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Thesis Summary

The brewing process is an energy intensive protiets uses large quantities of heat and
electricity. To produce this energy requires a highinly fossil fuel consumption and the cost
of this is increasing each year due to rising fiadts. One of the main by-products from the
brewing process is Brewers Spent Grain (BSG), garoc residue with very high moisture
content. It is widely available each year and tgmfgiven away as cattle feed or disposed of to
landfill as waste. Currently these methods of disp@re also costly to the brewing process.
The focus of this work was to investigate the epepptential of BSG via pyrolysis,
gasification and catalytic steam reforming, in ortteproduce a tar-free useable fuel gas that
can be combusted in a CHP plant to develop heaebautricity. The heat and electricity can

either be used on site or exported.

The first stage of this work was the drying and -fppeatment of BSG followed by

characterisation to determine its basic composiéiod structure so it can be evaluated for its
usefulness as a fuel. A thorough analysis of tharacterisation results helps to better
understand the thermal behaviour of BSG feedstack €an be evaluated as a fuel when

subjected to thermal conversion processes eithpyimlysis or gasification.

The second stage was thermochemical conversioheofeiedstock. Gasification of BSG was
explored in a fixed bed downdraft gasifier unit.eTétudy investigated whether BSG can be
successfully converted by fixed bed downdraft deedifon operation and whether it can
produce a product gas that can potentially runragine for heat and power. In addition the
pyrolysis of BSG was explored using a novel “Pyrofer” intermediate pyrolysis reactor to
investigate the behaviour of BSG under these psimgsconditions. The physicochemical
properties and compositions of the pyrolysis fiatdi obtained (bio-oil, char and permanent

gases) were investigated for their applicabilitaioombined heat power (CHP) application.



The third stage of this work was the addition ofstpmyrolysis vapour catalysis to the
intermediate pyrolysis process, which aims to mafdhe pyrolysis vapours so increasing the
quality of the bio-oil, and enhancing the contehth® permanent product gases, BO and
CH,. Three different catalysts was selected; a comialesteam reforming nickel catalyst
(Ni/Al ,03), rhodium (Rh/AJOs) and platinum (Pt/AD;) all supported on alumina. A bench-
scale fixed bed batch pyrolysis reactor was usembiwluct intermediate pyrolysis experiments
of BSG at the same temperature as the Pyroforntatlulifferent heating rates in an attempt to
simulate the Pyroformer. The aim was to validai uke of this bench-scale unit to replicate
the Pyroformer, which could not be adapted forlgatawork. The bench-scale unit was then
used for the study of catalytic steam reformingppfolysis vapours. The incorporation of the

catalysts was done via a fixed tube reactor dowastrof the pyrolysis reactor.

The effect of catalyst at different reforming temggares (500,750 & 850°C) without steam and
then with the addition of steam was investigated #re performances of the catalysts were
compared. The initial catalytic experiments withstgam made use of the aqueous phase or the
water/steam present in the hot organic pyrolysgouss to serve the steam reforming reactions
within the secondary reactor, so as to observetijyasf syngas produced (in particular, H

content) and the catalyst performance utilisingvilager already present in the system.

The passing of hot pyrolysis vapours over a fixed bf catalysts will upgrade and enrich the
pyrolysis gas prior to condensation in terms oftingavalue, due to an increased yield of
methane, and hydrogen formation. Results indicdted catalytic reforming produced a
significant increase in permanent gases (mainjyald CO) and reduced liquids yield as
reforming temperature increased. All catalysts &dudneficial effect; however the commercial
nickel reforming catalysts using a high surfaceaasapport had a noticeably higher activity
than the PGM catalysts.
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1 Introduction

1.1 Project Description

The present work is funded by an EPSRC IndustriSE studentship in collaboration with
Johnson Matthey plc.[1]

The main aim of this research is to study the gygislreforming/gasification of Brewers Spent
Grain (BSG), and the effects of tar cracking ugifferent catalysts to attain a tar free product-

fuel gas that can be suitable to run an enginetughie or a combined heat and power plant.

1.2 Background

Recently there has been growing concern over tleel @ reduce emissions of greenhouse
gases, principally C9 and a drive to produce energy from alternative memewable sources

including biomass.

Biomass is a generic term that is used for anyrocgaatter of recent origin including crops,
wood and wood wastes, agricultural residues, ammaates and both municipal and industrial

wastes. Biomass has stored solar energy in chebocals via the photosynthesis process.

There are various types of biomass falling intarfiaain categories: woody plants, herbaceous
plants, grasses and wastes.[2] By-products fronfdbd processing industry are an abundant

source of biomass which can be made availablerfergy recovery

1.3 Brewers Spent Grain (BSG)

Brewers spent grain (BSG), shown in Figure 1, eslhdely available non-fermentable main
by-product of the brewing process. It is the seokdidue that remains from the barley after
separation and filtration of the wort [3]. It hasen estimated by the UK Environment Agency
that UK breweries generate more than 250 milliarstof wet BSG every year. BSG is either
sent to landfill, or used as animal feed, primafdy cattle, but also for pigs, goats, fish and
other livestock. It is used as animal feed duetddarge content of fibre (60%) and protein
(20%). [4]

Wet BSG contains a large amount of moisture, tylyicd7-81% (w/w). Due to its high
moisture content as well as its fermentable sugatent, BSG is difficult to store and transport
as it deteriorates rapidly due to microbial acyiv[b] Therefore to be considered as a potential

energy feedstock, methods must be adopted to reguemisture content significantly.
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Aston University

lustration removed for copyright restrictions

Figure 1 Brewers Spent Grain [6]

BSG has received little or no attention as a marketable commaodity, but as it is now becoming
increasingly expensive to dispose of as well as presenting an increasing environmental
problem, options for its uses are starting to be considered. The chemical composition of BSG

indicates that it can be of value as a raw material for energy production. [6]

Aston University

Hlustration removed for copyright restrictions

Figure 2 Representation of a Barley Grain [3]

