalyst surface have been reported in the literature as positive effects of

adding metal promoters [9-11].

This section describes and compares the influence of impregnation and sol-gel

preparation methods, on Ni/SiO2 catalyst characteristics. In addition the

influence of the nickel loading (5wt%, 10wt%, 20wt%, and 40wt%) and the

further addition of Mg, Al, and Ce as metal promoters were studied over

catalysts properties. Furthermore the catalysts were analysed for their

efficiency towards hydrogen production and tar reduction during the pyrolysis-

gasification of RDF.

5.1.1 Characterization of fresh Ni/SiO2 catalysts

The details about the Ni/SiO2 catalysts used in this section are described in

Chapter 3, Section 3.2.2.2. The identification and properties of the catalyst used

for this section of the work are detailed in Table 5.1-1.
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Table 5.1-1. Description and properties of the prepared Ni/SiO2 catalysts

The fresh catalysts listed in Table 5.1-1, were analysed to determine their

surface area and porous properties according to the BET technique described in

Chapter 3, Section 3.4.2. The N2 adsorption and desorption isotherms were

obtained at 77K, the resulting curves for the catalysts are shown in Figure 5.1-1.

Catalyst ID Ni loading Metal addition Preparation method

5Ni/SiO2-A 5 wt%

―

SOL-GEL

10Ni/SiO2-A 10 wt%

20Ni/SiO2-A 20 wt%

40Ni/SiO2-A 40 wt%

Mg-Ni/SiO2-B

20 wt%

Mg

Al-Ni/SiO2-B Al

Ce-Ni/SiO2-B Ce

5Ni/SiO2-C 5 wt%

― IMPREGNATION
10Ni/SiO2-C 10 wt%

20Ni/SiO2-C 20 wt%

40Ni/SiO2-C 40 wt%



-
1

4
4

-

(a) 5-40wt% Ni/SiO2 SOL-GEL (b) 5-40wt% Ni/SiO2 IMPREGNATION (c) 20wt% Ni/SiO2 Mg, Ce, Al

Figure 5.1-1. BET Adsorption-desorption isotherms from fresh Ni/SiO2 catalysts
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The surface area of the catalysts was calculated using the MultiPoint Brunauer,

Emmett & Teller (BET) method, the micropore and mesoporous volumes were

calculated using the Dubinin-Radushkevich (DR) method, and the total pore

volume and pore diameter were obtained by the Barrett, Joyner & Halenda

(BJH) method. The amount of N2 adsorbed at relative pressures near unity

corresponds to the total amount adsorbed for both micropores (generally filled

at low relative pressures) and mesopores (filled by capillary condensation at

relative pressures above 0.2). Therefore, the mesopore volume might be

obtained by subtracting the micropore volume (obtained using the D-R

equation), from the total amount adsorbed determined at P/P0=0.95 [12-14].

The results from these calculations are shown in Table 5.1-2.

Table 5.1-2. Surface area and porous properties of fresh Ni/SiO2 catalysts

1 MultiPoint Brunauer, Emmett &Teller (BET) Method
2 Dubinin-Radushkevich (DR) Method
3 Barrett, Joyner & Halenda (BJH) Method

From Figure 5.1-1(a), the isotherm given by the 5Ni/SiO2-A catalyst was

identified as Type I, based on the IUPAC classification [15]. This type of

isotherm generally shows no hysteresis loop and is associated with

microporous solids with relatively small external surface area. The limiting

uptake of this isotherm is normally governed by the accessible micropore rather

than by the internal surface area. Table 5.1-2 shows the surface area for the

Catalyst

Surface

area1

(m2 g-1)

Micropore

volume2

(cm3 g-1)

Mesoporous

volume2

(cm3 g-1)

Total pore

volume3

(cm3 g-1)

Pore

diameter3

(nm)

5Ni/SiO2-A 595.4 0.322 0.008 0.034 3.776

10Ni/SiO2-A 836.9 0.398 0.231 0.315 3.820

20Ni/SiO2-A 756.4 0.389 0.602 0.884 6.608

40Ni/SiO2-A 481.6 0.260 0.492 0.755 12.612

Mg-Ni/SiO2-B 554.4 0.281 0.400 0.583 5.660

Al-Ni/SiO2-B 552.6 0.281 0.410 0.587 5.654

Ce-Ni/SiO2-B 717.9 0.389 0.524 0.771 6.606

5Ni/SiO2-C 6.9 0.003 0.010 0.029 3.172

10Ni/SiO2-C 6.4 0.003 0.009 0.025 3.796

20Ni/SiO2-C 9.7 0.003 0.010 0.019 3.374

40Ni/SiO2-C 6.3 0.003 0.010 0.026 3.764
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5Ni/SiO2-A catalyst was around 600m2 g-1 with a very low mesoporous volume

(0.008cm3 g-1) and low total pore volume (0.034cm3 g-1); which confirms the

microporous properties of this catalyst. The resulting trend from the isotherm

from the 10Ni/SiO2-A catalyst seems to be a combination of the isotherms Type

I and Type IV (Figure 5.1-1(a)). It was also distinguished by a hysteresis loop of

the type H2 indicating the multilayer region of the isotherm, around P/P0=0.5.

This trend is associated with very complex structures and interconnected pores

with different shapes and sizes [16]. The higher value of the surface area for sol-

gel catalysts (Table 5.1-2), was around 800m2 g-1 for the 10Ni/SiO2 catalyst.

However, this catalyst also showed lower values for mesopores and total pore

volume compared with the catalysts prepared using nickel loadings of 20wt.%

and 40wt.%. Both 20Ni/SiO2-A and 40Ni/SiO2-A catalysts showed isotherms of

the Type IV (Figure 5.1-1(a)) generally associated with well-defined

mesoporous materials with fairly narrow pore size distribution [17].

Additionally from Figure 5.1-1(a), two main stages in the adsorption-desorption

isotherms might be identified for both 20Ni/SiO2-A and 40Ni/SiO2-A catalysts;

the first one appears at low pressures indicating an adsorbate monolayer

formation on the pore surface; then a second stage takes place related to the

multilayer formation at higher pressures [18]. The upward deviation observed

into the multilayer region for 20Ni/SiO2-A and 40Ni/SiO2-A isotherms (top

Figure 5.1-1(a)), corresponds to hysteresis of the H1-Type, which is

characteristic of mesoporous solids having uniform pore structures [19, 20]. In

addition, the beginning of the capillary condensation in the pores was indicated

by the onset of the hysteresis loop [18]. In Table 5.1-2 relatively high

mesoporous volumes of around 0.6 and 0.5cm3 g-1 for the 20Ni/SiO2-A and

40Ni/SiO2-A catalysts respectively, were obtained from the DR calculation

method. Kim et al [21], reported that mesoporous materials tend to have

ordered pore structures with narrow pore size distribution, high surface area

and large pore volumes. For the sol-gel catalysts it was observed that as the Ni

loading increased from 10wt.% up to 40wt.%, the total pore volume and

mesoporous volume of the catalysts were increased (Table 5.1-2). It was also

observed that the hysteresis loop became more pronounced and was slightly

shifted to higher pressures in the multilayer region (Figure 5.1-1(a)), as the
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metal loading was increased; this trend is related to a displacement of the

beginning of the capillary condensation in pores [18].

From Table 5.1-2, the Ni/SiO2 sol-gel catalysts presented a wide pore diameter

distribution, especially at higher Ni loadings, leading to larger pore diameters.

The pore diameter distribution for the catalysts prepared by sol-gel increased

from 3.77nm to 12.61nm as the Ni loading was increased. Wu and Williams [3],

also reported that the average pore size of sol-gel Ni/SiO2 catalysts seemed to

increase as the Ni loading was increased from 10 wt.%. to 50 wt.%.

All the isotherms plotted for the impregnated catalysts (Figure 5.1-1(b)), are

from the Type III with no hysteresis loop which might be indicative of catalysts

with weak adsorbent-adsorbate interactions [16]. From Table 5.1-2, it was also

observed a major reduction in the surface area values reported for the

impregnated catalysts when compared with those values obtained from the sol-

gel catalysts. Also similar values for pore diameter where observed for all the

impregnated catalysts, this might be due to the similar trends shown in the

isotherms, which means very similar characteristics for the impregnated

catalysts, and very low influence of the metal loading.

Comparing the isotherms plotted for the 20wt.% catalysts prepared by both

impregnation and sol-gel methods (Figure 5.1-1(a) and (b)), the difference

observed in the trends could be related with both the preparation method and

the raw materials used during the catalysts preparation. For example the silica

gel in the sol-gel catalysts, was formed through the interaction between TEOS

and citric acid, which has been reported to provide mesoporous amorphous

silica with high specific surface areas. On the other hand, the silica source used

during the catalysts preparation by impregnation came directly from silicon

(IV) oxide, which typically leads in a material with weak adsorbent-adsorbate

interactions. Pina and collaborators [22], have reported weak interactions in the

substrate and a great tendency to agglomeration for Ni/SiO2 catalysts prepared

by the impregnation method. The effect of the preparation method has been

previously studied on catalysts used for ethanol and methanol reforming,
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reporting better characteristics and performance for sol-gel prepared catalysts

[3, 7]. Tomiyama et al [4], also reported larger surface areas for Ni/SiO2

catalysts prepared by sol-gel, compared with the same catalysts prepared by

incipient wet impregnation; which is in accordance to the values reported in the

present work (Table 5.1-2).

In Figure 5.1-1c, are depicted the isotherms for the catalysts impregnated with

Mg, Ce, and Al. From Figure 5.1-1(c) similar trends were observed for the three

catalysts and were identified as isotherms of the type IV, which are

characteristic of mesoporous materials. From Table 5.1-2, similar BET surface

areas around 550m2 g-1 and pore diameter values about 5.6nm, were reported

for both Mg and Al-Ni/SiO2-B catalysts. Whereas the Ce-Ni/SiO2-B catalyst

reported a surface area higher than 700m2 g-1, and 6.6nm pore diameter. This

difference suggests that the addition of cerium has a minor influence on the

surface area or pore size of the prepared catalysts; but a reduction in these two

parameters can be noticed with the addition of Mg and Al. Also the addition of

Mg and Al could lead to the modification of active sites on the metal surface or

in changes of the geometric structure of the catalyst surface, as has been

reported by Wang et al [23]. From Table 5.1-2, a reduction in the mesoporous

volume of this series of metal-promoted catalysts was observed, when

compared with the mesoporous volume of the 20Ni/SiO2-A catalyst. This

reduction effect in the mesopore volume, has been previously reported by Ding

and Yan [24], during the addition of oxide promoters to Ni/Al2O3 catalysts. They

suggested that the oxide promoters, MgO and CeO2, might be concentrated on

the outer layer of the support, whereas the nickel metal was dispersed in the

support pores; as a result a reduction in mesopore volume might be promoted.

5.1.2 Test of the catalytic activity of Ni/SiO2 catalysts

Once all the Ni/SiO2 catalysts were characterised, all of them were tested in the

two-stage gasification system previously described in Chapter 3, Section 3.3.

The activity of the catalysts was tested regarding the composition of the final

syngas, specifically towards hydrogen production, and also this was related to
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their efficiency to promote tar cracking reactions during the steam reforming

stage. The gas composition of the gases derived from the pyrolysis-gasification

of RDF was analysed and reported on a N2 free basis. The gas yield included the

initial sample weight and the injected water for each experiment. The gas

composition and gas yields are presented in Table 5.1-3.

Table 5.1-3. Gas yield and composition using diverse Ni/SiO2 catalysts

From Table 5.1-3, it was observed that the H2 concentration of the produced

gases for the series of sol-gel catalysts (series A), was increased as the Ni

loading was increased. However for the 40Ni/SiO2-A catalyst, the hydrogen

concentration was slightly decreased. This effect might be related to the catalyst

properties, for example the mesoporous volume for the 40Ni/SiO2-A catalyst

was 0.49 cm3 g-1, whereas for the 20Ni/SiO2-A catalyst it was 0.60 cm3 g-1 (Table

5.1-2). This difference might be due to the promotion of steam reforming

reactions as the Ni loading increased. Therefore it was an increase in the

hydrogen production for the sol-gel series of catalysts. From Table 5.1-3, it was

also noted that the concentration of CO2 increased as the Ni loading was

increased. In this case the pore size of the catalyst may influence the CO2

concentration, which coincides with the trend reported in Table 5.1-2 for the

pore size of the sol-gel catalysts. Thus the highest pore size and highest CO2

concentration of about 12nm, and 25.6 vol.% respectively, corresponded to the

Catalyst
Gas composition (Vol.%, N2 free) Gas Yield

(wt.%)

Mass Balance

(wt.%)CO H2 CO2 CH4 C2-C4

5Ni/SiO2-A 28.6 41.2 15.4 8.8 6.1 45.7 94.8

10Ni/SiO2-A 24.1 47.4 16.5 8.1 3.8 58.6 98.0

20Ni/SiO2-A 18.4 57.9 20.7 2.2 0.8 68.7 91.6

40Ni/SiO2-A 16.5 56.2 25.6 1.4 0.4 72.6 98.7

Ce-Ni/SiO2-B 19.0 53.6 24.1 2.6 0.7 64.9 98.1

Mg-Ni/SiO2-B 20.1 54.3 22.4 2.6 0.6 58.6 98.5

Al-Ni/SiO2-B 21.6 49.6 22.0 5.3 1.5 46.4 94.2

5Ni/SiO2-C 27.6 35.6 22.3 9.7 4.8 39.9 93.9

10Ni/SiO2-C 29.2 37.7 20.5 8.8 3.8 46.8 94.6

20Ni/SiO2-C 21.7 40.6 26.6 7.2 3.9 51.9 99.0

40Ni/SiO2-C 22.3 44.1 25.8 5.7 2.1 55.4 98.6
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40Ni/SiO2-A catalyst. Methane (CH4) and light hydrocarbon (C2-C4)

concentrations were considerably reduced as the Ni loading was increased;

again this trend was related to the catalysts physical properties, specifically

with the pore size. From Table 5.1-2 it can be seen that there was an increase in

the pore size as the metal loading was increased, whereas the concentrations of

both CH4 and C2-C4 decreased up to 1.4 vol.% and 0.4 vol.% respectively. The

increase in the H2 and CO2 concentrations and the decrease in the concentration

of CH4 and C2-C4 (Table 5.1-3), might be due to the conversion of CO into CO2 by

water-gas shift and hydrocarbon reforming reactions, including methane

reforming [25].

Zapata et al [26], reported that the addition of Ce to Ni/SiO2 catalyst resulted in

the promotion of methane reforming reactions and also in an improvement in

the stability of the catalyst. Also the addition of Mg to different supported Ni-

based catalysts has been reported by Choudhary et al [11], in order to enhance

the steam adsorption capability, to stabilize the Ni and to prevent catalyst

sintering. In this work Mg, Ce, and Al were used as metal promoters in order to

improve the catalysts activity towards hydrogen production. From Table 5.1-3 it

can be observed that about 54vol.% of hydrogen was obtained in the produced

gas when using Ce-Ni/SiO2-B and Mg-Ni/SiO2-B catalysts, whereas less than

50vol.% of H2 was attained using the Al-Ni/SiO2-B catalyst. A similar trend was

reported for the CH4 concentration as Ce-Ni/SiO2-B and Mg-Ni/SiO2-B catalysts

resulted in concentrations of 2.6vol%, while using the Al-Ni/SiO2-B catalyst a

CH4 concentration of 5.3 vol.% was obtained. In addition, similar CO2

concentrations (~22 vol.%), were obtained using Mg and Al added Ni/SiO2-B

catalysts, whereas Ce addition showed a CO2 concentration of 24 vol.%. From

the catalysts properties shown in Table 5.1-2, it was expected that the addition

of Mg and Al to the Ni/SiO2-B catalyst would produce a similar performance

regarding gas composition based on surface area and porosity characteristics.

However, a more similar catalytic activity for both Ce and Mg added Ni/SiO2-B

catalysts was observed, whereas using the Al-Ni/SiO2-B catalyst resulted in

lower H2, and higher CH4 and C2-C4 compositions. A better performance was

observed when using Mg and Ce as metal promoters instead of using Al.
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However, there was not an improvement towards hydrogen production by

using any of these three metal promoters, when compared with the original

20Ni/SiO2-A catalyst prepared by conventional sol-gel method.

The influence of the preparation method was also studied by using the

impregnation method and varying the metal loadings from 5-40wt%, and these

catalysts were assigned as C series (Table 5.1-1). From Table 5.1-3, the highest

H2 concentration of about 44vol.% was obtained using the 40Ni/SiO2-C catalyst.

The use of 10Ni/SiO2-C and 20Ni/SiO2-C catalysts resulted in H2 concentrations

of ~40 vol.%, whereas a hydrogen concentration of 36vol.% was obtained using

the 5Ni/SiO2-C. The CH4 and C2-C4 concentrations were found to be reduced for

all the impregnated catalysts, when the Ni loading was increased.

From Table 5.1-3, the gas yield of the sol-gel catalysts (series A), was increased

from 45.7 to 72.6 wt.% as the nickel loading was increased from 5 to 40 wt.%. A

similar trend was observed for the impregnated catalysts (series C), but with

lower gas yields, increasing from 39.9 to 55.4 wt.% as the Ni loading was

increased from 5 to 40 wt.%. Slight differences in the gas yield can also be

attributed to changes in the amount of water steam injected during each

experiment. It was expected that the addition of Ce, Mg, and Al as metal

promoters into the Ni/SiO2 sol-gel catalyst, would increase the gas yield;

however using the Al-Ni/SiO2-B catalyst resulted in a reduction in the gas yield

(46.4 wt.%), that was similar to that obtained using the 5Ni/SiO2-A and

10Ni/SiO2-C catalysts. The addition of Ce and Mg into the Ni/SiO2 catalyst,

resulted in gas yields of between 60 and 65 wt.% that were lower than the gas

yield obtained using the 20Ni/SiO2-A catalyst (~69 wt.%). The reduction in the

catalytic activity of the Al-Ni/SiO2-B catalyst, in terms of gas yield and hydrogen

production, might be related to a lower Ni metal dispersion; as this property can

be sometimes decreased by the addition of inappropriate promoters [24], thus

the catalytic activity might also be influenced [27]. There has been much

research on the influence of metal promoters in relation to Ni/SiO2 catalysts

properties and activity for methane and CO2 conversion [9, 28-30]. For example

Garcia et al [9], reported that the addition of MgO into nickel-based catalysts can
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lead to a H2 yield of 40% stoichiometric during the steam reforming of bio-oil,

whereas methane conversions higher than 90% can be attained using similar

catalysts [11, 31]. The addition of the CeO promoter was also studied during the

autothermal reforming of methane and partial oxidation of methane to syngas,

leading to a CH4 conversion up to 100% and attaining a H2/CO maximum of 3.5

using Ni/Ce30Al70Oδ catalyst [10].

5.1.2.1 Performance of Ni/SiO2 catalysts towards hydrogen production

In terms of hydrogen production, it was observed that the series of sol-gel

catalysts (series A), exhibited a better performance when compared with the

catalysts prepared by the impregnation method (series C). Similar results have

been reported by Wu and Williams during the steam reforming of ethanol [3].