After wheat maize and rice, barley grain is one of the world’s most important cereals. Its main
uses are either as a cattle feed or as the primary feedstock in the production of beer and whisky

via fermentation and distillation processes.
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1.4 Brewing Process and Brewers Spent Grain Generah

Barley is the main raw material used in the beemwirg industry. During preparation of the
barley feedstock it is initially screened, clearmud graded according to a specific size
requirement, any larger grains usually >2.5mm aadted separately. The barley grain is left
dormant up to 4-6 weeks prior to a controlled maltjermination process.
Malting occurs in three steps:

» Steeping

* Germination

* Drying or kilning

1.4.1 Steeping

During the steeping stage the cleaned grains aeeglinto tanks with water at a temperature
between 3C and 18C for approximately 2 days. This stage of the psecallows the barley

grain to soak and hydrate as water begins to ¢méeembryo through the micropylar region as
can be seen from Figure 2. The moisture contettieobarley grain reaches approximately 42-

48%. Through this method of hydration the graiakie to initiate a germination process

1.4.2 Germination

After the steeping process the barley grain is gsenscrew conveyors to a germination vessel,
where it is continuously turned and contacted whtmid air which maintains the bed

temperature between A5 and 22C. The germination process activates enzymes tleat a
present in the aleurone layer and starchy endospérthe barley grain, such as amylases,

proteasedi-glucanases and others.

1.4.3 Drying or Kilning

The enzymes that are activated initiate modificatbthe structure of the barley grain, mainly
of the starchy endosperm; this process usuallyimesjup to 6 or 7 days until the endosperm is

fully modified.

The malted barley is then able to be dried redutinegmoisture content down to 4-5% at a
temperature between 4D and 60C. This is important as it avoids any microbial
contamination, and allows generation of flavour poments. Once the malted barley grain is

dried it is usually stored for up to 3-4 weeksdaah homogeneity.

The malted barley is then ready for the breweryratiee malted barley is milled and mixed

with water. The temperature is slowly increasednfr87”C to 78C to promote enzymatic
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hydrolysis. During this process any of the stafelt is present is converted to fermentable and
non-fermentable sugars and any proteins are cat/ent partially degraded to polypeptides

and amino acids.

The enzymatic conversion stage produces a swadt lisnown as wort. The insoluble un-

degraded part of the malted grain is allowed ttdeséd form a bed in the mash and the sweet
wort is able to filter through it. The filtered was used as the fermentation medium to produce
beer. The residual fraction is known as BSG. [3Figure 3 illustrates the process of obtaining

BSG from barley grain.

The main difference between Barley and BSG durmagé steps is the level of substitution of
the phenolic hydroxyl groups along the chain ofdtachanging the physicochemical and
functional properties of the starches[8, 9]. BSGewhwet as it has undergone chemical

modification is part of the hydroxyl group.
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1.5 BSG Preservation Methods

BSG when wet is a very unstable material due taabial activity which causes problems if

the moisture is not removed or reduced to below.18%described earlier, wet BSG contains
approximately 70% water and in some cases it has beported to be as high as 81%.[5]
Therefore to prevent the degradation of BSG engbtito be stored and transported easily as

well as increasing its market value, preservatiethods must be adopted.

There are three different methods that can be waldi&ed for preserving BSG, namely freeze
drying, oven drying and freezing.[10, 11] Freezoan be regarded as the most inappropriate
method due to the large volumes of wet BSG that ineistored, and can alter the composition
of BSG in particular the arabinose content which deteriorate due to the microbial alteration

during defrosting.

Preservation by oven drying and freeze drying redube volume of the product and do not
alter the composition of the spent grain, howewanodrying was deemed to be the preferred
method to freeze-drying as freeze drying is noneatcally viable. Oven drying temperatures

for very high moisture content of BSG are typicaty6CC [12].

BSG is most commonly dried using rotary super-tieateam (SHS) dryer (Figure 4). This
approach was investigated as an attractive alfgenad conventional air drying in that it

provides a wide range of potential advantages, sischncreased efficiency, reduction in the
risk of fire and explosion, no odorous or partiteleamission, the combination of drying with

material sterilization and pasteurization, andeiadtying rates.

Also, stickiness is a common problem in food hamglland processing, as BSG is a sticky
material due to its large moisture content, it hagndency to foul drying equipment. Grain
sticking to the surface of dryer equipment can asoise product degradation from the
inclusion of blackened deposits and can increaseisk of fire and explosions, especially in air
drying. [13]
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1.6 Organisation of Thesis

This thesis comprises 10 chapters. In this firsiptér an overview is provided of BSG with a
description of how it is generated within the bregvibrocess, and its current and potential uses are

given along with important issues relating to preaton.

Chapter 2 gives an overview of biomass and its basic carestiis with a brief discussion of pyrolysis
principles with a particular focus on the internadipyrolysis process and associated reactors. A
discussion of gasification is also provided, intjgatar outlining the process and the reactions tha
take place, leading to a comparison of biomasdigason systems and problems associated with tar.
Catalytic upgrading options for the two techniquescribed presents a brief outline of different
catalysts that have been used for bioenergy, iticpdar reforming catalysts used for tar reforming

during gasification and bio oil upgrading duringqlysis.

Chapter 3 reviews previous relevant studies focusing on lygis, pyrolysis vapour upgrading,
gasification and gasification with steam reformmginly of residue or waste feedstock’s. This then
leads to the detailed specification of project aand objectives. The primary focus is to investgat
BSG using advanced thermochemical conversion sschaaification and intermediate pyrolysis,
followed by subsequent upgrading of the vapoursgusteam reforming catalysts to improve product

quality.

As BSG is a material that has not been widely ingated in open literature for thermo chemical
conversion and is relatively new to the bioenerigydf Chapter 4 presents a range of biomass
analysis methods for a full characterisation stoBSG. This is followed by a discussion of results

comparing BSG to other biomass feedstocks.

Chapter 5 provides a description of the experimental methaglofor downdraft gasification of BSG
using the GEK fixed bed downdraft gasification umieéscribing its preparation and assembly and
associated instrumentation. This is followed byiscuksion of results for the gasification of BSG

comparing to gasification of other biomass feedstoc

Chapter 6 provides a description of the experimental methaglo for intermediate pyrolysis of

BSG, using both a new ‘Pyroformer’ reactor and achescale fixed bed pyrolysis reactor which
attempts to simulate the Pyroformer but allows megersatility for experimentation, and which also
allows the investigation of catalytic upgradingtleé vapours (not possible on the Pyroformer itself)

The methodologies for full characterisation of ¢faes, liquid and solid product streams are described
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Results for the intermediate pyrolysis of BSG uding Pyroformer are presented and discussed in
Chapter 7. Included in this chapter is the calculation ofssdalance, and the characterisation

results for all pyrolysis products formed (bio-a@har and permanent gases).

In chapters 8and9 the results obtained for the bench-scale internbedigrolysis experiments (non-
catalytic and catalytic) are presented and discLiss¢éerms of mass balances, properties of bio-oil,

char and permanent gases.

Chapter 10 provides the overall discussion for the implicai®f this work followed by conclusions

of the work conducted and provides recommendafanfurther work in the future.
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2 Thermochemical Conversion of Biomass
Technigues

2.1 Introduction

Thermochemical conversion technologies such aslysisy gasification and combustion can convert
biomass to energy. Pyrolysis is described as teerisl decomposition/degradation of biomass or a
solid fuel in the absence of oxygen to producedsitiar, liquid and gases. Biomass gasificatiohes t
partial oxidation of a combustible material, usyall solid fuel (biomass), which converts biomass
into a gaseous component where the process iedtafvoxygen. Pyrolysis and gasification are the
most studied conversion processes for advancec#tharonversion. Combustion is the oldest and
most common biomass conversion technique and heas fdractised for centuries. It consists of direct
burning of biomass to convert the chemical enengy heat, mechanical power or electricity using
stoves furnaces, boilers or steam turbines. Cordrugtrocesses are used mostly today for heat
generation. The heat energy generated must beioseddiately, as the heat cannot be stored or
transported like the liquid and gaseous products fpyrolysis or gasification. This chapter will lireg
with a description and overall definition of biorsaand its constituents, then move on to discuds bot
advanced thermochemical conversion techniques Hsasgive an overview of catalytic upgrading

options to use with these advanced techniques.

2.2 Biomass

Biomass is a generic term that is used for anyrocgaatter of recent origin including crops, wood
and wood wastes, agricultural residues, animal egaand both municipal and industrial wastes.

Biomass has stored solar energy in chemical boiadh& photosynthesis process.

Biomass contains the elements carbon (45-55 wh¥@ogen (5-7 wt.%), oxygen (40-50 wt.%) and
small amounts of sulphur (0-0.05%) and nitrogeri@wt.%). Carbon and hydrogen are the main

combustible components of the biomass. [14]

The main building blocks of biomass are water,ifigcellulose, hemicelluloses, organic extractives
and inorganic matter, as is illustrated in Figuigetbw. The following sub- sections describe eaich

the major biomass components in more detail.
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Figure 4 Biomass Composition [15]

2.2.1 Water

The amount of water present in biomass can vargrmtipg on the type of biomass. Crops and
woody biomass can contain high levels of water axprately 50%; this is dependent on weather
effects and conditions when planted. Agricultural iodustrial waste can contain much higher
guantities of water up to 80%; this is dependenstonage as-well as how wet the residue material is
when it exits the industrial process. For mostrtieechemical processes, biomass must be pre-treated
to reduce the moisture content to 10-15%. For pgisimuch of the water will end up in the bio-oil
product, ultimately for both pyrolysis and gasifioa processing higher moisture contents will redduc
the thermal efficiency of the process as energy lvél used to evaporate the unwanted water. The

moisture content can be determined using proximasdysis which will be discussed in chapter 4.

2.2.2 Cellulose

The cellulose component is the same in all typesiahass, except for the degree of polymerisation
which can vary slightly in the most uniform samp@ellulose is a glucan polymer consisting of linear
chains off (1, 4)-D-glucanpyranose units. The aggregatiothete linear chains within the micro
fibrils provides a crystalline structure, highlyem and inaccessible to chemical reagents. The
cellulose content for most deciduous and conifetreess varies between 40% and 45%, but can reach
55% for some. [16] An illustration of the structuseprovided in Figure 5.
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Figure 5 Structure of Cellulose [17]

2.2.3 Hemicellulose

Hemicellulose is a mixture of polysaccharides composed almost entirely from glucose, mannose,
galactose, xylose, arabinose, 4-O-Methylglucuronic acid and galacturonic acid residues. It is generally
much lower in molecular weight than cellulose. In contrast to cellulose, the hemicelluloses are
amorphous. For deciduous trees the hemicelluloses (xylans or pentosans) represent 20-35% of the
total mass. For coniferous trees, there are 20-40% hemicelluloses (mannans and xylans). [9] An

illustration of the structure of hemicellulose is given in Figure 6.
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Figure 6 Structure of Hemi cellulose [18]

2.2.4 Lignin

Lignin is a randomly linked, amorphous, high molecular weight phenol compound. It is more
abundant and has a higher degree of polymerisation in softwoods than in hardwoods. Its composition
in these two types of wood also present some differences. The lignin content is 24% to 30% for
coniferous trees and 17 % to 24% for deciduous trees. [14] The structure of lignin is illustrated in

Figure 7.
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Figure 7 Structure of Lignin [19]

2.2.5 Organic extractives

Biomass contains a small fraction of organic extractives that are low in molecular weight. The
fraction can vary quite significantly. Examples of biomass extractives are fats, waxes, alkaloids,
proteins, phenolics, simple sugars, pectins, mucilages, gums, resins, terpenes, starches, glycosides,
saponins[20]. These can be extracted from biomass by using various solvents. The extractive contents
can be determined by chemical compositional analysis using neutral and acidic detergents and will be

discussed in Chapter 4.