Also Goncalves et al [7], reported a better performance for Ni/SiO2 sol-gel

catalysts during the CO2 reforming of CH4 when compared with Ni/SiO2

catalysts prepared by impregnation. The promotion of the catalytic activity by

adding metals, Ce, Mg, Al, to the 20Ni/SiO2 sol-gel catalyst has not been

observed in this work for the pyrolysis/gasification of RDF; as the H2

concentrations obtained for the metal-promoted catalysts (series B) were lower

than the hydrogen concentration attained using the 20Ni/SiO2-A catalyst.

5.1.3 GC-MS analysis of the condensed tar fraction

After each experiment using the catalysts shown in Table 5.1-1, the condensed

fraction coming from the main exit gas stream was collected from the bottom of

the condensers cooled by air and dry-ice respectively. The liquid sample was

analysed by gas chromatography coupled to mass spectrometry (GC-MS), in

order to obtain both qualitative and quantitative information about this fraction.

Details about the sample preparation and GC-MS analysis are given in the

Chapter 3, Section 3.4.3 of this work; however a brief description is given next.

The samples contained in the condensers were collected using dichloromethane

(DCM analytical reagent grade, Fischer Scientific). A heterogeneous sample was

obtained containing a fraction of tar mixed with DCM and a second fraction
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mainly containing water; afterwards both fractions were separated by simple

decantation. The water traces contained in the tar/oil mixed with the DCM

samples was extracted using a sodium sulphate bed (Na2SO4); the salt was

previously dried for 2 hours at 140 °C. The DCM contained in the samples was

then evaporated at around 30 °C using a Genevac Rocket Evaporation system, to

obtain concentrated samples at the same volume. The tar composition was

determined by injecting 2 microliters of the sample into a Varian CP-3800 gas

chromatograph coupled with a Varian Saturn 2200 GC/MS/MS mass

spectrometer. Further details about the programme used for the analysis of

tar/DCM samples can be found in Chapter 3, Section 3.4.3 of this work. The

results from this analysis including the retention times of the eluted peaks, the

compounds assigned and concentration expressed as µgcompound/gRDF, are

presented in Table 5.1-4.
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Table 5.1-4. Identified compounds from GC-MS analysis of tar samples (µgcompound/gRDF)

MW

(g mol
-1

)

7.84 Furfural 96 ─ 3.4 1.5 0.5 1.2 0.3 2.0 12.7 5.1 3.7 7.1

7.81 Cyclopentanone 84 ─ 7.4 1.5 0.5 1.2 0.0 2.1 13.4 3.6 3.7 7.0

8.67 Ethylbenzene 106 4.8 0.2 ─ 1.2 0.6 0.2 1.1 ─ 1.3 1.1 4.1

9.02 p -Xylene 106 ─ 1.0 3.1 1.8 8.5 2.5 5.0 0.4 4.1 5.4 7.1

9.02 m -Xylene 106 12.9 1.0 3.2 1.8 8.3 2.4 4.8 0.6 4.1 5.3 6.9

9.86 Styrene 104 116.0 21.3 1.4 8.5 31.1 15.2 27.1 3.1 44.3 43.8 43.0

9.89 o -Xylene 106 2.8 ─ ─ ─ 2.4 1.6 2.7 ─ ─ ─ ─

13.36 Phenol 94 867.1 408.0 183.8 130.0 404.5 160.3 377.1 1019.0 419.7 607.9 706.5

13.78 para-methylstyrene 118 7.1 ─ ─ ─ ─ ─ ─ 1.3 ─ ─ ─

14.97 Indane 118 2.3 1.4 ─ 0.2 0.2 0.3 0.2 0.3 1.0 0.9 0.5

15.35 Indene 116 182.2 95.3 1.2 8.3 11.0 21.5 9.1 5.9 56.0 68.1 28.2

15.69 o -Cresol 108 27.4 15.8 2.7 2.5 5.0 1.3 7.9 ─ 28.4 10.7 12.5

16.14 Acetophenone 120 1.2 5.1 1.0 1.2 ─ 0.4 1.0 3.7 ─ 1.2 1.7

16.47 p -Cresol 108 71.5 ─ 5.6 6.5 15.6 5.0 15.1 105.6 81.0 27.8 35.2

16.48 m -Cresol 108 34.3 5.0 5.3 6.0 11.0 4.6 18.1 72.6 64.0 23.8 32.8

17.38 2-Methylbenzofuran 132 6.6 ─ ─ 0.8 ─ 0.4 0.3 ─ ─ 1.6 1.5

18.29 2-Ethylphenol 122 1.5 ─ ─ ─ ─ ─ ─ 2.2 1.8 ─ 2.5

18.66 2,4-Dimethylphenol 122 4.6 1.2 ─ 1.1 ─ ─ 1.3 ─ 5.6 ─ ─

19.32 4-Ethylphenol 122 4.7 2.4 ─ ─ ─ ─ 1.5 ─ 5.8 ─ ─

19.32 3-Ethylphenol 122 5.1 2.7 ─ 1.3 ─ ─ 1.6 ─ 6.3 ─ ─

40Ni/SiO2-CCe-Ni/SiO2-B Mg-Ni/SiO2-B Al-Ni/SiO2-B 5Ni/SiO2-C 10Ni/SiO2-C 20Ni/SiO2-CRT (min) Assigned Peak 5Ni/SiO2-A 10Ni/SiO2-A 20Ni/SiO2-A 40Ni/SiO2-A
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MW

(g mol
-1

)

19.32 2,6-Dimethylphenol 122 5.2 2.7 ─ 1.5 ─ ─ 1.7 ─ 6.5 ─ ─

19.93 Naphthalene 128 70.4 35.2 4.1 39.0 17.1 10.3 10.6 35.2 123.7 46.6 42.4

20.93 4-Isopropylphenol 136 ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 2.5

23.16 2-Methylnaphthalene 142 17.2 16.2 1.6 3.3 2.7 2.3 3.2 17.2 24.6 8.0 9.1

25.08 Biphenyl 154 19.1 20.9 2.1 1.7 2.8 2.9 3.5 42.5 45.5 9.2 18.2

25.32 2-ethylnaphthalene 156 1.8 1.0 ─ 1.1 0.8 ─ 0.7 2.7 2.0 2.0 ─

25.32 1-ethylnaphthalene 156 ─ 0.8 ─ 0.5 0.4 ─ 0.4 1.5 1.8 ─ ─

25.54 2,6-dimethyl naphthalene 156 2.1 1.1 ─ ─ 0.7 ─ 0.7 3.7 2.8 1.9 3.4

26.16 1,4-dimethylnaphthalene 156 ─ ─ 1.2 0.8 0.6 ─ ─ 3.3 ─ ─ ─

27.47 Dibenzofuran 168 ─ ─ ─ 1.5 ─ 3.5 3.6 ─ ─ 7.0 18.7

28.51 Fluorene 166 42.0 51.1 4.5 ─ 5.2 5.6 7.5 136.4 58.5 15.0 37.2

29.28 1,3-diphenylpropane 196 ─ ─ 1.4 ─ ─ ─ ─ ─ ─ ─ 2.8

31.06 Phenanthrene 178 83.8 41.8 3.8 10.9 27.0 19.3 18.1 144.8 71.4 10.4 ─

31.97 o -Terphenyl 230 1.5 0.7 1.5 0.9 0.7 0.6 0.6 2.3 1.6 1.6 2.7

34.17 Fluoranthene 202 24.3 5.5 2.8 5.6 2.8 2.5 2.0 11.1 9.5 3.1 8.1

34.48 Pyrene 202 32.8 23.1 3.2 7.8 13.6 3.9 2.8 24.2 12.8 2.9 28.9

34.62 m -Terphenyl 230 3.5 2.1 2.5 2.1 1.9 1.1 1.1 4.8 3.2 2.6 5.9

41.98 1,3,5-triphenylbenzene 306 2.4 2.5 2.1 1.6 1.2 ─ ─ 2.9 ─ ─ 3.3

1660.8 775.7 241.0 250.3 577.8 268.0 534.3 1673.2 1095.6 915.0 1079.5

1.7 0.8 0.2 0.3 0.6 0.3 0.5 1.7 1.1 0.9 1.1

40Ni/SiO2-C

Tar Concentration (µgtar/gRDF)

Tar Concentration (mgtar/gRDF)

Ce-Ni/SiO2-B Mg-Ni/SiO2-B Al-Ni/SiO2-B 5Ni/SiO2-C 10Ni/SiO2-C 20Ni/SiO2-CRT (min) Assigned Peak 5Ni/SiO2-A 10Ni/SiO2-A 20Ni/SiO2-A 40Ni/SiO2-A
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From Table 5.1-4, it is observed that the major compounds in terms of

concentration (µgcomp/gRDF), for most of the analysed samples were: styrene,

phenol, indene, p-cresol, m-cresol, naphthalene, fluorene, and phenanthrene. In

the previous Chapter 4 of the present work a qualitative GC-MS analysis of the

tar samples from the pyrolysis-gasification of RDF using Ni/Al2O3 catalysts was

reported. In Chapter 4 tar compounds such as naphthalene, biphenyl, fluorene,

phenanthrene, methylnaphthalene, catechols and alcohols were identified in the

analysed tar samples. From those compounds naphthalene, fluorene and

phenanthrene were also identified and reported in Table 5.1-4. Some other

authors have also identified similar compounds when analysing tars from the

pyrolysis of RDF [32], and tars derived from biomass gasification using a

secondary tar cleaning system [33]. From the major tar compounds identified in

the analysed samples (Table 5.1-4), the following Figure 5.1-2, shows the trends

observed in terms of concentration (μgcompound/gRDF).

Figure 5.1-2. Trends in concentrations for major tar compounds identified in the
analysed samples

From Figure 5.1-2, it was observed that major concentrations for the reported

tar compounds were obtained when using the low nickel loading for the sol-gel
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catalyst (5Ni/SiO2-A), and all the series of catalysts prepared by impregnation

method (series C).

Also from the concentration values shown in Table 5.1-4, a reduction in the total

tar concentration from 1.66 to 0.24 mgtar/gRDF as the nickel loading was

increased for the sol-gel catalysts (series A). The tar concentration for the

20Ni/SiO2-A and 40Ni/SiO2-A catalysts was quite similar (~0.25 mgtar/gRDF),

this indicates that no major tar reduction was attained for a nickel loading

higher than 20wt.% for the catalysts prepared by the sol-gel method. For the

series of sol-gel catalysts, it was also observed a remarkable reduction from

1.66 mgtar/gRDF to 0.24mgtar/gRDF, when increasing the nickel loading in the

Ni/SiO2 catalysts from 5 up to 20wt.%. However it was noted a slight increase in

the tar concentration to 0.25mgtar/gRDF when the nickel loading was further

increased to 40wt.%.

It was expected that a further reduction in the tar formation might occur when

adding Al, Mg, or Ce to the 20Ni/SiO2 catalyst (Table 5.1-4). This forecast was

based on a reported increase in the catalytic activity by adding metal-promoters,

through the promotion of cracking reactions, for example during the partial

oxidation of methane [34]. Among the three metal-promoters added, the highest

activity in terms of tar reduction was shown by the Mg-Ni/SiO2 catalyst (Figure

5.1-3), resulting in a tar content of 0.25 mgtar/gRDF (Table 5.1-4), whereas Al and

Ce-Ni/SiO2 catalysts reported about twice that value. It has been reported that

the addition of CeO2 to nickel-based catalysts promoted major tar removal

during biomass gasification, when compared with a conventional nickel-based

catalyst [35, 36]. For example Kimura et al [35], reported that the addition of

CeO2 to a Ni/Al2O3 catalyst, promoted the conversion of tar and coke to CO, H2

and CH4 during the biomass steam gasification of biomass. Also Wang et al [29],

reported that the addition of MgO to Ni/SiO2 catalyst improved coke resistance

and reduced the sintering of nickel particles; hence the catalytic activity of the

catalyst was improved. However in this work the production of tar of hydrogen

were not improved by adding Mg, Al or Ce as metal promoters to the sol-gel Ni

based catalyst, which might be due to the reduction in the surface area for these
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catalysts not allowed an even dispersion of both metals, resulting in a reduction

in the promotion of cracking and reforming reactions.

From Table 5.1-4, it was observed that for the Ni/SiO2 catalysts prepared by

impregnation method (series C), the tar concentration was reduced from 1.67

up to 0.60 mgtar/gRDF when the Ni loading was increased from 5 to 20 wt.%, but

increased again up to 0.98 mgtar/gRDF when using the 40Ni/SiO2-C catalyst. This

trend might be related to the sintering of nickel particles due to the high nickel

loading, resulting in lower catalytic activity. Mark and Maier [37], reported that

increasing the metal content in catalysts could lead to a decrease in the metal

dispersion. Therefore, it was suggested that for the 40Ni/SiO2-C catalyst a nickel

loading of 40wt.% was too high to improve the catalyst’s activity towards

hydrogen production from pyrolysis/gasification of RDF. Besides by increasing

the nickel loading from 20 to 40wt.%, some of the catalyst properties were

negatively influenced, such as the surface area that was reduced 9.7 and 6.3m2

g-1 (Table 5.1-2).

Diverse classifications of tar compounds have been previously reported in the

literature by different authors [38-41], most of these classifications are based

on the number of aromatic rings of the different compounds found in tar

samples from different sources. Based on this classification the identified tar

compounds shown in Table 5.1-4, were grouped and are presented in Table

5.1-5.
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Table 5.1-5. Classification of tar compounds found in analysed tar samples

There is also a tar Class 1 normally referred to as GC-undetectable compounds,

thus it was not considered in the classification shown in Table 5.1-5. Tar Class 2

mainly includes heterocyclic compounds; compounds with 1 aromatic ring were

grouped in Class 3; light polyaromatic compounds in Class 4, and tar Class 5

grouped heavy polyaromatic compounds. Once the identified compounds were

grouped, general tar concentrations per Class were calculated and these values

are shown in Figure 5.1-3.

Figure 5.1-3. Concentration of tar classes using different catalysts

CLASS 2 CLASS 3 CLASS 4 CLASS 5
Heterocyclic

Aromatics
Aromatics 1-Ring Light PAH 2-3 Rings

Heavy PAH 4-7
Rings

Tars with hetero
atoms; highly water
soluble compounds

Light hydrocarbons; no
condensability or
solubility problems

Compounds that condense
at low temperature even at
very low concentration

Components condense at
high temperatures at low
concentrations

Furfural
Phenol
o-Cresol
p-Cresol
m-Cresol
2-Methylbenzofuran
Cyclopentanone
Acetophenone
2-ethylphenol
2,4-dimethylphenol
4-ethylphenol
3-ethylphenol
2,6-dimethylphenol
4-isopropylphenol
Dibenzofuran

Ethylbenzene
p-Xylene
m-Xylene
o-Xylene
Styrene
Para-methyl Styrene

Naphthalene
2-Methylnaphthalene
Biphenyl
2-ethylnpahthalene
1-ethylnpahthalene
2,6-dimethylnaphthalene
1,4-dimethylnaphthalene
Fluorene
1,3-diphenylpropane
Phenanthrene
o-Terphenyl
m-Terphenyl
Indane
Indene

Fluoranthene
Pyrene
1,3,5-Triphenylbenzene
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From Figure 5.1-3 it was noted that for all the analysed samples the major tar

contribution came from tar Class 2; these tars are sometimes referred to as

primary tars and are known to contain mainly oxygenated compounds with

aromatic and aliphatic structures [42]. Among the compounds grouped in tar

Class 2, the major contribution came from the compound phenol for all the

analysed samples (Table 5.1-4 and Figure 5.1-2). In general it was noted that for

the sol-gel catalysts (A series), the concentration of the tar Class 2 was reduced

as the Ni loading was increased (Figure 5.1-3), also the concentration of phenol

followed a similar trend (Figure 5.1-2). This reduction can be related to the pore

diameter of the sol-gel catalysts because the pore diameter was increased as the

Ni loading was increased (Table 5.1-2), and also with the promotion of cracking

of the heterocyclic aromatic compounds. From Table 5.1-4, for the metal-

promoted catalysts (series B), the highest phenol concentration was obtained

for the Ce-Ni/SiO2-B catalyst, and the lowest concentration was attained using

the Mg-Ni/SiO2-B catalyst (Figure 5.1-2). From Figure 5.1-3, the lower

concentration of tar Class 2, was attained using the Ce and Al Ni/SiO2-B catalysts,

whereas a remarkable reduction was attained using Mg as the metal promoter.

This difference might be attributed to the long-term stability of the catalyst due

to the addition of metal-promoters to the Ni/SiO2 catalysts, and also to the low

sintering of Ni particles and high coke resistance reported previously by Wang

and Lu [29].

From Figure 5.1-3 it was also observed that the concentration of tar Class 3,

from single ring aromatic compounds, was reduced as the Ni loading was

increased for the sol-gel catalysts (series A). A concentration of 0.1 mgtar-

Class3/gRDF for the tar Class 3, was obtained using both 20 and 40Ni/SiO2-A

catalysts. This might suggest that the increase in the Ni loading from 20 wt.% to

40 wt.% for the sol-gel catalyst, does not have a positive effect over the

reduction of single ring aromatic compounds (Class 3). For metal-promoted

catalysts (series B) the concentration of tar Class 3 was 0.04 mgtar-Class3/gRDF for

both Ce and Al Ni/SiO2-B catalysts, whereas a lower concentration of 0.02 mgtar-

Class3/gRDF was obtained using the Mg-Ni/SiO2-B catalyst. This reduction might

be related to the nature of the metal that might be promoting more of the
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cracking of single ring aromatic compounds. For example, it has been reported

that the addition of Mg might stabilize the Ni crystallite, improving in this way

the catalytic activity of the catalyst [43]. For the catalysts prepared by the

impregnation method, the lowest concentration of the tar Class 3 was attained

using the 5Ni/SiO2-C catalyst; while somewhat similar concentrations were

reported using the 10, 20 and 40 Ni/SiO2-C catalysts. Therefore no major effect

of the metal loading over the catalytic activity towards reduction of tar Class 3

was observed for the impregnated catalysts (Figure 5.1-3).

Naphthalene was included in the tar Class 4, which contributed significantly to

the concentration of tar for all the analysed samples (Figure 5.1-3). Naphthalene

has been identified as one of the major tar compounds in tar samples from the

pyrolysis and/or gasification process [44, 45]. For example Abu El-Rub et al [46],

used naphthalene and phenol as tar model compounds to measure tar reduction

during the gasification process, using different catalyst types. Devi and

collaborators [47], used naphthalene as a tar model compound, with olivine as

the catalyst in order to improve the naphthalene conversion. Considering this,

the reduction of naphthalene can be used as a measure of the efficiency of the

prepared catalysts. From Figure 5.1-2, a reduction in the naphthalene

concentration was observed as the Ni loading was increased for the sol-gel

catalysts (series A), however a considerable increase was noted when using the

highest nickel loading of 40wt.%. A similar increase in the concentration of

other compounds such as styrene, indene, and phenanthrene; was also

observed using the 40Ni/SiO2-A catalyst which indicates that the reduction of

these major compounds is not as effective as using the 20Ni/SiO2-A catalyst

(Figure 5.1-2). This might also be related to the lower surface area and

mesoporous volume reported for the 40Ni/SiO2-A catalyst (Table 5.1-2). By

using the metal promoters Ce, Mg, and Al (series B), different concentrations of

naphthalene were obtained with a better conversion using both Mg and Al

Ni/SiO2-B catalysts. However, the general concentrations of tar Class 4 using

these metal-promoted catalysts were similar at 0.06 mgtar-Class4/gRDF, which was

slightly higher compared with the concentration of 0.02 mgtar-Class4/gRDF

obtained using the 20Ni/SiO2-A catalyst. For the series of impregnated catalysts
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a reduction of naphthalene was observed for the 10Ni/SiO2-C catalyst (Figure

5.1-2), but it is noted that using the 5Ni/SiO2-C catalyst the lowest naphthalene

concentration was attained. This effect can also be observed for other low

molecular weight compounds such as styrene, and indene, but for higher

molecular weight compounds such as fluorene and phenanthrene, higher

concentrations were obtained using the 5Ni/SiO2-C catalyst (Figure 5.1-2). The

total concentration of tar Class 4 was reduced as the Ni loading was increased

for the impregnated catalysts (series C). The lowest tar concentration attained

for the impregnated catalysts, it was 0.15 mgtar-Class4/gRDF, when using the

40Ni/SiO2-C catalyst (Figure 5.1-3 and Table 5.1-4).

Fluoranthene, pyrene and 1,3,5-triphenylbenzene were identified and included

in tar Class 5; the concentration of these compounds for all the samples was

very low with a maximum tar concentration of 0.06 mgtar-Class5/gRDF using the

5Ni/SiO2-A catalyst (Figure 5.1-3). A total conversion of tar Class 5 was attained

using the Al-Ni/SiO2-B catalyst, while very low concentrations of around 0.01

mgtar/gRDF were obtained using 20Ni/SiO2-A, 40Ni/SiO2-A, Mg-Ni/SiO2-B, and

20-Ni/SiO2-C catalysts (Figure 5.1-3). This suggests that the conversion of

higher molecular weight compounds (>200 g mol-1) included in Class 5, can be

attained using Ni loadings from 20 wt.%, but also the influence of the

preparation method should be considered, as for the 40-Ni/SiO2-C catalyst a

higher concentration of the tar Class 5 was attained (Figure 5.1-3).

From Table 5.1-4, the best catalytic activity towards tar reduction was attained

using the 20-Ni/SiO2-A, 40-Ni/SiO2-A, and Mg-Ni/SiO2-B catalysts, resulting in

tar concentrations lower than 0.3 mgtar/gRDF. These catalysts were also found to

have better performance in terms of hydrogen production as shown in Table

5.1-3.

The highest styrene, indene, and naphthalene conversions were obtained using

the 20Ni/SiO2-A catalyst (Figure 5.1-2), while the best phenol and fluorene

conversions were obtained using the 40-Ni/SiO2-A catalyst (Figure 5.1-2). The
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highest fluoranthene and phenanthrene conversions were attained using the Al-

Ni/SiO2-B and 40-Ni/SiO2-C catalysts respectively (Table 5.1-4 and Figure 5.1-2).

In general, the conversion of hydrocarbons during the gasification process

might be attributed to steam cracking and CO2 reforming reactions; the

decrease in hydrocarbons is associated with an increase in hydrogen with a

more effective catalyst [25].

5.1.4 Analysis of reacted Ni/SiO2 catalysts

The reacted catalysts were analysed by temperature-programmed oxidation

(TPO) and SEM, in order to characterize the carbon deposited over the catalysts

surfaces.

5.1.4.1 Thermogravimetric analysis (TGA)

In order to carry out the thermogravimetric analysis of coked carbons deposited

over the surface of reacted catalysts, a Stanton-Redcroft thermogravimetric

analyser (TGA) was used; their respective differential thermogravimetric (DTG)

results were also obtained. Details about thermogravimetric analysis carried

out on the reacted catalysts, have been described in Chapter 3, Section 3.4.2.6 of

this work. However a brief description is as follows. Around 20 mg of the used

catalyst was placed in the TGA sample crucible, and heated in an air atmosphere

at 15 °C min-1 to a final temperature of 800 °C, with a dwell time of 10 minutes.

The TGA curves and their respective differential curves are shown in Figure

5.1-4.
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Figure 5.1-4. DTG-TPO and TGA-TPO analysis from reacted Ni/SiO2 catalysts

In general it has been reported in the literature that at least three different

stages can be identified in thermogravimetric curves from reacted catalysts [3,

48, 49]. The first stage from 0 °C to 100 °C, is normally related with a mass

decrease associated with water vaporization or moisture contained in the

sample [1]. The second stage is normally around 350 °C and is related with the

Ni phase oxidation, and the final stage of the thermogram comes from the
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carbon combustion normally after 400 °C [3]. The TGA curves can also give

information about the type of carbon formed within the surface of the catalyst.

For example the thermograms corresponding to amorphous type carbons are

suggested to initiate oxidation, and therefore weight loss, at around 500 °C,

whereas those from filamentous carbons can be identified from their oxidation

at a temperature of 600 °C [48, 50].

The DTG-TPO thermogram plotted for the reacted 5Ni/SiO2-A sol-gel catalysts

(Figure 5.1-4(a)), showed almost a straight line, which might be due to the low

Ni loading and also due to the small amount of carbon deposition over this

catalyst. In the TGA-TPO thermograms, a weight decrease before 100 °C was

initially observed for the 5, 10 and 20 wt.% Ni/SiO2-A reacted catalysts, which

might be related to initial water vaporization. The DTG-TPO curves for the

reacted 10, 20 and 40 wt.% Ni/SiO2-A catalysts presented different peaks at

different temperatures, the initial weight increase at around 350 °C was

attributed to Ni oxidation, as this peak seemed to increase as the Ni loading in

the catalysts was increased. From Figure 5.1-4(a), at least two peaks can be

identified around 600 °C for the DTG-TPO thermogram of 10Ni/SiO2-A, and

20Ni/SiO2-A reacted catalysts. This might suggest the deposition of filamentous

carbon on to the catalysts after pyrolysis-gasification of RDF, as the oxidation of

filamentous carbon was suggested to start to be formed around 600 °C [3]. It is

suggested that cracking of hydrocarbons and tars, resulted in the formation and

further deposition of carbons in the reacted catalysts. From Figure 5.1-4(a), it

seems that the carbon deposition is increased as the Ni loading was increased

from 5 up to 20wt.%, however for the nickel loading of 40wt.% the coke

deposition seemed to be decreased which might be related with lower

promotion of coke-steam reactions when using the latter catalyst.

Figure 5.1-4(b), shows the thermograms for the Mg, Ce, and Al Ni/SiO2-B metal-

added catalysts; the initial decrease in both TGA and DTG thermograms was

mainly attributed to moisture loss. After that the weight increase was related to

metal oxidation in the catalysts. The three catalysts presented similar

thermogravimetric curves however two peaks from the Mg and Ce Ni/SiO2-B
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catalysts appear at around 400 °C (DTG-TPO), while the Al-Ni/SiO2-B reacted

catalyst peak appear around 600 °C. This difference can be related to the nature

of the promoter added as for example Wang and Lu [23], reported that the

addition of metal oxides might influence the activity of the supported metal

catalyst and also the coke formation on the catalyst surface. They stated that the

addition of alkaline-earth metal promoters such as Mg to Ni/Al2O3 catalysts

could significantly reduce coke formation on the catalyst surface during the CO2

reforming of methane. Probably due to this, the reacted Mg-Ni/SiO2-B catalyst

has a smaller oxidation peak when compared with the other metal-promoted

catalysts. Also from the DTG-TGA thermograms (Figure 5.1-4(b)), two different

peaks can be observed which was probably due to the deposition of different

types of carbon over the reacted catalysts. Most likely amorphous carbon was

formed on the Ce and Mg-Ni/SiO2-B catalysts, whereas filamentous carbon

could be found in the Al-Ni/SiO2-B reacted catalyst.

From Figure 5.1-4(c), it can be noted that both TGA-TPO and DTG-TPO

thermograms for the reacted impregnated catalysts, were displaced as the

nickel loading was increased. This was probably due to more nickel particles

being available for oxidation at higher Ni loadings. When comparing the TPO

thermograms for the 20Ni/SiO2-A and 20Ni/SiO2-C catalysts prepared by the

sol-gel and impregnation methods respectively (Figure 5.1-4(a), and Figure

5.1-4(c)), the carbon combustion for the sol-gel catalyst appeared after 600 °C

(Figure 5.1-4(a)), whereas for the impregnated catalyst (Figure 5.1-4(c)) was

immediately after 400 °C. Therefore it was suggested that for reacted

impregnated catalysts, amorphous carbons were formed; while for the reacted

sol-gel catalysts the deposition of filamentous carbon was preferential.

5.1.4.2 Scanning electron microscopy (SEM)

A high-resolution scanning electron microscope (SEM, LEO 1530) was used to

characterize and examine the carbon deposited on the reacted catalysts

(Chapter 3, Section 3.4.2.7).The results are shown in Figure 5.1-5.
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Figure 5.1-5. Scanning electron images (SEM) of reacted Ni/SiO2 catalysts
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From Figure 5.1-5, some filamentous carbons were observed over the surface of

the reacted sol-gel catalysts (5, 10, 20, 40 Ni/SiO2-A), this observation was

consistent with the results from the thermogravimetric analysis (Figure

5.1-4(a)). For the SEM analysis of the reacted metal-promoted catalysts it was

observed that different amounts of filamentous and probably amorphous

carbon were deposited over the surface of the Mg-Ni/SiO2-B, Al-Ni/SiO2-B, and

Ce-Ni/SiO2-B catalysts. The images of the Mg-Ni/SiO2-B and Ce-Ni/SiO2-B

catalysts were more similar, whereas the SEM image of the Al-Ni/SiO2 catalyst

differs regarding the type of coke deposited. Comparing this with the

thermogravimetric analysis results shown in Figure 5.1-4(b), the DTG-TPO

curve of the Al-Ni/SiO2-B catalyst showed the main peak at higher temperatures

when compared with the other two reacted catalysts (series B); which might

suggest the formation of two different carbon types over the surface of the Al-

Ni/SiO2-B reacted catalyst. Finally the images obtained from the SEM analysis of

reacted impregnated catalysts, showed very little coke deposition which was

mainly from amorphous type carbon.

When comparing both thermogravimetric and SEM results (Figure 5.1-4, and

Figure 5.1-5), it was observed that filamentous carbons tend to be deposited

over the reacted Ni/SiO2 sol-gel catalysts, whilst amorphous carbons are

deposited over the reacted catalysts prepared by the impregnation method.

Also two different types of carbon (filamentous and amorphous) were identified

over the metal-promoted reacted catalysts; however the amount of each one

influenced the trends in the DTG-TPO thermogram.

5.1.5 Summary of Ni/SiO2 characteristics and performance

In Section 5.1, a series of Ni/SiO2 catalysts were prepared using different metal

promoters and preparation methods. In addition the resulting catalysts were

characterised and investigated for their efficiency in relation to hydrogen

production and tar reduction during the pyrolysis/gasification of RDF in a two-

stage reaction system.
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It was found that the series of Ni/SiO2 catalysts prepared by the sol-gel method

were effective to promote an increase in the hydrogen concentration, an

increase in the produced syngas, and to reduce the tar formation. The best

performance for this series of sol-gel catalysts was attained using the Ni/SiO2

catalyst prepared using a nickel loading of 20 wt.%. Also Ni/SiO2 catalysts

prepared by sol-gel showed better characteristics such as high surface area,

mesoporous volume, and particle size, when compared with the catalysts

prepared by impregnation method.

It was expected that the addition of metal-promoters such as Ce, Mg or Al to the

20 wt.% Ni/SiO2 sol-gel catalyst, would result in an improvement on catalysts

properties, hydrogen production and tar reduction; nevertheless from

experimental data there was no significant positive influence.

When analysing the reacted Ni/SiO2 catalysts through thermogravimetric

analysis and scanning electron microscopy techniques, it was found that

filamentous carbons were more likely to be deposited over reacted sol-gel

catalysts, whereas amorphous carbons were identified over the surface of

reacted impregnated catalysts. Both types of carbon were found to be deposited

over the reacted metal-promoted catalysts, depending on the metal nature and

on its interaction with the Ni phase.

In general the tar from the pyrolysis-gasification of RDF was found to contain

mainly styrene, phenol, indene, cresols, naphthalene, fluorene, and

phenanthrene, from the alkene and alcohol functional groups.
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5.2 Effects of nickel to citric acid ratio (Ni:CA)

The effects of modifying the catalyst preparation method and raw materials

over both catalysts properties and catalysts activity were addressed in the

previous Section 5.1. When preparing Ni/SiO2 catalysts through the sol-gel

method, TEOS and citric acid are normally used to generate the silica gel; in

addition the variation of the nickel to citric acid ratio (Ni:CA) has been reported

to influence both the catalyst properties and catalyst activity. For example it has

been reported [1], that varying the Ni:CA ratio influenced the catalytic activity

for hydrogen production, during the steam reforming of ethanol . Takahashi et

al [2], have also reported the effects of varying the amount of citric acid, on the

formation of mesoporous amorphous silica during the preparation of Ni/SiO2

catalysts. This section therefore examines the effects of modifying the Ni:CA

ratio in relation to the catalysts properties. A series of three different catalysts

were prepared using Ni:CA ratios of 1:1, 1:2, and 1:3, the resulting catalysts

were assigned to Ni/SiO2-A, Ni/SiO2-B, and Ni/SiO2-C, respectively.

Furthermore, the catalyst performance was studied for hydrogen production

and tar reduction during the pyrolysis-gasification of RDF. The results from the

investigations of these two parameters were compared with results obtained

from blank experiments using a silica bed instead of catalysts. The catalytic

activity was studied using the two-stage reactor system (Chapter 3).

5.2.1 Catalysts preparation and characterization

Details regarding the preparation method of the Ni/SiO2 catalysts used in this

Section can be found in Chapter 3, Section 3.2.2.3. Three different Ni/SiO2

catalysts were prepared by a sol-gel method, the amount of citric acid was

varied to obtain Ni:CA ratios of 1:1, 1:2, and 1:3. Initially the catalysts were

characterised to identify their surface area and porous properties using the BET

analysis (Brunauer, Emmet and Teller), and the obtained results are shown in

Table 5.2-1.
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Table 5.2-1. Surface area and porous properties Ni/SiO2 catalysts

1 MultiPoint Brunauer, Emmett &Teller (BET) Method
2 Dubinin-Radushkevich (DR) Method
3 Barrett, Joyner & Halenda (BJH) Method

From Table 5.2-1, it was observed that the lowest surface area value was

reported for the Ni/SiO2-A catalyst, then it was increased to more than 700 m2

g-1 as the Ni:CA ratio was increased. However a reduction in the surface area

was noted by changing the Ni:CA from 1:2 to 1:3; this effect might be due to the

higher amount of citric acid which generated polymeric networks rather than

particle aggregates promoting a higher swelling of the wet silica gel [2]. During

the catalyst preparation the citric acid also altered the pH of the solution, which

would also influence the nickel aggregation and the formation of SiO2 particles.

The micropore and mesoporous volumes of the catalysts were obtained using

the Dubinin-Radushkevich (DR) method [3]; whereas the total pore volume and

the pore diameter were obtained using the Barrett, Joyner & Halenda (BJH)

method [4]. The methodology used has been previously described in the

Chapter 3, Section 3.4.2.1. Table 5.2-1, showed that the mesoporous volume, the

total pore volume and pore diameter increased as the Ni:CA ratio was increased.

This trend was attributed to the variation in the citric acid during the

preparation as the nickel loading was maintained constant. For example

changes in the pore volume of Ni/SiO2 catalysts, have been associated to

variations in the volume of citric acid during the catalysts preparation [5]. The

original spaces occupied by the citric acid turned into pores after the citric acid

elimination during the calcination process, resulting in changes in the pore

diameter. An increase in the pore size might also indicate that the citric acid is

well dispersed in CA-silica composites in the form of nanocomposites [2].

From the pore diameter values shown in Table 5.2-1, it was noted that the

resulting Ni/SiO2 catalysts are considered mesoporous materials since the pore

Catalyst
Ni

content
(wt%)

Ni:CA
ratio

Surface area1

(m2 g-1)

Micropore
volume2

(cm3 g-1)

Mesoporous
volume2

(cm3 g-1)

Total pore
volume3

(cm3 g-1)

Pore
diameter3

(nm)
Ni/SiO2-A 20 1:1 547.5 0.270 0.090 0.150 3.818

Ni/SiO2-B 20 1:2 788.2 0.390 0.363 0.548 4.312

Ni/SiO2-C 20 1:3 756.4 0.389 0.602 0.884 6.608
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diameter values are within 2-50 nm [6]. The N2 adsorption-desorption

isotherms from the analysis of fresh catalysts, are shown in Figure 5.2-1.

Figure 5.2-1. BET adsorption-desorption isotherms of Ni/SiO2 catalysts

From Figure 5.2-1, it was noted a displacement of the characteristic hysteresis

loop into the multilayer region at higher pressures, as the Ni:CA ratio was

increased. Based on the International Union of Pure & Applied Chemistry

(IUPAC) classification of isotherms [6], the isotherm from the Ni/SiO2-A catalyst

(Ni:CA 1:1), seems to be a combination between type I and type IV isotherms,

with a hysteresis loop of the H2 type. The combination of these types of

isotherms might suggest a material with limited pore size and very small

external surface area, whereas the hysteresis loop might result from a complex

pore structure and a network with pores of different shapes and sizes [7]. On

the other hand, the isotherms from the Ni/SiO2-B and Ni/SiO2-C catalysts

depicted a similar trend with an isotherm of type IV, as a result of the filling and

emptying of mesopores by capillary condensation. Moreover the hysteresis loop

of the H1 type, is normally associated with adsorbents with a narrow

distribution of uniform pores [7].
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5.2.2 Study of the catalytic activity

The synthesised catalysts were tested for their ability toward hydrogen

production and tar reduction during the pyrolysis-gasification of RDF. The

experimental conditions have been previously described in Chapter 3, Section

3.3. The catalytic activity was examined in relation to hydrogen production. The

produced gases were subjected to gas chromatography analysis, and the

concentration of permanent and light hydrocarbons was determined on a N2

free basis. In addition the gas and residue yields were also calculated together

with the general mass balance for each experiment. The results from the GC

analysis and other results obtained are shown in Table 5.2-2.

Table 5.2-2. Gas composition, product yields and mass balance

From Table 5.2-2, the gas yield was calculated considering the final weight of

the produced gas, the tar/oil fraction collected, and the RDF residue, divided by

the initial weight of the RDF sample plus the steam added during the

experiment, as shown in Equation 5.2-1.