2.2.6 Inorganic materials

The inorganic elements present in biomass, namely chlorine (ClI), calcium (Ca), Iron (Fe), potassium
(K), magnesium (Mg), sodium (Na), silicon (Si), sulphur (S) and phosphorous (P) are collectively
known as ash. These ash materials vary in concentration depending on the biomass.[21] The ash

content can be determined by proximate analysis which will be discussed in Chapter 4.

2.3 Pyrolysis

Pyrolysis is the thermal decomposition/degradation in the absence of oxygen. As well as a conversion
method in its own right, it is also the first step in combustion and gasification, where it is then
followed by total or partial oxidation of the primary products. [22] An example of all three is taken

place in a flaming match, illustrated in Figure 8.
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Figure 8 Pyrolysis, Gasification and Combustion [23]

Pyrolysis is considered to be an attractive technology as reactions take place under controlled
conditions with a wide range of products suitable for different applications.[24, 25] The products of

the pyrolysis process are char (a solid), bio-oil (a liquid formed from condensable pyrolysis vapours)
and permanent gases. There are several processes in which the pyrolysis of biomass has been applied
for heat and power applications, or combined with gasification as a pre-conditioning step for

hydrogen production or sequential catalysis to produce methanol or synthetic fuels. [26]

Table 1 below provides the distribution of products from different modes of pyrolysis process. Low
process temperatures and long solids residence time favor the production of charcoal. High
temperature and long solids residence time increase the biomass conversion to gas. Moderate
temperature, short solid and vapour residence times and high heating rates favor production of liquids.
[26] The distribution of the products can be controlled to some extent by controlling these main

reaction parameters.
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Table 1: Modes of Pyrolysis

Mode Conditions Liquid Char Gas

Fast Moderate temperature, around 500°C75% 12% 13%
short vapour and solids residerce
times ~ 1 sec

Intermediate Moderate temperature, around 450°G0% 20% 30%
moderate solids residence time ~ 1130
mins

Slow Low temperature, around 400°C, very30% 35% 35%
long solids residence time |~
hours/days

2.3.1 Modes of Pyrolysis

2.3.1.1 Slow Pyrolysis

The classical ‘slow’ approach leads to charcoaltiwa woody feedstock). Conventional slow
pyrolysis is the irreversible thermal degradatioh avganic components in biomass, (usually
lignocellulosic) in the absence of oxygen. Slowagbysis is also known as carbonisation and is used
to maximise solid charcoal production. This metbbgyrolysis has been practiced for centuries and

requires relatively slow reaction at low temperesuto maximise solid char yield [27-29].

2.3.1.2 Fast Pyrolysis

Fast pyrolysis occurs with solids and vapour rasidetimes of few seconds or less and very high
heating rates. It is used primarily to maximiseauithproducts (up to 75 wt.%.). After cooling and
condensation of the pyrolysis vapours, a dark bravatile liquid is formed (“bio-0il”) which has a
heating value about half that of conventional foikl While it is related to the traditional pyrolgs
processes for making charcoal, fast pyrolysis isadwanced process, with carefully controlled

parameters to give high yields of liquid.

The essential features of fast pyrolysis procespraducing liquids are:
»= very high heating and heat transfer rates at thetimn interface, which usually requires a
finely ground biomass feed,
= a carefully controlled pyrolysis reaction temperataf around 500 °C and,
= short vapour residence times of typically less thaeconds and,

» rapid cooling of the pyrolysis vapours to give Hie-oil product.[22]

Most successful work with fast pyrolysis has beenried out with woody, low-ash, highly
homogeneous feedstock’s, and the process is ofiesutcessful with more “difficult” feedstock’s
which can produce highly reactive liquids rich iiglttMW tars leading to storage and processing
issues. [26, 30-32].
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2.3.1.3 Intermediate Pyrolysis

Intermediate pyrolysis takes place at moderate éeatpres of 350-450°C with moderate solids
residence times of 1-30 minutes. It can procedwerse range of feedstocks such as waste wood,
food wastes, sewage sludge, grass and algae, egidtigely insensitive to feedstock ash and toesom
extent moisture content. The distribution of theduct phases and the composition of the liquid

phase depend strongly on the feedstock and tsarlegtent on process conditions.

The ability of intermediate pyrolysis to deal witdifficult” high-ash feedstocks with relatively Hig
moisture contents is a significant advantage owast pyrolysis for feedstocks such as BSG. In
particular, the liquids produced from non-woodyrbass are very low in high molecular weight tars

and can be suitable for direct application in eagin

For the reasons given in the previous section thegmt work will focus on the intermediate pyrodysi

route for the experimental pyrolysis of BSG.

2.4  Intermediate Pyrolysis Principles

The temperature range of intermediate pyrolysi35@-450°C, to which biomass is heated smoothly
in the absence of any oxidising agent. Under thasalitions, biomass decomposes producing a
product distribution of typically 50% liquids, 25%har and 25% gas (although this is strongly

dependent on the feedstock).

The essential features of intermediate pyrolyste@ss are: (1) smooth slow to intermediate heating
and heat transfer rates, (2) long solids residénees of approximately 5-30 minutes at a tempeeatur
around 350-450°C, (3) short vapour residence tiofes few seconds, (4) hot vapour filtration and

rapid cooling of pyrolysis vapours to give bio-pibduct.

In addition to the advantage of producing liquidgéhwlower high-MW tar content, the process
delivers a brittle dry char suitable for co-comlstin thermal plants or for use as a soil conditio
and carbon sequestration medium. Another advansatdpat the product streams are easily separated

without contamination.

Even though intermediate pyrolysis can produceqgaidi with lower-MW components than other
pyrolysis processes, it would still be attractiodurther reduce the average-MW and hence visgosity
and to increase the proportion of permanent caogiéses (notably §), to improve suitability for

prime movers such as IC engines, and also fordurpgrading to high-value products.