݉ ܾܽݏݏܽ ݈ܽ ݊ܿ݁ =
݃ ݀݋ݎ݌ݏܽ ݑ +ݏݐܿ ݀݅ݑݍ݈݅ ݀݋ݎ݌ ݑ +ݏݐܿ ℎܿ ݎ݁)ݎܽ ݑ݀ݏ݅ )݁

ܨܦܴ + ݈݌݌ݑܵ ݅݁ ݀ ݓ ݐܽ݁ ݎ
Equation 5.2-1

From Table 5.2-2, it was noted that the residue yield was around 30%, which is

related with the constant amount of initial RDF sample used for all the

experiments. The aforementioned yield means that about 70wt.% of the initial

RDF sample was converted into liquid and/or gaseous products. For the

experiment carried out with the sand bed, about 50wt.% of gas yield was

attained; whereas the gas yield was increased up to 71wt.% in the presence of

the Ni/SiO2 catalysts. About 24vol.% of hydrogen concentration was obtained

Catalyst
Gas composition (Vol.%, N2 free) Gas Yield

(wt.%)

Residue

Yield (%)

Mass Balance

(wt.%)CO H2 CO2 CH4 C2-C4

Ni/SiO2-A 17.7 56.6 21.3 3.1 1.3 71.1 29.5 96.3

Ni/SiO2-B 18.8 57.8 20.1 2.4 0.9 71.2 30.3 93.7

Ni/SiO2-C 18.4 57.9 20.7 2.2 0.8 68.7 29.8 91.6

Sand 22.3 24.3 20.7 19.0 13.7 50.0 30.5 96.5
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using the sand bed, however when using the Ni/SiO2 catalyst bed, the H2

concentration increased up to about 58vol.%. CO and CH4 concentrations were

reduced, also a remarkable reduction in the concentration of light hydrocarbons

(C2-C4) from about 14vol.% to less than 1vol.% was obtained when changing the

bed from sand to the prepared Ni/SiO2 catalysts. CO concentrations were about

22vol.% when using the sand bed and was further reduced to less than 18vol.%

in the presence of the Ni/SiO2 catalysts. Changes in the concentration of the

produced gas can be explained due to the promotion of certain reactions taking

place during the thermal decomposition of RDF, some of these main reactions

are shown in Table 5.2-3 [8, 9].

Table 5.2-3. Reactions taking place during gasification

CnHm are hydrocarbons representing tars; CxHy hydrocarbons representing lighter tars.

The increase in the H2 concentration from the experiment using the sand bed

compared with those using Ni/SiO2 catalysts (Table 5.2-2), can be explained due

to the promotion of steam reforming and water-gas reactions (Reactions 1 and

5, Table 5.2-3). Also the promotion of cracking reactions (Reactions 3 and 4,

Table 5.2-3) might have contributed to the reduction in the concentrations of

CH4 and C2-C4 in the presence of Ni/SiO2 catalysts [10]. The similarity in the

concentrations of CO2 (~20 vol.%,) for all the experiments, might be related

with a similar promotion of the water-gas shift reaction (Reaction 5, Table

5.2-3), however when using the catalysts other reactions were also promoted,

resulting in changes in the concentrations of other gas compounds.

From Table 5.2-2, it was noted that there was a little influence by modifying the

Ni:CA ratio over the gas yield and also in the concentration of some gases. As for

example the H2 concentration attained was around 57wt.%, CO concentration

Reaction Type Reaction

Steam Reforming ܥ݊ ݉ܪ + 2ܱܪ݊ ↔ ܱܥ݊ + ቀ݊ +
݉

2
ቁ2ܪ (1)

Dry Reforming ܥ݊ ݉ܪ + 2ܱܥ݊ ↔ ܱܥ2݊ + ቀ
݉

2
ቁ2ܪ (2)

Thermal cracking ܥ݊ ݉ܪ ↔ ∗ܥ + ݕܪݔܥ + ݏܽ݃ (3)

Tars hydrocracking ܥ݊ ݉ܪ + 2ܪ ↔ ܱܥ + 2ܪ + 4ܪܥ + ⋯+ ݇ܿ݋ ݁ (4)

Water-gas shift reaction ܱܥ + 2ܱܪ ↔ 2ܱܥ + 2ܪ (5)
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about 18wt.%, and CO2 concentrations around 20wt.% for all the Ni/SiO2

catalysts. However using the Ni/SiO2-A catalyst about 3wt.% and 1wt.%

concentrations for CH4 and C2-C4 were obtained, and were further reduced up to

~2wt.% and 0.8wt.% respectively, as the Ni:CA ratio was increased up to 1:3.

This reduction in the concentration might be related with a higher promotion of

cracking reactions (Reactions 3 and 4, Table 5.2-3), followed by a release of H2,

and hence an increase in its concentration when using higher citric acid during

the catalysts preparation [11].

Wu et al [1], have previously studied the variation of Ni:CA ratios during the

Ni/SiO2 preparation, specifically the effects over the catalytic activity during

ethanol steam reforming. They found an increase in both hydrogen

concentration and gas yield as the nickel to citric acid ratio was increased from

1:0.5 to 1:1; however they reported that the further increase in the Ni:CA,

resulted in a decrease in the gas yield. This is in accordance with the present

results (Table 5.2-2), as it seems the gas yield was slightly reduced when the

Ni:CA ratio was increased from 1:2 to 1:3.

5.2.3 Analysis of the tar fraction

Tar/oil samples were collected from the condensers after each experiment

using dichloromethane. The details about the sample collection, preparation

and analysis are given in the Chapter 3, Section 3.4.3. The samples were

prepared using centrifugation in order to evaporate the organic solvent

(dichloromethane, DCM); afterwards the samples were analysed using gas

chromatography and mass spectrometry (GC-MS). The assigned compounds,

elution retention time, molecular weight, compound concentration

(µgcompound/gRDF), and global tar concentration values (mgtar/gRDF), are shown in

Table 5.2-4.
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Table 5.2-4. Identification of tar compounds using GC-MS analysis
(µgcompound/gRDF)

From Table 5.2-4, it was observed that major contributions for all the tar

samples came from phenol, cresols, naphthalene, fluorene and phenanthrene

compounds. Some compounds such as styrene, phenol, naphthalene and

phenanthrene have been previously identified in tar samples from the catalytic

steam reforming of RDF [12, 13]. The highest tar concentration of 1.7 mgtar/gRDF

was attained using the bed of sand; whereas significant improvement in tar

decomposition was attained using the Ni/SiO2 catalysts, reducing to 0.15

RT
(min)

Assigned Peak MW (g mol-1) Ni/SiO2-A Ni/SiO2-B Ni/SiO2-C SAND

7.84 Furfural 96 ─ 5.39 1.52 28.77 
7.81 Cyclopentanone 84 ─ 5.40 1.45 ─
8.67 Ethylbenzene 106 ─ ─ ─ 16.75
9.02 p-Xylene 106 4.51 ─ 3.06 43.61 
9.02 m-Xylene 106 4.42 ─ 3.18 42.11
9.86 Styrene 104 1.08 2.46 1.41 141.50
9.89 o-Xylene 106 ─ ─ ─ 11.95

12.45 Alphamethylstyrene 118 ─ ─ ─ 15.20 
13.12 Betamethylstyrene 118 ─ ─ ─ 9.11
13.36 Phenol 94 61.68 255.09 183.82 613.56
14.78 s-Limonene 136 ─ ─ ─ 15.24 
14.97 Indane 118 ─ 0.20 ─ 1.54 
15.35 Indene 116 4.88 11.31 1.23 90.34
15.69 o-Cresol 108 2.07 6.82 2.72 36.10
16.14 Acetophenone 120 1.22 ─ 0.99 ─ 
16.47 p-Cresol 108 3.53 16.2 5.58 65.16
16.48 m-Cresol 108 3.41 14.65 5.34 63.66
16.58 2-methoxyphenol 124 ─ ─ ─ 24.79 
17.38 2-Methylbenzofuran 132 0.78 ─ ─ ─ 
18.61 2,4-Dimethylphenol 122 ─ ─ ─ 5.63
19.27 Ethylphenol 122 ─ ─ ─ 13.59 
19.27 2,6-Dimethylphenol 122 ─ ─ ─ 17.75 
20.98 Naphthalene 128 19.14 79.20 4.11 58.18
20.98 2,3,5-Trimethylphenol 136 ─ ─ ─ 2.08
23.16 2-Methylnaphthalene 142 2.27 6.66 1.62 97.00
25.08 Biphenyl 154 2.06 4.61 2.06 69.20
25.32 2-ethylnaphthalene 156 ─ ─ ─ ─
25.54 2,6-dimethyl naphthalene 156 ─ ─ ─ 1.04
26.16 1,4-dimethylnaphthalene 156 ─ 1.43 1.21 0.95 
27.47 Dibenzofuran 168 3.37 3.70 ─ 24.13
28.51 Fluorene 166 6.59 10.62 4.51 50.10
29.28 1,3-diphenylpropane 196 ─ ─ 1.36 1.19 
29.34 2-Phenylphenol 170 ─ ─ ─ 13.32 
31.06 Phenanthrene 178 15.50 41.25 3.81 51.11
31.74 1-Phenylnaphthalene 204 ─ ─ ─ 1.40
31.97 o-Terphenyl 230 1.53 ─ 1.46 ─ 
34.17 Fluoranthene 202 3.17 4.63 2.78 24.66
34.48 Pyrene 202 3.11 4.43 3.16 35.86
34.62 m-Terphenyl 230 2.64 2.82 2.49 29.99
41.98 1,3,5-triphenylbenzene 306 ─ ─ 2.13 ─ 

Tar Concentration (µgtar/gRDF) 149.04 476.87 241.03 1716.52

Tar Concentration (mgtar/gRDF) 0.15 0.48 0.24 1.72
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mgtar/gRDF. Considering the tar classification previously addressed in Section

5.1.3 (Table 5.1-5), the tar compounds reported in Table 5.2-4 were grouped

accordingly from tar Class 2 to Class 5. Figure 5.2-2, shows the concentrations

for each tar class.

Figure 5.2-2. Classification of tar compounds

Figure 5.2-2, shows that the most abundant groups are tar Class 2 and Class 4

for all the samples, whereas lower concentrations of tar Class 3 and Class 5

were observed. Also a high catalytic activity for tar cracking is observed for the

experiments carried out using the Ni/SiO2 catalysts, when compared with the

experiment carried out using the bed sand. Tar Class 2 includes heterocyclic

aromatic compounds such as phenol which showed the highest concentration

ranging from 62 up to 613 µgphenol/gRDF (Table 5.2-4). Phenol is a relevant tar

compound, as it has been referred to as tar model compound due to its major

presence in tar samples [14, 15]. From Table 5.2-4, a significant catalytic activity

for phenol conversion when using the Ni/SiO2-A catalyst (Ni:CA, 1:1) was

observed, the resulting phenol concentration was 62 µgphenol/gRDF. Whereas a

concentration of ca. 613 µgphenol/gRDF, was obtained using the sand bed. The

formation mechanism of aromatic hydrocarbons such as naphthalene and

(methyl)indenes has been previously reported by Larsen and Egsgaard [16],

and is shown in Figure 5.2-3. In general the cyclopentadienes resulting from the

decarbonylation reaction undergoes a Diels-Alder reaction leading to dimer
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formation. The system is then rearranged by further loss of hydrogen resulting

in the formation of naphthalene and indene. This suggests that phenol is the

precursor for the formation of naphthalene and (methyl)indene, during the

pyrolysis process (Figure 5.2-3).

Figure 5.2-3. Pyrolysis of phenol (a); formation mechanism of naphthalene and
(methyl)indene (b)

Figure 5.2-2, shows the reduction in the concentration of tar Class 3 when the

Ni:CA ratio was increased from 1:1 to 1:2, however when the Ni:CA was further

increased to 1:3 (Ni/SiO2-C), the concentration of tar Class 3 was slightly

increased. This effect might be related with the cracking properties of the

catalyst, as the higher citric acid concentrations avoided the rupture of lighter

compounds (1-Ring). Therefore more efficient catalytic activities might be

present for higher aromatic compounds. In the tar Class 4 (Figure 5.2-2),

grouped compounds including naphthalene and their methyl derivatives can be

found along with phenanthrene, biphenyl and fluorene (Table 5.2-4). When the

Ni:CA ratio was increased from 1:2 (Ni/SiO2-B) up to 1:3 (Ni/SiO2-C), a

remarkable reduction in tar Class 4 was detected; the higher concentration of

citric acid might have promoted the formation of higher pore volume and pore

diameters in the catalyst structure (Table 5.2-1),which at the same time might

have allowed larger molecules to be reformed by passing through the catalyst

pore structure [1]. In general the concentration of the tar Class 5 was very low

for all the experiments carried out, ranging from ca. 6 up to 9 µgtar-Class5/gRDF.

From the analysed tar samples, major contributions to the tar Class 5, came

from fluoranthene and pyrene. For the sand experiment, the lowest tar

concentration was also related to tar Class 5, with a value of 9 µgtar-Class5/gRDF.

Matas Güell et al [15], reported that the overall tar dew point seems to be

governed by tar Class 5 despite its relatively low concentration. This feature is
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highly relevant for the study of associated tar problems and with the use of the

product gas downstream.

Major contribution to the concentrations of the tar samples analysed, came from

phenol, cresols, naphthalene, fluorene and phenanthrene (Table 5.2-4). The

catalytic activity for phenol and cresols was as follows: Ni/SiO2-A > Ni/SiO2-C >

Ni/SiO2-B; for naphthalene and fluorene: Ni/SiO2-C > Ni/SiO2-A > Ni/SiO2-B; and

for phenanthrene Ni/SiO2-C > Ni/SiO2-A > Ni/SiO2-B. Therefore the Ni/SiO2-C

catalyst presented the best performance in terms of major tar compounds

reduction, although final tar concentrations of 0.2 mgtar/gRDF was attained using

both Ni/SiO2-A and Ni/SiO2-C catalysts.

5.2.4 Analysis of reacted catalysts

Thermogravimetric analysis (TGA), was used in order to study the carbon

deposition over the reacted Ni/SiO2 catalysts; the resulting temperature

programmed oxidation curves (TGA-TPO), and their respective derivative

curves (DTG-TPO) are shown in Figure 5.2-4.
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Figure 5.2-4. DTG-TPO (a) and TGA-TPO (b) of reacted Ni/SiO2 catalysts

From Figure 5.2-4, different stages related to changes in the weight were

observed for the thermogravimetric curves from the reacted Ni/SiO2 catalysts.

As mentioned in the TGA analysis in the previous Section 5.1, the initial weight

lost (~100 °C) is normally associated with evaporation of water or moisture [1]

(Figure 5.2-4(b)). After this initial weight loss, all the thermograms tend to

increase from 350 °C up to 600 °C, and finally a weight decrease was noticed.

Similar trends in the derivative thermograms (Figure 5.2-4(a)), indicated the

nickel oxidation associated with the weight increase, followed by the presence

of filamentous type carbon related with the major peak observed around 650 °C

[17, 18]. In addition to the thermogravimetric analysis, the surface of the

reacted catalysts was analysed by scanning electron microscopy, and the

resulting images are shown in Figure 5.2-5.
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Figure 5.2-5. SEM images of reacted Ni/SiO2 catalysts

From Figure 5.2-5, some filamentous type carbons were identified over the

surface of reacted Ni/SiO2-A and Ni/SiO2-C catalysts; which is in accordance

with the results from the thermogravimetric analysis. The analysis of the carbon

deposition is a relevant parameter, as it is closely related to the catalyst

deactivation, primarily due to masking of catalyst active sites. A common

practice to assess the lifecycle of a catalyst includes the re-use of the catalyst;

however this analysis has not been carried out in this work. However in general

it might be expected that a decrease in the catalytic activity due to the amount

and type of carbon deposits found on the catalyst surface is likely to occur.

5.2.5 Summary

The present Section 5.2, studied the effects of varying the nickel to citric acid

ratios (Ni:CA) from 1:1, 1:2, and 1:3, over the catalysts characteristics. In

addition the catalytic activity of the Ni/SiO2 catalysts was tested in relation to

hydrogen production and tar reduction, during the pyrolysis-gasification of RDF.

Furthermore the catalytic activity was compared with a blank experiment,

carried out using a bed of sand.

Regarding hydrogen production from the analysis of the produced gas, it was

found that the major catalytic activity was given by the Ni/SiO2-A catalyst;

however very similar H2 concentrations were attained when using the catalysts

prepared at lower Ni:CA ratios of 1:1 and 1:2. Thus no positive effect of varying

this property over the H2 production was attained. The concentrations of CH4

and C2-C4 were reduced in the produced gas as the Ni:CA ratio was increased.
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Similar tar concentrations of about 0.2mgtar/gRDF were attained using the

Ni/SiO2-A and Ni/SiO2-C catalysts, whereas a higher tar concentration of about

1.7mgtar/gRDF was found for the experiment carried out using the sand bed. The

major identified tar compounds include phenol, cresols, naphthalene, fluorene,

and phenanthrene; and the highest tar cracking activity for these compounds

was observed when using the Ni/SiO2-C catalyst (Ni:CA, 1:3).

It was found that filamentous carbons were formed over the catalysts surface,

with very low influence of changing the Ni:CA ratio over the type of carbons

deposited.
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5.3 Ni/SiO2 catalysts prepared by homogeneous precipitation
(HPG) and homogeneous precipitation with phase
separation (B-HPG) methods

As shown in sections 5.1 and 5.2, the preparation method, the type and the

amounts of raw materials used during the synthesis of nickel-based catalysts,

has an effect on both catalysts properties and catalytic activity. The preparation

methods reported in the literature such as impregnation, sol-gel, co-

precipitation, etc., highlight the benefits and improvements of using a specific

synthesis route. For example, it has been reported that the use of conventional

impregnation or ion exchange during the preparation of Ni/SiO2 catalysts can

result in low surface area and poor nickel dispersion, and even more influence

the catalyst deactivation. In addition the use of high nickel loadings can promote

aggregation of nickel particles during calcination and reduction of the catalyst

[1].

From sections 5.1 and 5.2, it was noted that Ni/SiO2 catalysts prepared by sol-

gel methods showed a better performance when compared with catalysts

prepared by impregnation method, a similar performance has been reported in

the literature when these type of catalysts have been tested during the CO2

reforming of methane [2]. One of the main restrictions when preparing Ni/SiO2

catalysts through the sol-gel method, has been to achieve a good dispersion of

the metal particles, particularly when using nickel loadings higher than 15wt.%

[3]. One of the alternatives proposed to promote a higher metal dispersion and

to increase the surface area at the same time, has been to work in an acidic

medium during the catalyst preparation; using tetraethyl orthosilicate (TEOS)

as SiO2 precursor and dispersed metal-hydroxide (or oxide) as metal precursor

[3]. Moreover, the reaction between TEOS and nickel nitrate might result in an

increase in the sintering resistance and a reduction in the catalysts deactivation

[4, 5]. A sol-gel method known as homogeneous precipitation (HPG), has been

used to promote the metal dispersion inside the porous silica matrix, thus the

resulting catalyst possesses high thermal stability, and high sintering resistance

as the Ni metal particles are entrapped within a silica network. Figure 5.3-1,
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shows the silica oxide formation route towards the final Ni/SiO2 catalyst,

through the HPG preparation method [6-8].