Previous work in this area has mainly aimed to aggrthe bio-oil from fast pyrolysis processes by

reducing the oxygen content so as to improve pt@sesuch as viscosity, thermal stability and
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corrosiveness. Other studies have investigated steam reforming of bio-oil to produce hydrogen by the

use of catalytic hydro-treatment and catalytic cracking [33-35].

Intermediate pyrolysis can be carried out in a range of reactor types, most commonly rotary kiln and

screw auger reactors. Examples of these will be described in the next section.

2.4.1 ‘Pyroformer’ Intermediate pyrolysis reactor

The Combined Pyrolysis Reformer or ‘Pyroformer’ is the new state of the intermediate pyrolysis
reactor, developed at the European Bioenergy Research Institute (EBRI) at Aston University in the
UK. The pyroformer relies on a screw auger system for moving the solids through the reactor. The

design is illustrated in Figure 9.

Aston University
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Figure 9 Pyroformer Twin screw mechanism (Engineering Diagram)

(A) Biomass feed inlet; (B) Inner feed screw, (C) Gas/Vapour product outlet, (D) Outer recycle

screw, (E) Char product outlet

There are two screw augers, mounted co-axially to form a forward inner and an outer passage. See
Figure 10. Apertures at either end of the arrangement allow material to pass between the inner and
outer augers. Biomass is fed into the inner auger (green arrow) via a screw-fed feed hopper. The
inner auger pushes the biomass forward through the reactor. A portion of the char formed (black
arrow) during the passage of the biomass through the inner auger falls into the outer auger and is
moved backwards to join the fresh feed at the inlet. Hence there is a recycle of char within the unit.
The char has two important effects: it promotes catalytic cracking of the vapours so that the
condensable fraction has reduced MW and there are a greater proportion of permanent gases; and it

also acts as a heat transfer medium. [36]
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Figure 10 Pyroformer schematic

2.4.2. Haloclean Intermediate pyrolysis reactor

The ‘Haloclean’ reactor was developed and patented by Sea Marconi Technologies. It is a single
screw auger design see Figure 11. The biomass is transported along the screw in a nitrogen-purged
oxygen free zone maintained at 450-500°C. Heat to the reactor is provided via an external jacket and

by means of steel spheres that are continuously recirculated and reheated.[37]
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Figure 11 Scheme of Haloclean Rotary Kiln [37]

The Haloclean reactor can process biomass in different forms including chips, blocks, pellets or dusts
and materials processed to date include rapeseed residues, olive and sunflower seed residues, residues
of coconuts and other nuts, beech wood, residues from beer production, wheat straw, rice husks and
pomace. The balance of plant consists of a high temperature dust filtration unit, a water cooled

condensation unit, and an electrostatic precipitator for aerosol removal.[37]
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2.5 Feedstock variables effecting Intermediate pptysis

Numerous studies have been conducted on the pigaf/diomass. Many of the recent studies show
that biomass pyrolysis can be divided into fourivithhal stages: moisture evolution, hemicellulose

decomposition, cellulose decomposition and ligrenainposition[38].

However different feedstocks have varying composgiof hemicellulose, cellulose, lignin, ash and

water content that can have a direct impact olintieemediate pyrolysis products and yields.

Moisture bound in the biomass would lead to a lightent of water in the final product bio-oil. The
moisture is bound originally in the feedstock armmnfed during dehydration reactions during
pyrolysis. High moisture content in the bio-oil lexs the heating value and flame temperature, but on
the other hand, water reduces the viscosity andrargs the fluidity which is good for the atomizatio
and combustion of bio-oil in an engine.[39] Oasratal reported that bio-oils may phase separate if

the water content is greater than 30 wt. %. [40]

Feedstock with very low moisture content is likédyincrease the organic fraction in the pyrolysis
liquid yield in turn increasing the viscosity whighundesirable if the bio-oil is to be consideasda

fuel for engines. It is recommended that biomasaishbe dried to moisture content of 10wt.% in
order to control the amount of water collectedhie final product and to reduce the risk of phase

separation [31].

The ash content is one of the most influential petar in the pyrolysis process which affects the
yield and chemical composition of the pyrolysis qurcts. It has been reported that agricultural
residues and grassy biomass have higher ash cenlamt lignocellulosic woody biomass. High ash
containing feedstocks are not desirable for bionpggelysis because ash catalyses reactions which
compete with biomass pyrolysis, leading to incrdafeemation of water and gas at the expense of
liquid organics [31, 41-46]. The minerals presenash mainly alkali components are responsible for

secondary catalytic cracking [46].

It is also reported that biomass with ash contesditgr than 2.5% causes phase separation of the bio
oil and biomass with an ash content less than 2&% s a more homogeneous bio-oil liquid.[31]
However a feedstock may contain a high ash coniposiiut then may contain a large amount of
inactive constituents that do not lead to catalgticking or bio-oil phase separation. Therefore th

ash compositional analysis must be carried outippart this.

The pyrolysis temperature, heating rate and resgléime has a profound effect on the pyrolysis
product yields and compositions. In a study corellitty Horne and Williams [47] they reported that
high heating rates at temperatures less than 686fCrapid quenching favours the formation of

liquid products and minimizes char and gas fornmatldigh heating rates with temperatures greater
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than 650°C tend to favour the formation of gaseous products at the expense of liquids and slow

heating rates coupled with low maximum temperature maximises the yield of char.[48]

The essential features of intermediate pyrolysis process are: (1) smooth slow to intermediate heating
and heat transfer rates, (2) long solids residence times of approximately 5-30 minutes at a temperature
around 350-450°C, (3) short vapour residence times of a few seconds, (4) hot vapour filtration and

rapid cooling of pyrolysis vapours to give bio-oil product.

Temperature has a big effect on the pyrolysis process and product yields. Yang et al [38] investigated
the thermal analysis of the three main components of biomass (hemicellulose, cellulose and lignin).
Figure 12 shows the mass loss (wt.%) as a function as temperature, the pyrolysis of hemicellulose and
cellulose occurred quickly with the weight loss of hemicellulose at 220-315°C and that of cellulose
315-400°C. Lignin was more difficult to decompose. Its decomposition happened slowly under the

whole temperature range from ambient to 900°C.
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Figure 12 Pyrolysis curves of hemicellulose, cellulose and lignin TGA[38]

The pyrolysis of biomass usually occurs at low to moderate temperatures between 300 to 500°C as
reported by Bridgwater, 2004 [22]. A further increase in the temperature will lead to secondary
cracking of the pyrolysis vapours leading to a decrease of liquid organics and char yields and increase
the gas vyields. Moreover, the increase in temperature from 400°C to 550°C results in higher

polycyclic aromatic hydrocarbon (PAH) formation.
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2.6 Intermediate Pyrolysis Products
2.6.1 Bio-oll

The bio-oil yield from intermediate pyrolysis igpigally between 40-60 wt.% The bio-oil liquids are
usually lower in molecular weight than fast pyradyils and contain a mixture of complex
oxygenated compounds. The composition of bio-odpethds on the nature of the feedstock and
process conditions. Roggero et al, 2011 [37] deedrintermediate pyrolysis oils as being generally
dark liquids, giving off a particularly strong srhef carbonised organic material. It was also state
that the physical and chemical properties of intdiate pyrolysis oil fall into the typical ranges f
typical pyrolysis oils. The oils are usually phasparated with an aqueous at the bottom and oily
organic phase at the top, this is due to pyrolyajsours being cracked by char. The pyrolysis vapour

can be further processed to electricity, heat esntsportation fuels.

2.6.2 Char

The bio-char yield from intermediate pyrolysis [geoximately 15-25 wt.% The bio-char has a dry
brittle texture and is suitable for further applioas either as solid fuel, or as a soil amendnoers
fertiliser. Hornung et al 2011 [25] described pgysts char as having a high water holding capacity,
therefore if mixed with sand or soil (known as Bld€arth) can preserve water longer than natural
soil [25].

2.6.3 Permanent Gases

The permanent gas yield from intermediate pyrolysiapproximately 20-30 wt.% It comprises
mainly a mixture of hydrogen @) nitrogen (N), methane (Clj, carbon monoxide (CO) and carbon
dioxide (CQ). Other hydrocarbons may be present in the gasdsas ethene ¢8,), ethane (¢He),

propane (GHg), propylene (gHg), butane (GH.o) and butenes (€Els).
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2.7 Gasification

Biomass gasification is a thermo chemical procdsisiwconverts biomass into a gaseous component.
It is defined as the partial oxidation of a comiletmaterial usually a solid fuel (biomass), bther
pure oxygen or air. Partial oxidation takes pladen there is not enough oxygen present for full
oxidation to occur, i.e. when less than the stoictgtric amount of oxygen needed for complete

combustion is present

This produces a combustible gas known as produngfasy This gas can be used as a low to medium
calorific value fuel in gas turbines, engines anel ftells or as a synthesis gas for the produgaifon
methanol, hydrocarbons and hydrogen.[49] Variougamminants such as small char particles, ash and

tars (condensable oxygenated hydrocarbons) aremiregth the gases.

The product gas is composed of:

* hydrogen (H)

e carbon monoxide (CO)

« small amounts of methane (QHand higher hydrocarbons
« carbon dioxide (CQ

« water (HO)

< nitrogen (N) (if air is used as the oxidising agent)

If air is used as the gasification medium, the costible components in the fuel gas are diluted with
nitrogen which significantly lowers the gas HHV 74vJ/Nnt). Oxygen blown or steam gasification

produces a synthesis gas with a medium heating \(a+18 MJ/Nm).

As a result of this, partially oxidised producte &srmed. Gasification of biomass into product syg

is of growing interest as it offers many more sabgal advantages to the environment, as gases can
be produced and converted to clean alternatives filelt contribute significantly to the reduction of
CO, emissions [50].

2.7.1 Biomass gasification process

Biomass gasification can be illustrated as a sesfesteps: drying, pyrolysis (de-volatilisation),
combustion (oxidation) and reduction. These camioseparately or simultaneously depending on the
type of gasifier. They will be described here asuoing separately. As would be the case in a

downdraft gasifier see section 2.7.3.2.

The first step involves drying the biomass feedstmued this occurs at temperatures usually between
70-105°C. The moisture that is released throughp@naion passes through the gasifier and

contributes towards reduction reactions (Equatit88). The biomass feedstock then moves through
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the gasifier and is heated to 300-500°C (pyrolysis temperatures) at this point, in the absence of an

oxidising agent, it pyrolyses.

The volatile gases released move through the gasifier into the combustion zone where they react with

an oxidizing agent. Figure 13 illustrates gasification steps.
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Figure 13 Diagram of (downdraft) gasification; notice pyrolysis occurring above and prior to gasification before

the biomass is exposed to oxygen [51]

The products of the combustion zone pass to the reduction zone, where they are reduced to
combustible gases primarily by heterogeneous reactions with the char from the pyrolysis step. In fact
we see the combination of several gas-solid and gas-gas reactions in which solid carbon is oxidised to
carbon monoxide and carbon dioxide, and hydrogen is generated through the steam reforming

reaction. The gas-solid reactions are the slowest and limit the overall rate of the gasification process.

Not all the products from the pyrolysis step are completely converted due to the physical or
limitations of the reactions involved, and these give rise to contaminant tars (condensable organic

vapours in the final product gas.