Figure 5.3-1. Homogeneous precipitation method (HPG), for Ni/SiO2 catalyst
preparation

From Figure 5.3-1, the sequential steps include; the urea decomposition that

allows the dissolution of silica species also increasing the pH of the medium; the

dissolution of silica species and further precipitation of silicates; to finally

achieve the deposition of nickel over the silica surface and its interaction with

the silica lattice. In order to further improve the properties of the final Ni/SiO2

catalyst through the HPG method, Takahashi et al [9], suggested the addition of

a phase separation step after the homogeneous precipitation, in order to allow

the formation of a bimodal pores structure with macropores and mesopores.

The formation pathway and the influence of the interaction between the phase

separation and gelation process over the final pore structure, are shown in

Figure 5.3-2.

Figure 5.3-2. Phase separation followed by aging of the gel to promote wider
pore distribution in the catalyst
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In Figure 5.3-2, are shown the effects on the catalysts properties when

increasing or reducing the velocity at which phase separation and gelation steps

take place. The onset of phase separation and gelation processes, are major

factors influencing the final structure of the catalysts. Thus for example if the

gelation is much faster than the phase separation, a dense gelatinous

mesoporous bulk morphology will be originated. Whereas if the phase

separation takes place much faster than the gelation, a final particle aggregate

morphology will be formed. Finally when both steps take place at similar

velocities, a final bi-continuous catalyst can be obtained [10].

Considering the influence of the homogeneous precipitation (HPG), and the

addition of the phase separation methods over the Ni/SiO2 catalysts properties,

in this section of the work a series of six different catalysts were synthesized

through both routes. The final catalysts were characterised through different

analytical techniques to identify their properties, in addition the six catalysts

were tested in the two-stage pyrolysis-gasification reaction system (Chapter 3,

Section 3.3), for their ability for hydrogen production during the thermal

decomposition of RDF.

5.3.1 Characteristics of Ni/SiO2 catalysts prepared by HPG and B-HPG

methods

The preparation details of the Ni/SiO2 catalysts used within this section can be

found in Chapter 3, Section 3.2.2.4. The nickel loading was maintained constant

at 10wt.% for all the catalysts, whereas three different calcination temperatures

500 °C, 700 °C and 900 °C were used during the preparation. The methodology

followed for the preparation of the HPG catalysts was based on that reported by

Tomiyama et al [6]. Whereas the methodology for the combined phase

separation and HPG method was based on that reported by Takahashi et al [9].

The homogeneous precipitated catalysts were assigned as HPG500, HPG700 and

HPG900, and those catalysts prepared through combined phase separation and

HPG method were identified as to B-HPG500, B-HPG700 and B-HPG900.
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The BET surface area and porous characteristics from the HPG and B-HPG

catalysts are shown in the following Table 5.3-1.

Table 5.3-1. Surface area and porous properties of HPG and B-HPG catalysts

1 MultiPoint Brunauer, Emmett &Teller (BET) Method
2 Dubinin-Radushkevich (DR) Method
3 Barrett, Joyner & Halenda (BJH) Method
4 Density Functional Theory (DFT)

From Table 5.3-1, it was noted a reduction in the surface area of the HPG series

of catalysts, as the calcination temperature was increased. This trend might be

related to the formation of interphase silica-like compounds during the

calcination step [11]. Tomiyama et al [6], reported a decrease in the surface area

as the calcination temperature was increased when working with Ni/SiO2

catalysts prepared by the HPG method, which is in good agreement with the

data reported in Table 5.3-1. On the other hand, surface area values from the

series of B-HPG catalysts seemed to be increased with the increase of the

calcination temperature from 500 to 700 °C. However when the calcination

temperature was further increased up to 900 °C the surface area value was

reduced. A similar effect in relation to the surface area was observed by

Takahashi et al [9], when increasing the calcination temperature from 500 °C up

to 700 °C during the preparation of Ni/SiO2 catalysts by a similar method using

a 20 wt.% Ni loading.

The nitrogen adsorption-desorption isotherms from the fresh Ni/SiO2 catalysts,

are shown in Figure 5.3-3.

Catalyst
Ni content

(wt%)

Surface
area1

(m2 g-1)

Micropore
volume2

(cm3 g-1)

Mesoporous
volume2

(cm3 g-1)

Pore
diameter3

(nm)

Average
Mesopore
Size (nm)4

HPG500 10 363.7 0.18 0.86 9.76 7.45

HPG700 10 347.3 0.18 0.91 12.50 8.92

HPG900 10 313.8 0.16 0.84 9.75 7.45

B-HPG500 10 387.3 0.22 0.80 12.58 8.92

B-HPG700 10 446.1 0.25 0.92 9.46 7.45

B-HPG900 10 318.2 0.16 0.82 12.63 11.17
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Figure 5.3-3. N2 adsorption-desorption isotherms of fresh HPG (a), and
B-HPG (b) Ni/SiO2 catalysts

From Figure 5.3-3(a), it was noted that there was a similar trend for the

isotherms of the Ni/SiO2 catalysts prepared by conventional homogeneous

precipitation method (HPG). All the isotherms belong from the uncommon

IUPAC type V, normally related with porous adsorbents with weak adsorbent–

adsorbate interactions [12]. From Figure 5.3-3(a), a sharp inflection was

observed within the P/P0 range from 0.70-0.90, normally associated with

capillary condensation and evaporation processes in materials with uniform

pores. This inflection is also related to the hysteresis H1 type, present in

isotherms from porous materials consisting of agglomerates or compacts of

uniform sphere arrays, also presenting a narrow distribution of pore size. This

type of hysteresis has been detected in mesoporous silica with a regular array of

cylindrical pores and predetermined diameters for example in commercial

catalysts such as MCM-41 [13] and SBA-15 [14].
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The pore size distribution was also obtained as it is useful to characterize

materials according to their porous structure from the adsorption isotherms

[15]. The pore distribution was calculated using the regularization method

according to the Density Functional Theory (DFT), based on a molecular model

of nitrogen adsorption in porous solids [16], described in Chapter 3, Section

3.4.2.4. The results from the DFT are shown in Figure 5.3-4.

Figure 5.3-4. DFT pore size distribution for HPG (a) and B-HPG (b) Ni/SiO2

catalysts

From Figure 5.3-4(a), it was noted a narrow pore size distribution for the HPG

fresh catalysts, with an average pore size around 7.5nm for the HPG500 and

HPG900 catalysts. The pore distribution curve for the HPG700 catalyst showed

a shift, resulting in an increase of up to 9nm in the average pore diameter. From

Table 5.3-1 higher mesoporous volume and pore diameter values were reported

for the HGP700 catalyst, when compared with the HPG500 catalyst. However

the further increase in the calcination temperature might have promoted a

shrinkage of larger pores [6], as both mesoporous volume and pore diameter

values were reduced when 900 °C was used as the calcination temperature.
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The isotherms obtained for the B-HPG Ni/SiO2 catalysts Figure 5.3-3(b), also

belonged to the type V. Nevertheless in the isotherms from the B-HPG catalysts

it was noted a hysteresis loop of the type H3, ending up very close to the

saturation or equilibrium pressure (Figure 5.3-3(b)). Hysteresis of the H3 type

are normally observed in solids with wide pore size distribution (Figure

5.3-4(b)), and are characteristic of adsorbents with slit-shaped pores. From

Figure 5.3-4(b), it was observed that the catalysts had a polydisperse pore size

distribution, attributed to the velocity at which the phase separation and

gelation process took place followed by aging in a basic solution. This procedure

might have resulted in the formation of a bi-continuous structure with larger

pores within the silica skeleton. Macropores are known to be formed through

spinodal decomposition process, whereas the mesopore formation was related

with the thermal decomposition and changes in the pH in the wet silica gel [9].

XRD analyses were also carried out on the fresh Ni/SiO2 catalysts in order to

identify the different crystallites structures present in each catalyst. Nickel

crystallite size was determined according to Scherrer’s method from the

broadening of the line [17]. In addition the samples were subjected to IR

spectroscopy analysis in order to obtain information about the composition of

the catalysts. The results obtained from both analyses are shown in Figure 5.3-5.
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Figure 5.3-5. Analysis of Ni/ SiO2 samples: (a) XRD analysis; and (b) IR spectra

From XRD analysis (Figure 5.3-5(a)), it was observed that all the samples

exhibited similar XRD patterns, with a broad peak at around 22°, generally

related with amorphous silica, and associated with a low degree of

crystallization of the silica support [18]. The diffraction peaks around 36°, 43°

and 62°, were related to the presence of the Ni oxide crystals assigned to

NiO(101), NiO(012), and NiO(110), respectively [19]. It was expected that these

NiO characteristic peaks became more defined as the calcination temperature

was increased for the HPG catalysts [6, 20], however from Figure 5.3-5(a), no

significant changes were observed. The three characteristic NiO peaks for the

HPG samples were found to be smaller and broader, when compared with those

from the B-HPG catalysts; this might indicate that the particle size of NiO was

smaller for the HPG samples [9]. The crystallite size was determined using

Scherrer’s equation from the full width at half maximum of the diffraction peak,

and for the HPG samples, crystallite sizes from 2-4nm were obtained, whereas

for the B-HPG catalysts the size ranged between 3nm and 5nm.

Figure 5.3-5(b), shows that the IR spectra showed a similar trend for all the

analysed catalysts. Two main adsorption bands were identified which have been

previously attributed to asymmetrical (1060cm-1) and symmetrical (790cm-1)
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stretching motions of the silica skeleton of the type Si-O. The absorption band

identified around 1060cm-1 was related with the presence of Si-O bonds. The

silica support characteristic band is normally identified at 1100cm-1, and the

shift to 1060cm-1 might be attributed to changes an increase in the temperature

during the synthesis and also to the presence of phyllosilicate species such as

nepouite (Si2Ni3O5(OH)4) [11, 21].

Further details of the fresh Ni/SiO2 catalysts surface were investigated by SEM

and TEM analyses. The resulting micrographs of selected samples are shown in

Figure 5.3-6.

Figure 5.3-6. Analysis of fresh Ni/SiO2 catalysts; SEM images: (a) HPG700; (b) B-
HPG700; TEM images: (c) HPG700; (d) B-HPG700

Figure 5.3-6(a), and Figure 5.3-6(b), correspond to the micrographs of the

HPG700 and B-HPG700 catalysts respectively. For both images it was observed

the presence of a silica lattice with pores of different shapes and sizes. Further

TEM analysis (Figure 5.3-6(c, d)) revealed larger differences, for example the

presence and distribution of dark spheres corresponding to nickel particles

throughout the silica matrix. Similar morphologies have been previously
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reported for Ni/SiO2 systems analysed by TEM [3, 6, 11, 22]. The HPG700

catalyst presented clear dark spheres distributed through the silica matrix,

whereas the B-HPG700 catalyst showed the silica lattice together with some

nickel oxide crystals. Similar structures with flake shapes have been reported

for nickel oxide compounds [3]. The effect of the calcination temperature on the

catalysts morphology is shown in Figure 5.3-7.

Figure 5.3-7. SEM images of fresh HPG700 (a), HPG900 (b), B-HPG700 (c), and
B-HPG900 (d) catalysts

Similar morphologies were observed for the HPG700 (Figure 5.3-7(a)) and B-

HPG900 (Figure 5.3-7(d)), whereas similar structures with pores of different

shapes and sizes were observed for the HPG900 (Figure 5.3-7(b)) and B-

HPG700 (Figure 5.3-7(c)) catalysts. The addition of nickel nitrate and urea in

the TEOS-PEO system during the preparation of B-HPG catalysts was expected

to increase the formation of bigger pores. This was observed in the Figure 5.3-4

for the pore size distribution and was also observed in the micrograph in Figure

5.3-7(d).
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5.3.2 Analysis of catalytic activity of Ni/SiO2 catalysts prepared by HPG

and B-HPG methods

The catalytic activity was assessed during the pyrolysis-gasification of RDF

using the two-stage pyrolysis-catalytic reactor described in Chapter 3. The

product gases were analysed by gas chromatography and the concentration of

permanent gases and light hydrocarbons was calculated. The products yields,

gas composition, hydrogen production, RDF conversion, and mass balance are

shown in Table 5.3-2.

Table 5.3-2. Gas composition, mass balance and gas yield from the pyrolysis-
gasification products

The hydrogen production reported in Table 5.3-2, was calculated from the

mmol of hydrogen contained in the final gas mixture divided by the initial

sample (RDF) weight. From Table 5.3-2, it was noted that the highest catalysts

activity towards hydrogen production was attained using the HPG700 catalysts,

producing about 60vol.% of H2 or 22 mmol of H2 per gram of RDF. The higher

hydrogen yield might be due to further promotion of carbon-steam reactions,

resulting in lower carbon deposition over the reacted catalyst, and more

hydrogen released together with carbon monoxide. Li et al [23], reported a

concentration of about 54vol.% of hydrogen in the syngas from the gasification

of municipal solid waste (MSW), using a tri-metallic catalyst (Ni-La-Fe/Al2O3) in

a fixed bed reaction system. When using the HPG700 catalyst, the lowest CH4

and C2-C4 gas concentrations were achieved, this corresponds to less than

3vol.% and 0.6vol.% respectively. In addition, a low CO concentration was

produced which might indicate a greater promotion of steam reforming

Catalyst
Gas composition
(Vol.%, N2 free)

H2

production
(mmol H2 g-1RDF)

Gas yield
(wt.%)

Char/RDF
(wt.%)

Mass
Balance
(wt.%)CO H2 CO2 CH4 C2-C4

HPG500 22.4 55.3 17.2 3.8 1.3 18.5 53.2 29.4 96.2

HPG700 23.5 59.3 13.9 2.8 0.6 21.5 52.6 29.4 92.9

HPG900 23.3 52.0 17.3 5.3 2.1 14.4 46.2 28.9 90.8

B-HPG500 25.8 49.7 17.5 5.4 1.6 16.8 58.2 30.0 94.9

B-HPG700 28.0 53.4 14.7 3.1 0.7 19.4 58.6 29.2 95.7

B-HPG900 24.6 42.3 16.8 11.0 5.3 9.7 42.4 28.8 92.5
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reactions and a reduced promotion of the water-gas shift reaction, when

compared with the other two HPG catalysts.

From Table 5.3-2, for the series of B-HPG catalysts the highest activity in

relation to hydrogen production was found when the B-HPG700 catalyst was

used, attaining a hydrogen production of 19 mmol H2 g-1RDF, and a gas yield

around 59wt.%. Also the lowest CH4 and C2-C4 concentrations were achieved

when compared with the other two B-HPG catalysts. Table 5.3-2, shows a

reduction in the CO and an increase in the CO2 concentrations when using the B-

HPG900 catalyst, which might indicate a promotion of the water-gas shift

reaction. In addition when the B-HPG900 catalyst was used, the highest

concentrations of CH4 and C2-C4 were produced.

In the following Figure 5.3-8, are shown the variations in the gas composition

when using each catalyst.

Figure 5.3-8. Variation in the gas composition for HPG and B-HPG catalysts.

From Figure 5.3-8 it was observed that for both series of catalysts, the lowest

CH4 and C2-C4 concentrations were achieved when using the catalysts calcined

at 700 °C, whereas the lowest activity was attained using the catalysts calcined

at 900 °C. This trend might indicate a lower promotion of hydrocarbons and tar
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cracking reactions when using this type of catalyst calcined at temperatures

higher than 700 °C, but also influenced by the catalysts properties. For example

the surface area has been reported as a parameter that influences the catalytic

activity as it is related with the accessibility of active sites in the catalyst [24].

From Table 5.3-1, it was observed that for both HPG and B-HPG catalysts, the

surface area was reduced as the calcination temperature was increased from

700 °C to 900 °C. In addition, the HPG900 catalyst also exhibited the lowest

surface area among the three HPG catalysts.

From the results obtained (Table 5.3-2) it was observed that for the B-HPG

catalysts, the activity towards hydrogen production (Figure 5.3-8) followed the

same order as the surface area (Table 5.3-1); the highest surface area of 440 m2

g-1 resulted in the highest hydrogen production of 19 mmol H2 g-1RDF. In addition

from the XRD analysis (Figure 5.3-5(a)) broader peaks for the NiO crystals were

observed for the HPG700 catalyst which indicates a smaller crystal particle size

when compared with those peaks for the B-HPG700 catalyst. The larger pore

size and smaller crystal size, may have resulted in a better metal dispersion for

the HPG700 catalyst, this was also verified by the TEM images of the fresh

catalysts (Figure 5.3-6(c)). All the properties of the HPG700 catalysts might also

have influenced the higher hydrogen yield attained when used this catalyst. The

higher hydrogen production reported for the catalyst calcined at lower

temperature (700 °C), when compared with the catalyst calcined at 900 °C, was

also supported by results from temperature programmed reduction (TPR)

analysis, shown in Figure 5.3-9.
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Figure 5.3-9. Temperature programme reduction (TPR) of fresh catalysts

From Figure 5.3-9, it was observed that the catalysts calcined at 900 °C showed

a higher reduction temperature, which is normally associated with higher

interactions between nickel and the silica support.

5.3.3 Analysis of reacted catalysts

The reacted catalysts were analysed in order to identify the carbon deposition

over the catalysts surface, which normally is related with catalyst deactivation.

The coke formation has been described as a complex phenomenon, for example

Wauters et al [25], used a model based on elementary reactions to explain the

coke formation mechanism. The five different reversible reactions reported

include; hydrogen abstraction by gas phase radicals; substitution by radicals at

the coke surface; addition of a radical surface species to a gas phase; addition of

a gas phase radical to an olefinic bond; and cyclization of a radical surface

species and decyclization. A proposed route showing the coke formation and

further growth of the coke layer, through these radical elementary reactions is

shown in Figure 5.3-10 [25].
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Figure 5.3-10. Elementary reactions taking place allowing growth of coke layer

The reacted catalysts were subjected to thermogravimetric analysis, also SEM-

EDX and TEM analyses were undertaken. The thermogravimetric curves were

obtained and their respective differential DTG-TPO thermograms are shown in

Figure 5.3-11. The resulting SEM and TEM images of reacted catalysts are

shown in Figure 5.3-12. Further SEM-EDX analysis was also carried out for

selected fresh and reacted B-HPG700 catalyst; the results are shown in Figure

5.3-13.
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Figure 5.3-11. DTG-TPO thermograms from reacted Ni/SiO2 catalysts: B-HPG (a),
and HPG (b).

From Figure 5.3-11(a) the initial weight decrease at around 100 °C for the

thermogram of the B-HPG900 reacted catalyst, was related to water

vaporization followed by nickel oxidation peaks at around 400 °C and 500 °C [1,

19]. From Figure 5.3-11(a), it was also noted that the nickel oxidation peak was

slightly shifted to lower temperatures for the B-HPG500 and B-HPG700

catalysts. This might be due to the increase in the calcination temperature from

700 °C to 900 °C which promoted a major metal oxidation. The double peak

observed between 500-600 °C for the reacted B-HPG700 catalyst (Figure

5.3-11(a)), suggested the presence of two different types of carbon deposited

over the catalyst surface. As mentioned in previous sections of this work, it has

been reported that the oxidation of amorphous carbon starts at around 500 °C,

where the first peak appears, whereas the oxidation of filamentous carbon
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starts at around 600 °C, where the second peak was observed [26, 27]. From the

SEM image of the B-HPG catalysts (Figure 5.3-12(c)), two different types of

carbons might have been deposited over the reacted catalyst surface.