The final gas composition is influenced by many factors such as:
= Feed composition
= Water content

= Reaction temperature [52-55]
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2.7.2 Gasification reaction mechanism

It is important to note that gasification is a eerdf reactions, in fluidised bed applications thagy

occur simultaneously. The reactions that take pdaedoelow:

2.7.2.1 Oxidation reactions

C+ 0, CO, -394.4kJ/mol (1)
c+ (1/,)0, »co -110.4kJ/mol (2)
co+1/,0, - co, -283.0 kJ/mol (3)
H, + (1/5)0, > Hy0 -280.0 kJ/mol (4)

These reactions are highly exothermic and occuy Yast. They also provide the energy that is

required to sustain the endothermic heterogeneaedions.

2.7.2.2 Heterogeneous reactions

C+C0, - 2C0 +173.0 kJ/mol (5)
C+ H,0(g) > CO+ H, +131.4kJ/mol (6)
C+2H, - CH, - 71.0 kd/mol (7

2.7.2.3 Homogeneous reactions

CO+ H,0 > CO,+ H, -41.2 kd/mol (8)
CO+3H, - CH, + H,O -201.9 kd/mol 9)

The extent of these reactions will depend on opeyatonditions, and on the design of the gasifier.
Other important secondary reactions occur undderéifit operating temperature and pressures

forming tars. [56]

2.7.3 Comparison of Biomass gasification systems

There are many different types of gasification t@ac The most common and basic form of gasifier
is the moving bed gasifier, alternatively knowntae fixed bed reactor. Fixed bed gasifiers havabee
traditionally used for gasification at operatingnfgeratures around 1000°C. There are two types
depending on the direction of air flow:

e Updraft (counter-current gasifier)

» Downdraft (co-current gasifier)

More recently fluidised bed gasifiers have beerettgped. Two main types are:
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» Dense (bubbling) fluidised bed gasifier (BFB)
» Circulating fluidised bed gasifier (CFB)
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Figure 14 Comparison of gasification reactors [57]

2.7.3.1 Fixed Bed Updraft gasifier (counter- current)

Fuel is fed at the top of the updraft gasifier, flows down the reactor vessel through the drying,
pyrolysis, gasification and combustion zones. The gasifying medium usually air is introduced from
the bottom of the reactor and passes upwards through the moving bed. Ash is also removed from the
bottom part of the gasifier. As the solid fuel is pyrolysed moving downwards, the pyrolysis vapours
generated are carried upwards by the hot up-flowing product gas. The tars present in the vapour either
condense on cool descending fuel or are carried out of the reactor with the product gas contributing to
its high tar content. The tars and solid char end up at the bottom of the gasifier reaction zone, where
they are partially oxidised by incoming air and further cracked. The product gas contains a significant
proportion of tars and hydrocarbons. The product gas does not pass through a hot char bed where

much of the tars are cracked; therefore the product gas exit temperature is usually 200-400°C.

Therefore, the main disadvantage of updraft moving bed gasifiers is that the product gas has a high tar
yield of up to 10 to 20 wt.%. This Figure 15 illustrates the design of a updraft fixed bed gasifier [58,
59]
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Figure 15 Updraft Gasifier Design [58]

2.7.3.2 Fixed Bed Downdraft gasifier (co current)

In this design the fuel and the gasifying mediusug@lly air) flows co-currently. Fuel is fed fronpto
and the introduction of air can be introduced nibarmiddle of the gasifier forming the combustion
zone where most volatiles are oxidised. See se@iéri for a general description of a downdraft
gasifier. Downdraft gasifiers suffer from lessitathe product gas in comparison to product gasfro
updraft gasifiers. The hot product gas passes g¢ifrauhot char bed which cracks the tars (reponped u
to 99.9%) and acts as a filter. The low tar lewddtained in the downdraft gasifier can enable @ g
produced to be used in a combustion engine afteation and cooling; however the actual levelaf t

is still dependent on the quality of biomass. Tre@madvantage of downdraft gasifiers is that they a
simple, reliable and proven for certain fuels, fegminimal or no tar clean up however, there major
drawback is they suffer from flow problems if thesfis fluffy or has a low density. Fuels contamin
high ash are problematic resulting in slaggingle®elor briquetted fuels are recommended before

use. [59] Figure 16 illustrates the design of wldraft gasifier.
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Figure 16 Downdraft Gasifier design [58]

2.7.3.3 Fluidised bed gasifier (Bubbling and Cirating)

Fluidised bed technologies are very promising ionfass gasification. They have previously been
used extensively for coal gasification. The advgetfluidised bed gasifiers have over fixed bed
gasifiers is the uniform temperature distributi@hiaved in the gasification zone. This is achieasd
fluidised beds comprise of an inert fine bed matqusually heated particles) that are not consumed
in the oxidation reaction. Biomass is fed into or top of the bed material and due to high heat
transfer between the fuel and heated bed matéeaiuel is heated very quickly. Air, oxygen, steam
or a combination of steam and oxygen can be usetheagasification medium in fluidised bed

gasifiers.

The gasification medium is injected usually inte tiottom of the gasifier through a distributiontgla

into the bed material.

Secondary injection points can also be introducetitaese are usually located at the freeboard area
to assist in cracking reactions. The four conweai steps of gasification as described earlier for
fixed bed gasification (drying, pyrolysis, oxidatiand reduction), are not as clearly distinguishabl

a fluidised bed. Figure 17 illustrates the designboth bubbling and circulating fluidised bed

gasifiers.
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Figure 17 Bubbling Fluidised Bed (left) & Circulating Fluidised Bed Gasifiers (right) [58]

As mentioned earlier, there are two main types of fluidised bed gasifier they are: low-velocity

bubbling fluidised bed and a high-velocity circulating fluidised beds.[60]

Bubbling fluidised bed (BFB) gasifiers consist of a vessel, a distribution plate and usually a freeboard.
In a BFB when particles are fluidised with a gas flow rate which is below the terminal velocity of the

particles it is considered as Bubbling or Dense. The terminal velocity is defined as the velocity that is
large enough to lift single particles and carry it out of the fluidised bed. The freeboard at the top of the
reactor is usually wider in diameter than the bottom of the reactor. The role of the freeboard is to
ultimately prevent any entrainment of solids. This process allows the biomass and sand to mix

allowing a small carryover of char. [61]

In circulating fluidised beds (CFB) the inert bed material is transported and circulated between the
gasifier vessel and a cyclone separator. The cyclone removes the ash and recycles the char and bed

material back to the gasifier vessel.