Figure 5.3-12. Morphologies of reacted Ni/SiO2 catalysts; SEM: (a)HPG700;
(b)HPG900; (c)B-HPG900. TEM: (d)HPG700; (e, f)B-HPG700

The amount of carbon deposited was calculated from the weight loss of the

reacted catalyst after 400 °C and then this value was divided by the final weight

of the catalyst after the TGA-TPO analysis [1]. It was found that for the series of

B-HPG catalysts about 0.12, 0.13, and 0.11mgCarbon g-1RDF were deposited over

the reacted catalysts, prepared at calcination temperatures of 500 °C, 700 °C

and 900 °C respectively. The similar amount of carbon deposited over the

catalysts surface, suggests a low influence of the carbon over the catalysts

activity, for this type of B-HPG catalysts.
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Figure 5.3-13. SEM-EDX from fresh and reacted B-HPG700 Ni/SiO2 catalyst

From Figure 5.3-12(e, f), and Figure 5.3-13, some filamentous carbons were

observed over the surface of the reacted B-HPG700 catalyst; the presence of

carbon was verified through the SEM-EDX analysis (Figure 5.3-13). Additionally

the presence of metal agglomerates was observed through TEM analysis for the

reacted HPG700 (Figure 5.3-12(d)) and B-HPG700 (Figure 5.3-12(e, f))

catalysts; with a major presence of such agglomerates for the latter catalyst.

For the series of HPG reacted catalysts, different trends were observed from the

differential thermogravimetric curves (Figure 5.3-11(b)). The oxidation peaks

were observed at different temperatures, for example for the HPG900 catalyst

the peak observed at around 700 °C might be more related with the presence of

filamentous carbons, as the oxidation of this type of carbons starts around

600 °C [26, 27]. From the SEM images (Figure 5.3-12(b)), the presence of some

filamentous carbons was observed over the surface of reacted HPG900 catalyst.

HPG500 and HPG700 DTG-TPO thermograms (Figure 5.3-11(b)), showed the

presence of oxidation peaks around 650 °C which might suggest the deposition

of filamentous carbons over both catalysts. A comparison between the SEM

images of reacted HPG700 (Figure 5.3-12(a)) and HPG900 (Figure 5.3-12(b))

catalysts, suggested the presence of different carbon types over the surface of
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each reacted catalyst, which is in accordance with the results from the DTG-TPO

thermograms.

5.3.4 Summary of HPG and B-HPG catalysts

In this section of the work two different Ni/SiO2 catalysts were prepared by

means of two different methods namely homogeneous precipitation (HPG), and

HPG plus a separation phase step (B-HPG). The effects of varying the calcination

temperature from 500, 700 and 900 °C were also studied in relation to the

catalysts properties. The catalytic activity of the resulting catalysts was tested

during the pyrolysis-gasification of refuse derived fuel (RDF). It was found that

through the HPG preparation method, homogeneous nickel dispersion can be

achieved for the resulting Ni/SiO2 catalyst. The addition of the separation phase

during the catalysts preparation resulted in the formation of larger pores and an

increase in the surface area for the final Ni/SiO2 catalyst. The addition of the

separation phase involved longer preparation time, with no improvement in the

catalytic activity towards hydrogen production.

The calcination temperature influenced both the catalysts properties and

catalyst performance for both series of Ni/SiO2 catalysts (HPG and B-HPG). For

example the increase in the calcination temperature from 700 °C to 900 °C

resulted in a reduction in both the surface area and hydrogen production. From

the series of catalysts tested within this section, the catalytic activity in relation

to hydrogen production followed the order: HPG700 > HPG500 > B-HPG700 >

HPG900 > B-HPG500 > B-HPG900.
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CHAPTER 6. COMPARISON BETWEEN
NICKEL AND IRON BASED CATALYSTS

6.1 Fe/SiO2 and Ni/SiO2 catalysts

In previous Chapters of this work, nickel based catalysts have been synthesized,

characterized and tested for their catalytic activity mainly for hydrogen

production during the pyrolysis-gasification of refuse derived fuel (RDF). Iron-

based catalysts have also been widely assessed during catalytic steam reforming

processes as they are non-toxic and resistant to high temperatures [1, 2].

Ermakova et al [2], also reported that high carbon yields are attained when

using iron catalysts, furthermore the carbon was found to contain thin wall

nano-tubes which are of particular interest among carbon nano-fibres. Some

authors have reported the incorporation of active iron species over different

supports including silica [3], zeolites [4], and mesostructured materials (MCM-

41, HMS-9 and SBA-15). For example Sivasangar et al [5], reported better

performance towards hydrogen production during the methane reforming

process of Ni/Al2O3 catalyst when Fe2O3 was used as dopant. According to the

literature the use of iron-based catalysts promote an increase in the surface

area, which allows the metal to interact with the support and also reduces the

tendency to sintering [6].

In this Chapter 6, a series of five iron-silica catalysts were prepared using a

nano-porous silica material and varying the metal loading, the resulting

catalysts were characterised using diverse analytical techniques. The

performance in relation to hydrogen production for the iron-silica catalysts was

tested during the pyrolysis-gasification of RDF. The results are compared with a

series of five nickel based catalysts synthesized under similar conditions. The

characteristics and catalytic activity for hydrogen production for the series of

nickel-silica catalysts were also assessed.
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6.2 Characterization of fresh Fe/SiO2 and Ni/SiO2 catalysts

Fe/SiO2 and Ni/SiO2 catalysts were prepared by conventional impregnation

method. Nano-porous silica was used as the oxide support and nickel and iron

as metal precursors, according to the methodology described in Chapter 3,

Section 3.2.2.5. The metal loadings were varied as 2.5wt.%, 5 wt.%, 7 wt.%, 10

wt.%, and 20 wt.%, for both series of catalysts. The resulting catalysts were

assigned as follows: 2.5Ni/SiO2, 5Ni/SiO2, 7.5 Ni/SiO2, 10 Ni/SiO2, 15 Ni/SiO2,

2.5Fe/SiO2, 5Fe/SiO2, 7.5Fe/SiO2, 10Fe/SiO2, 15Fe/SiO2; where Ni and Fe

correspond to the precursor used and the number to the oxide precursor

loading. The surface area and porous properties of the prepared Fe/SiO2 and

Ni/SiO2 catalysts, was obtained using the Brunauer, Emmet & Teller (BET)

method, micropore and mesopore volumes were calculated using the Dubinin-

Radushkevich (DR), and total pore volume and pore diameter were calculated

by the Barret, Joyner & Halenda (BJH) method. The results are shown in Table

6.2-1.

Table 6.2-1. Surface area and porous properties of Ni/SiO2 and Fe/SiO2 catalysts

The N2 adsorption-desorption curves from the Fe/SiO2 and Ni/SiO2 catalysts

were also obtained, and the results are shown in Figure 6.2-1.

2.5Ni/SiO2 2.5 282.7 0.140 0.267 0.620 1.670

5.0Ni/SiO2 5.0 280.0 0.140 0.252 0.593 1.693

7.5Ni/SiO2 7.5 250.6 0.140 0.341 1.448 1.674

10Ni/SiO2 10.0 295.5 0.150 0.317 1.154 1.671

15Ni/SiO2 15.0 270.0 0.150 0.295 1.159 1.672

2.5Fe/SiO2 2.5 208.5 0.120 0.195 0.705 1.687

5.0Fe/SiO2 5.0 313.7 0.160 0.321 0.998 1.691

7.5Fe/SiO2 7.5 310.8 0.160 0.322 1.344 1.689

10Fe/SiO2 10.0 262.1 0.150 0.337 2.011 1.928

15Fe/SiO2 15.0 236.6 0.140 0.359 1.882 1.913

Pore

diameter

(nm)

Catalyst

Metal

content

(wt%)

BET Surface

area (m2 g-1)

Micropore

volume

(cm3 g-1)
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volume
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Figure 6.2-1. N2 adsorption-desorption isotherms of fresh Fe/SiO2 and Ni/SiO2 catalysts
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From Table 6.2-1, it was observed that for the series of Ni/SiO2 catalysts the

surface area was reduced as the nickel loading was increased from 2.5wt.% up

to 10wt.%. However, when the nickel loading was further increased up to

15wt.% the surface area was reduced. Higher values of the surface area were

observed for the series of Fe/SiO2 catalysts, when compared with those

reported for the Ni/SiO2 catalysts. As a comparison, a surface area of about 290

m2 g-1 has been reported in the literature for mesoporous silica material

obtained via a sol-gel catalyst preparation method [7], which might indicate no

major influence in the surface area of the catalysts by using the nano-silica

material as support. Also a reduction in the surface area when the metal loading

was higher than 7.5wt.% was noted for this series of iron-based catalysts.

Similar trends in relation to a reduction in the surface area at higher metal

loadings have been observed for Ni/SiO2 catalysts prepared by both sol-gel and

impregnation methods, in Chapter 5, Section 5.1. All the resulting adsorption-

desorption isotherms shown in Figure 6.2-1 indicate the same type III, which

might indicate a high influence of the silica material used and weak interactions

between the adsorbent and adsorbate, also the pronounced condensation steps

might be related with the small pores of the silica support of less than 2nm

(Table 6.2-1).

The pore size distribution of Ni/SiO2 and Fe/SiO2 catalysts was obtained

according to the Density Functional Theory (DFT) described in Chapter 3,

Section 3.4.2.4. The results for both series of catalysts with metal loadings of

2.5wt.%, 5.0wt.%, and 7.5wt.%, are shown in Figure 6.2-2.
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Figure 6.2-2. Pore size distribution of selected Ni/SiO2 and Fe/SiO2 catalysts

From Figure 6.2-2, it was noted that for pore diameters lower than 5nm the

intensity if the signals was higher, which might be attributed to the use of the

nano-porous silica, afterwards a wider distribution was observed for both

series of catalysts. For the Ni/SiO2 catalysts, a clear influence of increasing the

nickel loading over the pore size distribution was observed, as major intensities

were observed around 20nm for the 7.5wt.%Ni/SiO2 catalysts, whereas 2.5wt.%

and 5wt.%Ni/SiO2 catalysts showed more similar pore size distributions. On the

other hand Fe/SiO2 catalysts presented more similar pore distributions, which

might indicate stronger interactions between the metal and the silica support.

In addition the pore distribution for the metal loading of 7.5wt.% for both Fe

and Ni catalysts, was quite similar, which might suggest higher metal loadings

promote a larger pore distribution and stronger interactions between the metal

and the support for both series of catalysts. However additional analysis for

higher metal loadings will be needed in order to verify these trends.

Similar trends in the pore size distribution for Ni/SiO2 catalysts have been

reported in the literature for catalysts prepared by conventional impregnation
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method [8], resulting in problems related with the nickel dispersion related

with the aggregation of Ni in the large mesopores.

In order to identify the different crystallite phases formed for both series of

catalysts, XRD analyses were carried out, according to the description given in

Chapter 3, Section 3.4.2.5. The resulting XRD spectra showing the different

diffraction patterns for iron and nickel-based catalysts are shown in Figure

6.2-3.
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Figure 6.2-3. XRD patterns of (a) Ni/SiO2 catalysts, and (b) Fe/SiO2 catalysts
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Figure 6.2-3(a) shows the XRD spectra for Ni/SiO2 catalysts. The broad initial

peak around 21° has been attributed to the presence of silica. The three sharp

peaks at 37.5°, 43°, and 63° have been previously identified in XRD analysis

from Ni/SiO2 catalysts prepared by homogeneous precipitation method [9], and

have been attributed to nickel oxide crystals of the types NiO(101), NiO(012),

and NiO(110), respectively. Tomiyama et al [9], reported that the three

characteristic nickel oxide crystal peaks become more intense and sharper as

the calcination temperature was increased. However for this series of Ni/SiO2

catalysts, it seems that this effect is related with the increase in the nickel

loading rather than with the calcination temperature. Also this effect in the

nickel oxide peaks might be influenced by the crystallite size, as for the

2.5Ni/SiO2 catalyst a crystallite size of 9nm was calculated, and this value was

noted to gradually increase up to 27nm for the 15Ni/SiO2 catalyst.

For the series of Fe/SiO2 catalysts, the XRD patterns shown in Figure 6.2-3(b),

also show an influence as the metal loading was increased. From Figure 6.2-3(b),

the broad and main peak at around 21° has been also attributed to the silica. As

the iron loading was increased, the Fe/SiO2 catalysts exhibited diffraction peaks

around 33°, 36°, 42°, 62.5°, and 64°, which are characteristic of crystalline

haematite particles (α-Fe2O3) [7, 10]. For the catalysts prepared using very low

iron loadings (2.5wt%, and 5.0wt.%), the absence of these characteristic peaks

might be associated with the small particle size of crystalline iron oxide, also

related to the low iron loading used during the catalysts preparation [7]. Some

morphological changes might occur to the fresh Fe/SiO2 catalysts once they are

exposed to activation and reduction. For example the haematite (α-Fe2O3) can

be converted to magnetite (Fe3O4) and then to iron carbide (FexC) after

activation [11]. The interactions between the iron oxide and carbide result in a

break-up of the iron oxide into iron carbide nanoparticles. These sequential

steps proposed by Shroff et al [12], are shown in Figure 6.2-4.
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Figure 6.2-4. Fe/SiO2 morphological changes occurring to crystalline haematite
particles (α-Fe2O3) during activation and reaction conditions

Finally electron microscopic images were obtained for both series of catalysts,

in order to identify and compare the characteristic nickel oxide and iron oxide

crystalline structures for Ni/SiO2 and Fe/SiO2 catalysts respectively. Such

comparison is shown in Figure 6.2-5.
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Figure 6.2-5. TEM and SEM images of fresh Ni/SiO2 and Fe/SiO2 catalysts
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From the TEM images of both 2.5Fe/SiO2 and 5Fe/SiO2 catalysts, a good

dispersion of the metal particles is indicated, that might correspond to single

crystals of the hematite type (Figure 6.2-3). TEM images from the 2.5Ni/SiO2

catalyst show the distribution of nickel particles over the silica lattices. It was

also observed the similarity of the silica lattice for both types of catalysts for

example for the 2.5Fe/SiO2 and 2.5Ni/SiO2 catalysts. The TEM image of the

5.0Ni/SiO2 catalyst, showed specific shapes for the nickel metal, it has been

reported in the literature that the particle size of the metal is strongly

dependent on the synthesis method and on the type of silica support [7].

From the SEM images a similar morphology for both 7.5Ni/SiO2 and 7.5Fe/SiO2

catalysts can be observed. The SEM image obtained from the analysis of the

15Ni/SiO2 catalyst shows some black points on the top of the silica lattice, these

spheres might correspond to minute nickel particles that might have been

identified due to the high nickel loading for this specific catalyst.

6.3 Hydrogen production using Fe/SiO2 and Ni/SiO2 in the
pyrolysis-gasification process

The prepared catalysts were tested for their activity towards hydrogen

production during the pyrolysis-gasification of RDF. The experimental details

used are as described in the Chapter 3, Section 3.3. The gas composition was

calculated on a nitrogen free basis, the hydrogen yield was expressed as

molH2/kgRDF, and also gas and solid yields, as well as the mass balance were

calculated. The obtained results are shown in Table 6.3-1.



-
2

2
1

-

Table 6.3-1. Gas composition, gas and solid yields and mass balance from the experiments carried out using Ni/SiO2 and Fe/SiO2

catalysts

Catalyst 2.5Ni/SiO2 5.0Ni/SiO2 7.5Ni/SiO2 10Ni/SiO2 15Ni/SiO2 2.5Fe/SiO2 7.5Fe/SiO2 10Fe/SiO2 15Fe/SiO2

CO 22.74 22.69 24.51 27.10 26.84 28.96 23.57 25.63 25.27

H2 29.35 34.18 43.71 41.24 43.93 37.47 31.90 32.49 31.15

CO2 35.57 30.34 15.35 16.03 21.67 20.55 23.39 18.35 18.62

CH4 6.47 8.97 10.82 10.15 2.46 5.12 11.48 15.00 15.81

CnHm 5.87 3.81 5.61 5.47 5.10 7.90 9.65 8.52 9.16

H2 yield

(molH2/kgRDF)
8.49 10.04 15.06 11.16 12.41 7.86 7.11 6.54 6.57

Gas yield (wt.%) 73.30 55.00 61.57 50.65 47.93 44.00 50.52 41.80 44.50

Solid yield (wt.%) 28.90 28.90 32.51 29.35 29.21 29.60 29.20 29.10 29.70

Mass Balance (wt.%) 98.20 90.10 103.59 94.78 94.11 92.00 95.80 99.50 99.30

Gas composition (vol.%)
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Table 6.3-1, shows that higher hydrogen yields were attained when using

Ni/SiO2 catalysts, whereas lower yields were achieved using the series of

Fe/SiO2 catalysts. For all the experiments carried out, the gas composition

calculated in a nitrogen free basis, showed a higher concentration of hydrogen

when compared with other gases such as CO and CO2. This is explained in

general by the promotion of water gas and steam reforming reactions, due to

the presence of catalysts and high process temperatures. For the series of

Ni/SiO2 catalysts, the highest catalytic activity of 15 molH2/kgRDF, was attained

using the 7.5Ni/SiO2 catalyst. This might suggest that using higher nickel

loadings has an adverse effect over the catalysts properties, and also a negative

effect towards the catalytic activity. When comparing the catalysts properties

analysed in the previous Section 6.2, it was observed that the lowest surface

area of about 250 m2g-1 was reported for the 7.5Ni/SiO2 catalyst, also the

further increase in the nickel loading from 10wt.% up to 15wt.% resulted in a

reduction from 295 to 270 m2 g-1, respectively. The reduction in the surface area

for the 7.5Ni/SiO2 catalyst can be related to the broad pore size distribution

(Figure 6.2-2) and greater total pore volume (Table 6.2-1). Therefore despite

the lower surface area, the high total pore volume might have promoted a better

dispersion of the nickel for this catalyst, thus improving its catalytic activity. In

addition it was expected that the higher hydrogen concentration also resulted in

lower methane (CH4) and light hydrocarbons (CnHm) concentrations. However

from the results shown in Table 6.3-1, it was observed that the lowest methane

concentration was attained using the 15Ni/SiO2 catalyst, whereas the lowest

CnHm concentration was achieved when using the 5Ni/SiO2 catalyst. The low

CnHm and H2 concentrations attained using the 5Ni/SiO2 catalyst, might indicate

a promotion of reforming of low hydrocarbons but no further promotion of

methane or carbon monoxide reforming (water gas-shift reaction), which

resulted in no more formation of hydrogen, but consumed CnHm reactant.

For the series of Fe/SiO2 catalysts higher activity towards hydrogen production

would be expected, as for example higher surface areas were obtained during

the catalysts characterisation (Table 6.2-1). However H2 yields lower than

8molH2/kgRDF, were attained, which indicates lower activity for hydrogen
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production than that attained using the Ni/SiO2 catalysts. The highest catalytic

activity toward hydrogen yield, for the series of Fe/SiO2 catalysts, was attained

using 7.5wt.% Fe loading, which was the same metal loading that reported the

best performance for hydrogen yield in the Ni/SiO2 catalysts series.

Unfortunately experiments using the 5Fe/SiO2 catalyst were not carried out,

therefore this metal loading could not be analysed for this series of catalysts.

However it was also observed that an increase in the iron loading higher than

7.5wt.%, also resulted in a reduction in the hydrogen yield, and in an increase in

the methane concentration, which might indicate no further promotion of steam

reforming reactions when metal loadings higher than 7.5wt.% are used for the

preparation of this specific catalyst.

From Table 6.3-1, it was also noted that higher gas yields were attained when

using the Ni/SiO2 catalysts. In general a conversion of about 70wt.% of the

initial RDF was attained for all the experiments as the solid fraction remained

was maintained somewhat constant about 30wt.% for all the experiments

reported in Table 6.3-1.

In general it was expected that a higher catalytic activity would be found when

using iron instead of nickel as metal combined with silica, as stronger

interactions between iron oxides and silica have been reported in the literature,

and also iron possesses high specific saturation magnetization and low

coercivity that improves when mixed with silica [2, 13]. From the results shown

in Table 6.3-1, higher hydrogen yields were attained when using Ni/SiO2

catalysts. One of the possible reasons associated with the lower efficiency of Fe-

based catalysts, is that this type of catalysts require much higher activation

temperatures than those required for Ni-based catalysts [14]. Therefore further

work testing the influence of an increase in the gasification stage might be

suggested for comparison.

6.4 Analysis of reacted Fe/SiO2 and Ni/SiO2 catalysts

SEM analysis was carried out on the 7.5Ni/SiO2 catalyst, the resulting

microscopic images are shown in Figure 6.4-1.
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Figure 6.4-1. SEM images of reacted 7.5Ni/SiO2 catalyst

The SEM images shown in Figure 6.4-1, revealed the possible deposition of

filamentous carbons over the surface of the reacted catalyst. The carbon

deposition in catalysts can be attributed to chemical reactions taking place in

the catalysts surface and in its pores; these reactions include some of the

following [15];

↔ସܪܥ +ܥ ଶܪ2 Equation 6.4-1

ܱܥ2 ↔ ଶܱܥ + ܥ Equation 6.4-2

ଶܪ ܱܥ+ ↔ +ܥ ଶܱܪ Equation 6.4-3

Also the circular spheres as agglomerates, observed in Figure 6.4-1, might

correspond to nickel particles partly covered by filamentous carbon type.

However, further characterisation of the reacted catalysts such as transmission

electron microscopy (TEM), thermogravimetric analysis (TPO), and XRD is

required to get a better understanding of the carbon deposition mechanism

over reacted Ni/SiO2 and Fe/SiO2 catalysts.

In addition, lifetime tests for the best-performing catalyst, can give better

information about the catalyst resistance. For example Wang et al [16], reported

a longer lifetime for Ni-Fe-SiO2 catalysts when compared with simple Ni-SiO2

catalysts under similar process conditions during the methane decomposition process.
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6.5 Summary

In this section it was expected that both the characteristics and the catalytic

activity of the Fe/SiO2 catalysts were better than those from the Ni/SiO2

catalysts, as stronger interaction between the iron oxides and silica have been

reported in the literature [2], and also due to the reported antioxidant capacity

of iron nanoparticles [13]. However a higher activity in terms of hydrogen and

gas yields, was demonstrated when using Ni/SiO2 catalysts, even when using

low metal loadings such as 2.5wt.% for hydrogen production during the

pyrolysis-gasification of RDF.

However further characterisation of reacted catalysts, further tests at higher

gasification temperatures, and lifetime tests are required in order to achieve a

complete understanding of the performance of these catalysts.
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CHAPTER 7. GASIFICATION AND
COMBUSTION OF RDF: PILOT SCALE

FLUIDISED BED

7.1 Introduction

This Chapter’s aim is to briefly describe a series of experiments carried out in a

bubbling fluidised bed gasification system, at the Energy Research Centre of the

Netherlands (ECN) premises, located in Petten, the Netherlands. These

experiments were undertaken thanks to the Biofuels Research Infrastructure

for Sharing Knowledge (BRISK) programme, which is funded by the European

Commission Seventh Framework Programme.

Seven different experiments were conducted in a multipurpose thermal

converter also referred to as ‘WOB’. This atmospheric bubbling fluidised bed

gasifier has been widely used to carry out combustion, gasification and

pyrolysis experiments using different feedstocks. Moreover it has a greater

process capacity than the two-stage reaction system described and used in

previous Chapters of this research work.

A selected tar/oil sample was collected using a solid phase adsorption (SPA)

method, and was later analysed by gas chromatography coupled to mass

spectrometry (GC/MS) at the ECN analytical laboratories. Selected ash samples

from the cyclone equipment were collected and further characterised at

University of Leeds laboratories using the SEM-EDX analytical technique.

7.2 Fluidised bed system

A description of a generalised fluidised bed gasification system can be found in

Chapter 2 of this work. The bubbles of gas in fluidised bed gasifiers are

originated at the base of the bed, carrying upwards some solid particles either
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in groups or individually. The interaction between particles and bubbles is

shown in Figure 7.2-1 [1].

Figure 7.2-1. Interaction between bubbles of gas and particles in a fluidised bed
gasifier

The WOB fluidised bed reaction system was electrically heated; seven different

thermocouples were located along the reactor, allowing the measurement of

temperatures during all the experiments. The feedstock capacity of the WOB

gasifier was about 1kg/h, and the fuel feeding rate was fixed through a control

system via computer. The fuel was moved by gravity into a screw to reach the

bottom of the gasifier. Five main gas supply lines were used to introduce the

carrier gases directly to the bottom of the reactor. The flow rate of the water

steam supply line was manually set up before each experiment, and was also

turned on or turned off manually. The temperature of the line (150 °C) allowed

water steam to be introduced together with the other carrier gases used (air,

nitrogen, oxygen, etc.). The mixture of solids inside the gasifier and the uniform

temperature distribution were reached thanks to the continuous motion of the

solid particles (bed material and RDF) originated by the fluidising gas, rising in

the form of bubbles, through the overlying material [2]. Once the gases reached

the main outlet of the gasifier, they were carried towards a small cyclone aimed

to remove most of the unburned particles from the gas flow (commonly ash).

Afterwards, the gases were passed through a high temperature gas filter

(450 °C), where the last traces of dust and particulates were removed from the

output gas [3, 4]. After the gas filter, a gas sample was taken using the solid

phase adsorption method (SPA). The gas was further cooled down using a

condenser equipped with a filter thimble which allows a further cleaning of the



- 230 -

gas by removing tars and moisture. A second backup cooler (5 °C) was placed

before the gases reached the micro GC on-line gas analysis system. A simplified

flow diagram of the WOB system is shown in Figure 7.2-2. In addition the

appearance of the software used to manipulate variables such as flow rates and

temperatures is shown in Figure 7.2-3.

Figure 7.2-2. Flow diagram of the WOB fluidised bed gasification system

Figure 7.2-3. Appearance of the control system for the WOB gasifier
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7.2.1 WOB reaction system considerations

The WOB gasification system has been widely tested using different types of

solid waste including RDF, wood, straw and manure; and has been found that

the solid waste is not fully converted when working at low pyrolysis or

gasification temperatures (550-850 °C). Therefore some of the char that

remained unconverted inside the reaction system was mixed up with the bed

material (olivine), thus promoting some cracking reactions, which can influence

the final gas composition. Furthermore when running more than one

experiment per day, some char remained inside the reactor which might also

influence the subsequent experiments.

7.3 Physical properties of the fuel and bed material

The fuel used for the gasification/combustion experiments in the WOB system

was refuse derived fuel (RDF), the general properties of this raw material are

given in Section 7.3.1. The selected bed material was olivine due to its

availability and cheap cost compared with other types of catalysts.

7.3.1 Refuse derived fuel (RDF) characteristics

The same RDF used in the two-stage gasification system at the University of

Leeds, was used as feedstock in the WOB reactor. However the pellets were pre-

treated by staff at the ECN, according to the WOB gasifier requirements. The

original RDF pellets had 4cm of length and about 1.5cm of diameter, and were

ground to obtain smaller pellets with size about 4x3mm, as shown in Figure

7.3-1.
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Figure 7.3-1. RDF pellets to be fed into the WOB reactor: (a) 4x1.5cm; (b)
4x3mm

The resulting RDF pellets were dried in air at 100 °C for a period of 24 hours,

and the final pellets were found to contain 2.56wt.% of moisture.

7.3.2 Olivine as bed material

Olivine has been commonly used in fluidised bed gasifiers with positive results

for tar reduction where cracking and reforming reactions take place, specifically

for high molecular weight organic components [3, 5, 6]. Olivine is a common

naturally occurring mineral, consisting mainly of a silicate material, with

magnesium (e.g. Mg2SiO4), and iron cations (e.g. Fe2SiO4) fixed to a tetrahedral

silica structure. Its silica content (SiO2) is about 42wt.% compared to silica sand

with normally 98wt.% SiO2. Tar reduction during gasification might be

promoted due to the presence of active iron in the surface of the olivine,

influencing CO-shift and methane reforming reactions. Olivine sand has a high

mechanical strength even when exposed to elevated gasification temperatures,

and there are no fouling or fines problems downstream when using olivine as

bed material [6-8]. The olivine used for the experiments in the WOB system was

a brownish material with some porosity, normally pre-treated between 1260-

1600 °C during 2-4 hours, in order to improve its performance.

7.4 Sampling and analysis of gaseous and solid samples

Samples of the gaseous and solid products formed as a result of the RDF

gasification were collected and examined using specific analytical techniques.

The gaseous products were continuously monitored using an on-line gas

chromatograph. Additional gas sample bags were collected to be analysed off-
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line also through gas chromatography. Solid ash samples were collected after

the cyclone; selected samples were analysed using scanning electron

microscopy (SEM) with energy dispersive X-ray analysis (EDX).

7.4.1 Gas chromatography for on-line and off-line analyses

The micro GC on-line analyser allowed recording of the concentration of several

gases using 4 different channels. Table 7.4-1 shows details about the column

type of the micro GC and the gases analysed by each Channel.

Table 7.4-1. Column types and gases measured

The micro-GC analyser was calibrated in a similar way as the calibration for the

GC Varian analysers described in Section 3.4.1.3 of this work. The two gas

sample bags taken during stable conditions were analysed off-line using a GC

Shimadzu 14B equipped with a FPD sulphur selective detector to measure

thiophenes and mercaptans, helium was used as carrier gas. The calibration of

this device was carried out using a gas mixture containing H2S, COS,

methylmercaptane, dimethylsulfide, and thiophene. Images of the appearance of

the on-line gas analyser and micro GC are shown in Figure 7.4-1.

Figure 7.4-1. (a) Mobile GC online and micro GC; (b) GC four channel micro GC in
flight case

Channel Column Properties Gases Analysed

Channel 1
CP7401148 Molsieve 10m, with
back flush

H2, O2/Ar, N2, CH4, and CO

Channel 2 CP740152 PPU (Paraplot) 10m, with
back flush

CO2, C2H4, C2H6, and C2H2

Channel 3 H 2S and carbonyl sulphide (COS)
Channel 4 CP914457 CP-Wax-52CB 10m benzene and toluene
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7.4.1.1 Solid phase adsorption (SPA) tar sampling method

Once both the reaction system and the concentration of the gases reached stable

conditions, a sample of the tar contained in the produced gas was extracted

according to the Solid-Phase Adsorption (SPA) method previously described in

Section 2.4.3 of this work. An injection needle was inserted into the sampling

port, the other end of the syringe was connected to syringe pump equipped with

a 100ml gastight syringe with 50 ml/min as flow rate, and also a manometer

was used to measure the pressure drop. Once the pump reached 100ml of

sample gas, the flow was stopped and both the column and the needle were

removed as soon as the pressure dropped to zero. The syringe was sealed with a

rubber cap, and the sample was stored for further GC/MS analysis.

7.4.2 Definition of operational variables and control system

The RDF was initially subjected to gasification, and then the system was

switched into combustion conditions, aimed to burn most of the remaining char.

The initial gasification conditions are shown in Table 7.4-2.

Table 7.4-2. Initial RDF gasification conditions

The gasification temperature was gradually increased until it reached the

selected temperature, afterwards the RDF started to be fed. Parameters such as

temperature and pressure were monitored at all times through the control

system (Figure 7.2-3). During these stable conditions (pressure and

temperature), gas bag and tar samples (SPA) were taken in duplicate. As some

chars from the RDF gasification might have remained inside the gasifier itself; it

was necessary to promote the combustion of the remaining char fraction. The

main combustion parameter is the excess air ratio that relates the locally

Parameter Selected value/units

RDF feed rate 450g/h, 500g/h

Air/N2 flow rate 0.0 L/min

Ar Flow rate 0.40 L/min (5.5vol.%)

Oxygen Flow rate 2.00 L/min

N2 Flow rate 0.0 L/min

Steam Flow rate 750g/h; 825 g/h

Gasification temperature 700 °C, 800 °C, 900 °C
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available air and the stoichiometric amount of air to achieve complete

combustion [9]. The experimental conditions used to promote char combustion

are shown in Table 7.4-3.

Table 7.4-3. Operational conditions for RDF-char combustion

The combustion was noted on the online gas composition screen by changes in

the CO2 and O2 concentrations. Once the combustion ended, the temperature

was turned off and the flow rates were gradually reduced. The general

parameters selected for each experiment are shown in Table 7.4-4.

Table 7.4-4. Selected conditions for each experiment

As shown in Table 7.4-4 the gasification temperature, steam flow rate and RDF

feeding rate were the parameters varied between the experiments. The

differences between the values of the RDF flow rate shown in Table 7.4-2 and

those reported in Table 7.4-4, were attributed to variations in the feed rate and

to the heterogeneous composition of RDF, initial values were set up through the

control system at the beginning of the experiment, and final feed rates were

calculated considering experimental values recorded during the experiments.

Parameter Value and units

RDF feed rate 0.0 g/h

Air/N2 flow rate 7.0 L/min

Ar flow rate 0.40 L/min (5.5vol.%)

O2 flow rate 2.01 L/min

N2 flow rate 3.0 L/min

Steam flow rate 0.0 g/h

Gasification temperature Maintained stable

Experiment
Gasification

Temperature (°C)

Steam flow

rate (g/h)

Total Steam

supplied (g)

RDF flow

rate (g/h)

Time feeding

RDF (h)

Total RDF

supplied (g)

Steam/RDF

Ratio

1 800 750 1502 443 2.0 886.40 1.69

2 900 750 1503 443 2.0 886.77 1.69

3 700 750 2250 474 3.0 1420.67 1.58

4 800 700 1402 474 2.0 948.56 1.48

5 800 825 836 509 1.0 516.10 1.62

6 700 825 1652 567 2.0 1135.01 1.46

7 900 825 1651 567 2.0 1134.23 1.46
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7.4.3 Gasification and combustion processes

Initially during the gasification process, all the moisture contained in the RDF

sample was removed, then volatiles were released through pyrolysis and

devolatilization reactions, then volatile species reacted in the oxygen-steam

atmosphere to produce the final syngas. The main reaction occurring inside the

gasification system can be described in terms of the RDF decomposition as

follows:

+ܨܦܴ ℎ݁ܽ ݐ
௦௧௘௔௠ ାைమ
ሱ⎯⎯⎯⎯⎯⎯ሮ ଶܪ ܱܥ+ + ଶܱܥ + ସܪܥ + ௠ܪ௡ܥ + ݐܽ ݎ Equation 7.4-1

7.5 Results from the analysis of gaseous and solid fractions

Gaseous and solid products were released as a result of the gasification and

further combustion of RDF in the WOB system. The gaseous fraction was

analysed to identify the different compounds and their respective concentration.

In addition tar was analysed for polyaromatic and oxygenated tar compounds

from a selected sample. The solid fractions produced were the char that was

further combusted, the reacted olivine and ash were collected in the hot-gas

filter. However the solid fraction that was further characterised was the ash

collected in the filter after the cyclone (Figure 7.2-2). The general conditions as

well as the results obtained for solid and gaseous fractions are shown in Table

7.5-1.
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Table 7.5-1. Gas composition for experiments carried out in the WOB system
Units EXPERIMENT 1 EXPERIMENT 2 EXPERIMENT 3 EXPERIMENT 4 EXPERIMENT 5 EXPERIMENT 6 EXPERIMENT 7

Gasification temperature [°C] 800.00 900.00 700.00 800.00 800.00 700.00 900.00

Steam Flow rate [g/h] 750.00 750.00 750.00 700.00 825.00 825.00 825.00

Time feeding RDF [hh:mm:ss] 02:10:00 02:13:00 03:00:00 02:11:00 01:49:00 02:09:00 02:04:00

RDF flow rate [g/h] 442.59 442.59 473.56 473.56 509.17 566.80 566.80

RDF moisture [wt%] 2.56 2.56 2.56 2.56 2.56 2.56 2.56

Ash content [wt%,dry] 15.00 15.00 15.00 15.00 15.00 15.00 15.00

Steam/RDF [-] 1.69 1.69 1.58 1.48 1.62 1.46 1.46

%C [wt%,dry] 44.30 44.30 44.30 44.30 44.30 44.30 44.30

%H [wt%,dry] 5.90 5.90 5.90 5.90 5.90 5.90 5.90

%N [wt%,dry] 1.10 1.10 1.10 1.10 1.10 1.10 1.10

%O [wt%,dry] 48.80 48.80 48.80 48.80 48.80 48.80 48.80

%S [wt%,dry] 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Amount olivine [g] 1150.00 1150.00 1150.00 1150.00 1150.00 1150.00 1150.00

Particle size olivine [mm] ~0.27 ~0.27 ~0.27 ~0.27 ~0.27 ~0.27 ~0.27

H2 [vol%] 14.62 25.44 11.56 16.83 15.72 22.46 29.21

Ar/O2 [vol%] 5.43 3.84 4.84 4.12 4.16 5.74 3.37

N2 [vol%] 13.95 11.18 14.33 12.56 13.32 15.85 9.19

CH4 [vol%] 7.44 7.61 6.67 8.36 7.86 10.81 8.08

CO [vol%] 15.78 17.28 16.33 17.54 16.80 18.99 18.02

CO2 [vol%] 31.83 28.78 32.89 29.77 30.66 14.52 25.90

C2H2 [vol%] 0.17 0.22 0.10 0.19 0.17 0.24 0.22

C2H4 [vol%] 5.09 2.26 4.36 5.55 5.42 6.74 2.77

C2H6 [vol%] 0.23 0.04 0.62 0.30 0.25 0.75 0.08

Benzene [ppmV] 6090.25 6824.04 4452.92 6419.21 5832.75 6676.96 7207.30

Toluene [ppmV] 899.61 129.72 1421.14 968.62 684.00 1675.98 178.68

H2S [ppmV] 421.43 425.30 437.13 389.62 271.29 522.81 199.41

COS [ppmV] 52.91 58.89 50.08 70.06 64.61 62.17 93.80

Control Total [vol%] 102.01 104.09 98.07 103.07 101.23 105.03 104.52

Cyclone ash [g] 3.50 19.10 170.00 122.00 108.70 158.00 167.60

*Tar Contribution is not included (SPA)

4. Ultimate Analysis Fuel

2. Feed

5. Bed Material

1. General Process Conditions

7. After Test

6. Gas analysis*

3. Steam/Fuel Ratio
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7.5.1 Gas composition

The composition of the product gas was mainly obtained from the micro GC on-

line analyser (4 Channels) which was connected directly into the main gas

output line (Figure 7.2-2). The results from the off-line gas analyses were useful

to compare the concentrations of some compounds given by the on-line gas

chromatograph.

The concentrations shown in Table 7.5-1, correspond to average values

calculated from the concentrations given from the on-line GC analyser, and

recorded during stable conditions. From Table 7.5-1 it is observed that for the

gasification temperature 800 °C (Experiments 1, 4 and 5), the gas composition

was quite similar despite changes in the steam/RDF ratios (1.69, 1.48 and 1.62

for experiments 1, 4 and 5 respectively). The large decrease in the CO2

concentration (Experiment 6), was attributed to a failure in the O2 supply

resulting in negative oxygen values from the GC-online analyser. Therefore the

corresponding results might not be comparable with the results from the other

experiments carried out. From Table 7.5-1, it was observed that the reduction in

the steam/RDF slightly increased the H2 and CO concentrations in the produced

syngas, whereas the concentrations of C2H2, C2H4, and C2H6 remained somewhat

constant. This might be due to the promotion of water-gas-shift reactions,

whereas reactions such as tar cracking were not further promoted by modifying

this parameter. It was also observed that increasing the gasification

temperature from 800 °C up to 900 °C resulted in the increase of H2 and CO

concentrations. In addition C2H2 concentration remained quite similar, whereas

reductions in the concentrations of C2H4 and C2H6 were noticed. This might

indicate a further activity of the olivine at higher temperatures. The variation in

the gas composition according to the temperatures in the gasifier (700 °C,

800 °C, and 900 °C), is shown in Figure 7.5-1.
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Figure 7.5-1. Gas composition of the produced syngas at different temperatures

From Figure 7.5-1, it is observed that the H2, CO, and CH4 concentrations tend to

increase as the gasification temperature is increased, whereas the concentration

of CO2 is reduced and the concentration of C2H2 is maintained relatively

constant, which is in agreement with previous results reported in the literature

[10, 11]. From Table 7.5-1, it is also observed that for the same gasification

temperature of 900 °C, reducing the steam/RDF ratio from 1.69 (Experiment 2)

to 1.46 (Experiment 7) resulted in an increase in the H2 concentration from

25vol.% up to 29vol.% (Figure 7.5-1). ; however a different trend was observed

by changing the steam/fuel ratio at 800 °C, as shown in Figure 7.5-2.

Figure 7.5-2. Effect of steam/fuel ratio on the gas composition at 800 °C
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From Figure 7.5-2, the trends observed for all the gas compounds are in

agreement with those previously reported in the literature [12]. However for

the concentration of H2 it was expected that the increase in the steam/fuel ratio

resulted in an increase in the hydrogen concentration as has been previously

reported by Seo et al [12], when working on the gasification of coal and biomass.

This can be correlated with the lower ash yield collected after the experiment,

attributed to a blockage in the system.

7.5.2 Tar analysis

From Table 7.5-1 it was observed that at 900 °C gasification temperature

(Experiments 2 and 7), the concentrations of C2H4, and C2H6 were reduced by

increasing the steam/RDF ratio from 0.88 (Experiment 7) up to 1.13

(Experiment 2). The variations in the concentrations of C2 compounds (C2H2,

C2H6), toluene (C7H8), hydrogen sulphide (H2S), and carbonyl sulphide (COS),

with the gasification temperature, are shown in Figure 7.5-3.

Figure 7.5-3. Variation of some compounds with the gasification temperature

The tar sample from the Experiment 4 (800 °C, steam/RDF=1.48), was analysed.

The GC-MS results were reported as mg/m3 dry gas, as shown in Figure 7.5-4.
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Figure 7.5-4. Identified compounds: SPA tar sample from Experiment 4

From Figure 7.5-4, Sample 1 and Sample 2 refers to the original SPA sample and

a duplicate respectively. Naphthalene was not included in the compounds

reported in Figure 7.5-4, as the concentrations obtained for this compound

were 2888mg/m3 and 2377mg/m3 for Samples 1 and 2 respectively. Also the

concentrations of benzene, toluene, ethyl benzene, and m/p-xylenes were

calculated, however volatile compounds are known to present problems when

collected using specific SPA sampling material, thus a large deviation in the

concentrations of these compounds was noted when carrying out the GC-MS

analysis, and the results are not reported here.

7.5.3 Ash characterisation using SEM-EDX

Selected samples of the ash collected from the cyclone after each experiment

were analysed by scanning electron microscopy with energy dispersive X-ray

analysis (SEM-EDX). The composition of the ash was expected to be mainly

carbonaceous, however it was considered that some of the olivine used for the

fluidised bed might be entrained together with the ash and particulates
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contained in the produced gas. Some of the olivine particles might be very fine

(~0.27mm particle size) and are transferred through to the main gas exit.

Selected ash samples from Experiments 1, 2, 5, and 6, were analysed at the

University of Leeds using scanning electron microscopy (SEM). The resulting

electron microscopy images are shown in Figure 7.5-5.

Figure 7.5-5. SEM images from selected ash samples collected from the cyclone

The SEM microphotographs (Figure 7.5-5) reveal that morphological changes

took place in the ash surface since different structures are observed. Further

SEM-EDX mapping analysis revealed the presence of Si, Mg and Fe, which was

partly attributed to some olivine entrained from the gasifier itself towards the

gases output and then into the cyclone. SEM-EDX analysis gave quantitative

information in weight per cent of the elements present in the sample, these

results are presented in Figure 7.5-6.
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Figure 7.5-6. Variation in ash compositions of selected experiments

From Figure 7.5-6 it is observed that the steam/RDF ratio highly influenced the

ash composition. The major identified compound was oxygen combined with

other metals in the form of oxide-metal compounds, thus species such as SiO2,

MgO, Mg2O3 Al2O3, etc., might be present in the ash samples.

7.6 Challenges of scaling up and additional results required

One of the challenges found while scaling up was to reach stable conditions.

When RDF is subjected to thermal treatment, a series of parallel exothermic and

endothermic reactions take place, resulting in a complex system. The previous

experience of staff at ECN was useful to establish the parameters to carry out

the gasification of RDF and subsequent combustion of the char formed.

During the operation of the WOB system there were many variables involved,

and most of the parameters required to be monitored continuously, because any

radical change could entail not only a failure in the experiment, but permanent

damage to the equipment. Therefore monitoring the temperature and pressure

at different points of the system was a fundamental guide to safe operation.

Additional analyses were required after the experiments. For example the

analysis of all the SPA tar samples collected might give an idea of the tar
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concentration for each experiment, and will be also useful to determine the

influence of the temperature and steam/RDF ratios over tar concentration.

Other parameters required might be the weight of the bed after each

experiment, as some of the char might have remained even after combustion.

Also additional XRD and elemental analysis might be also useful to understand

the different compounds present in the collected ash.

It was observed that the increase in the gasification temperature from 700 °C up

to 900 °C, resulted in an increase in the hydrogen concentration from 11.56

vol.% up to 25.44 vol.% in the produced gas. A similar trend was observed in

the H2 concentration in the syngas, when the gasification temperature was

increased from 600 °C up to 800 °C in the small scale two-stage reaction system

(Chapter 4, Section 4.1.2). Main tar compounds including naphthalene,

acenaphthylene, phenanthrene, methylnaphthalenes, and biphenyl, were

identified when analysing the tar sample from the RDF gasification in the WOB

system. It is noteworthy that these compounds were also identified in tar

samples obtained using the two-stage reactor (Chapter 4, and Chapter 5). These

similarities in gas and tar compositions might indicate that despite the

heterogeneity of the RDF, using small scale or bigger systems for gasification of

this fuel might have similar results regarding these parameters. However, more

experiments are required to obtain a more sensitive and accurate comparison

among both systems.

7.7 Summary

The continuous fluidised bed system used for the gasification of RDF and

further combustion of RDF char, allowed a good decomposition of the fuel into

mainly into gaseous products. The highest H2/CO ratio of 1.62 was attained at

900 °C, using a steam/RDF ratio of 1.46. In general it was found that increasing

the gasification temperature resulted in an increase in the concentration of H2,

CO, and CH4 and a reduction in the concentration of CO2.

Some of the tar compounds reported from the SPA tar sample analysis such as

phenanthrene, methylnaphthalenes, phenol, indene, cresols, naphthalene,
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styrene, and fluorene, have been also found in the tar composition of samples

from the pyrolysis/gasification of RDF in the two-stage reaction system used for

this research. Additional analysis of tar samples would be helpful to understand

the effects of varying the gasification temperature and steam/RDF ratio.

Major compounds found in ash samples were Mg, Si, Fe, C, Al, O, Ca, and Al; the

high concentration of oxygen suggest that most of these compounds are present

as metal-oxides. Similar compounds have been reported in the literature when

analysing ash samples from the gasification of RDF.
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CHAPTER 8. CONCLUSIONS AND
SUGGESTIONS FOR FUTURE WORK

This research work was divided into several sections. Diverse nickel-based

catalysts were tested during the pyrolysis and subsequent gasification of refuse

derived fuel (RDF), in order to promote catalytic steam reforming reactions

within the gasification stage. A two-stage pyrolysis-gasification reaction system

was used to carry out most of the experiments described in this research work.

The improvement of the catalytic activity focused on hydrogen production and

was one of the main objectives during all the experiments carried out. Also the

catalyst performance was assessed through the reduction in the tar formation. A

series of different nickel based catalysts were prepared through diverse

synthesis methods, and varying the nickel loading and other parameters such as

calcination temperature, in order to improve certain characteristics of the

catalysts. The aim of investigating catalysts synthesis was to improve their

activity, mainly towards hydrogen production and tar reduction.

8.1 General conclusions

The following conclusions were addressed considering the order of the

Chapters and results presented in this research work.

8.1.1 Analysis of process conditions on gas and tar compositions

The effects of the gasification temperature were tested concerning the gas yield,

and also regarding the gas and tar compositions. It was found that using nickel

based catalysts, specifically Ni/Al2O3 catalysts, some cracking reactions were

promoted in the presence of steam at a gasification temperature of 800°C. Also

it was found that this temperature was suitable to promote the activation of the

catalyst, which helped to improve their catalytic activity resulting in an increase

in the hydrogen content in the produced gas up to 45 vol.% when compared

with a H2 concentration of 31 vol.% when using a bed of sand under similar
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operational conditions. Furthermore the promotion of cracking reactions using

a 10 wt.%Ni/Al2O3 catalyst, was verified by the reduction in the presence of 3

and 4-ring aromatic compounds such as anthracene, fluoranthene, pyrene, and

triphenylene.

8.1.2 Characterisation and assessment of Ni/SiO2 catalysts prepared by

two methods and promoted with Mg, Ce and Al

A series of Ni/SiO2 catalysts were prepared varying the nickel loading,

preparation method, and adding Ce, Al, and Mg as metal promoters in order to

improve certain characteristics such as surface area and sintering resistance.

The resulting Ni/SiO2 catalysts were tested for their efficiency towards

hydrogen production and tar reduction during the pyrolysis/gasification of RDF.

Sol-gel was found as the most suitable preparation method, as the resulting

Ni/SiO2 catalysts were effective to promote an increase in the hydrogen

concentration, an increase in the gas yield and a reduction in the tar formation.

Ni/SiO2 catalyst prepared by sol-gel with a nickel loading of 20wt.% reported

the better surface area, mesoporous volume, and particle size when compared

with Ni/SiO2 catalysts prepared by conventional impregnation method.

Moreover the use of 20Ni/SiO2 sol-gel catalyst during the pyrolysis-gasification

process, resulted in the highest hydrogen concentration of about 58vol.%, and

0.24mgtar/gRDF. Whereas the same nickel loading in the catalyst prepared by

impregnation method, resulted in 40.6vol.% and 0.60mgtar/gRDF, for H2 and tar

concentrations respectively. The addition of Ce, Mg, and Al as metal promoters

did not result in the expected improvements for either catalyst’s properties or

performance.

8.1.3 Effects of varying the Ni:CA ratio over catalysts properties and

performance towards hydrogen production and tar reduction

The variation in the ratio of nickel to citric acid (Ni:CA) was also assessed in

regard to Ni/SiO2 characteristics and performance. Similar catalytic properties

such as surface area and pore diameter were reported for the Ni/SiO2 catalysts

prepared using Ni:CA ratios of 1:2 and 1:3. Concerning the hydrogen and tar
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yields, it was found that using Ni:CA of 1:2 and 1:3 resulted in similar H2

concentration of about 58 vol.%, whereas lower tar concentration of 0.15

mgtar/gRDF was attained using a Ni:CA ratio of 1:1.

8.1.4 Ni/SiO2 catalysts prepared by homogeneous precipitation based

methods; effects over catalysts properties and catalytic activity

The effects of using two different homogeneous precipitation, sol-gel based

methods, and three different calcination temperatures (500 °C, 700 °C and

900 °C) over Ni/SiO2 catalytic properties and activity were also analysed. Using

a nickel loading of 10 wt.% for all the catalysts, it was found that the addition of

a separation phase after the homogeneous precipitation allowed the formation

of a bi-continuous macroporous structure, through the interaction of the phase

separation and gelation processes. The addition of this step resulted in higher

surface areas for the final Ni/SiO2 catalysts; unfortunately there was no

improvement in the catalytic activity. For example up to 60vol.% in the

hydrogen concentration was attained in the produced gas, when using the

Ni/SiO2 catalysts, prepared with 10wt.% nickel loading, calcined at 700 °C and

prepared by conventional homogeneous precipitation method. It was also found

that there was a strong influence of the calcination temperature over both the

catalysts properties and activity.

8.1.5 Comparison and assessment of Fe/SiO2 and Ni/SiO2 catalysts

prepared using a nano-porous silica support

The use of two different metals (iron and nickel) and metal loadings were used

during the synthesis of catalysts, using a nano-porous silica material as support.

The catalysts were compared regarding their catalytic properties; in addition

their catalytic activity was assessed for hydrogen production. At low metal

loadings (2.5 and 5.0wt.%), a very high influence from the silica support was

noted for both iron and nickel based catalysts, as not many specific crystal

phases were detected. Higher surface areas and pore diameters were reported

for the series of Fe/SiO2 catalysts, however higher hydrogen yields of at least
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8molH2/kgRDF were obtained when using the Ni/SiO2 catalyst prepared using the

lowest nickel loading of 2.5wt.%.

8.1.6 Performance of olivine as bed material in a pilot scale fluidised bed

gasifier, analysis of gas and tar composition

Olivine was used as catalyst within experiments carried in a fluidized bed

gasifier for the thermal processing of RDF. A series of experiments were carried

out at the Energy Research Centre of the Netherlands (ECN) facilities, located in

Petten, Netherlands. Some operational parameters including steam to RDF

ratios and gasification temperature were varied. It was found that the

concentrations of H2, CO and CH4 tend to increase as the gasification

temperature was increased from 700 °C to 900 °C. The highest hydrogen

concentration of ~29vol.% was attained at 900 °C gasification temperature, and

a steam/RDF ratio of 1.46. Major tar compounds identified in a selected tar

sample included: naphthalene, acenaphthylene, phenanthrene,

methylnaphthalenes, phenol, indene + o-cresol, o-xylene + styrene, fluorene,

anthracene, 2-ethenylnaphthalene, pyrene, and fluoranthene. In addition the

analysis of the residual ash revealed the presence of compounds such as Mg, Na,

Si, K, Ca, C and Fe.

8.1.7 General remarks

In general it was found that the increase in the surface area of the catalysts

prepared and assessed within this work, does not necessarily involve an

improvement in the catalytic activity over hydrogen production or tar reduction,

however it is still an important parameter that is commonly associated with the

catalytic activity. Moreover other properties such as the pore size distribution,

metal dispersion, and formation of specific crystal phases, can facilitate a better

understanding of the catalytic activity. The highest hydrogen concentration

attained was 60 vol.% using the Ni/SiO2 catalyst with 10 wt.% metal loading,

calcined at 700 °C and prepared by homogeneous precipitation (HPG) method.

The most relevant tar compounds found from the analyses of several tar

samples were naphthalene, fluorene and phenanthrene. In addition the lowest
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tar concentration of 0.15 mgtar/gRDF, was attained using the 20 Ni/SiO2 catalyst

prepared by sol-gel method, and calcined at 500°C.

8.2 Future work

During the development of this research work, some of the original objectives

were modified and also different aims were developed according to the

experimental results obtained. Therefore it is suggested to perform certain

additional tasks in order to attain some of these goals. A brief description of the

future work suggested is given below.

8.2.1 Analysis of catalysts characteristics and activity

Ni/Al2O3 catalysts showed high catalytic selectivity to hydrogen production,

attributed to the promotion of cracking and steam reforming reactions when

compared with experiments carried out using a sand bed. Future work related

to Ni/Al2O3 preparation methods and varying conditions such as calcination

temperature, and nickel loadings, is suggested. The characterisation of these

catalysts using some of the analytical techniques described in this work is also

suggested to be assessed.

Further investigation to prepare novel nano-porous catalysts can be carried out

in order to enhance the hydrogen concentration in the product gas and also to

reduce the final tar concentration. Testing different preparation conditions high

metal dispersion and surface areas greater than 900 m2 g-1, might be achieved

for nano-porous catalysts, which might result in the improvement of the

catalytic activity for this type of catalysts.

8.2.2 Lifecycle tests of catalysts

For the Ni/SiO2 catalyst prepared by homogeneous precipitation method, it is

suggested to carry out lifecycle tests in order to identify the suitability for this

catalyst to be used in continuous systems and also to obtain information about

the resistance for catalyst deactivation. Regeneration of catalysts can also be

studied when analysing the life cycle of the nickel-based catalysts.
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8.2.3 Modifications in process conditions

For the Fe/SiO2 catalysts, experiments increasing the gasification temperature

can be carried out for comparison and to study the influence of the gasification

temperature over the efficiency for the specific catalysts prepared using nano-

silica material as support.

8.2.4 Efficiency of catalysts for tar reduction

Specific nickel-based catalysts can be assessed regarding their efficiency

towards the promotion of tar cracking reactions during the catalytic steam

reforming process, using tar model compounds. Most abundant identified tar

compounds such as toluene, phenol, naphthalene, fluorene and phenanthrene,

or specific mixtures can be studied under similar gasification conditions.

8.2.5 Applications of nickel-based catalysts for hydrogen production

using RDF as feedstock

The use of this technology at large scale is promising; however certain

improvements need to be approached. For example the effects of the RDF

composition during the feeding in continuous systems such as the fluidized bed

are required. In addition a sustainable and environmentally sustainable source

of RDF needs to be identified, in order to ensure a continuous supply of this raw

material. Regarding the catalysts properties and supply it is also suggested to

undertake an integrated analysis including the advantages and disadvantages of

the proposed nickel-catalysts, against those from the currently commercial

available nickel catalysts. Further investigation of the subsequent use of the

syngas is advised, especially for large scale facilities, where larger amounts of

syngas will be generated.