In a CFB the gas velocity is increased above the terminal velocity of the particles. The terminal
velocity is defined as the velocity that is large enough to lift single particles and carry it out of the
fluidised bed.[62] The CFB is a natural extension of the BFB concept, as it includes extra equipment
such as cyclone and separators in order to capture and recycle solids back to the gasifier to extend the

solids residence times.

The attractiveness of the fluidised bed offers scalability and good fuel flexibility in comparison to

fixed bed gasifiers. They have very good temperature distributions, high specific capacity and fast
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heat up rates. They have the ability to tolerate a variation of fuel quality and particle sizes and most

importantly are suitable for large commercial or industrial scale. [49, 50, 58, 63, 64]

2.7.3.4 Entrained flow gasifier

An entrained flow gasification reactor is mainly used to gasify coal which is usually operated at high
temperatures and pressures. Entrained flow reactors usually require the feedstock to be prepared as a
fine granular powder and it is then entrained with a steam/oxygen mix when entering the gasifier in a
co-current flow that allows rapid gasification to take place. Entrained flow gasification reactors have
short residence times; involve extremely high temperatures, and high pressures as well as large

capacities. Figure 18 illustrates the design of an entrained flow gasifier.

Aston University

llustration removed for copyright restrictions

Figure 18 Entrained Flow Gasifier[58]

Commercial or large demonstration scale gasification plants, fluidised bed gasifiers are usually
implemented rather than fixed bed gasifiers. Fluidised beds are preferred due to the scalability and
flexibility in feed properties requirement.[65] Figure 19 illustrates the scale potential of different type

of gasification systems available to date.
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Figure 19 Scale potential of different type of fjass [66]
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2.7.4. Tars

Different types of tars are present in the prodjas generated from biomass gasification. Evans and
Milne described the tar level from the three maategories of gasifier (updraft, downdraft and
fluidised bed), with updraft regarded as produdimg most tar 100g/Nmand fluidised beds at 10g
INm® and downdraft at 1g /NInOne of the most common problems caused by &oridensation. If

the temperature of the product gas is decreasewvlibe tar dew point (below 300°C) the tars present
will cool on cooler surfaces. The condensatiortanfcan lead to several problems in downstream
equipment’s. Polymerisation of tar is also prokdén) as tar compounds polymerise at high
temperature usually between 900-1250°C in the base At lower temperatures between 100-200°C

tars can also polymerise in the liquid phase.

Therefore cleaning of the product gas is requinedl ia often the major area of concern in biomass
gasification. Trying to reduce the tar and partbes content is a major challenge, as possible
blocking of process equipment downstream of thefigason process can occur as well as other
issues such as:

* Fouling and plugging due to tar condensation armd fevmation

» Difficulty in handling tar-water mixtures

» Contamination of waste streams [61]

In order to reduce tar content in the produced gdsEm the gasification process there are two
approaches. One is to apply a downstream cleaniogegs, either a catalytic reforming system or
alternatively the use of scrubbers and separatorswin as secondary measures). The other is to
optimise the biomass fuel properties or the ga#ific design and operating conditions so as to

reduce tar formation (known as primary measures).

As has been indicated earlier, tar is the termrgiwevolatile oxygenated hydrocarbon compounds
that remain liquid at room temperatures (i.e. aomdensable). Tar is a complex mixture of
condensable hydrocarbons, including single andiphellting aromatic compounds as well as other
hydrocarbons containing oxygen[67]. The formatidnbmmass tar and examples of compounds

formed are illustrated in Figure 20.
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Figure 20 Formation of biomass tar and exampleoafgounds formed[57]

The formation of biomass tars can be categorisedrdimng to the temperature within the gasifier and

the series of complex reactions that are takingepldhe amount of tar formed is dependent on the

gasification process itself as well as the reaatimmditions and the gasification temperature.

As the gasification temperature increases (uswdtyve 800°C) it can result in the conversion of the

oxygenated compounds into hydrocarbons, aromatiogjenates and olefins. Evan and Milne[68]

proposed a new method to classify tars formed fdiffierent biomass gasification systems are as

follows:

1. Primary Tars; these are characterised by cellulésamicelluloses and lignin derived

products; these are the main components of bioftersperatures around 400-600°C)
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2. Secondary Tars: During the conversion of primamng,t@henolic’'s and olefins are formed
(temperatures around 700-850°C)

3. Alkyl tertiary tar, these are characterised by mketierivatives of aromatics (styrene and/or
xylene) (temperature around 900-1200°C)

4. Condensed Tertiary tar: these are polyaromaticdoatbons (PAH) without substituents.[68]

The next section discusses the role of catalysisottn pyrolysis and gasification systems. It will
describe some of the different catalytic upgradipgons that have been practised widely in research
and give an overview of the type of catalysts usedither upgrade the product gas or to remove

contaminants and unwanted tars.

2.8 Catalytic Upgrading Options

The catalytic upgrading of pyrolysis products (pysts vapours or bio-oil) and gasification product
gas is attractive and is often considered. Thii®e aims to discusses some of the catalytic

upgrading options for both pyrolysis and gasificatprocesses.

2.8.1 Pyrolysis upgrading

Direct catalytic upgrading options for pyrolysisseyms have mainly been carried out to increase the
guantity or the quality of the liquid product yiel®ne of the objectives in utilising catalysts ds t
attempt to reduce or remove the oxygen content thaiquid bio-oil to produce a hydrocarbon rich

liquid fuel.

Hydrotreating is an upgrading option that improbé&s-oil properties by rejecting the oxygen in the
form of water. The products that are formed arelpgaire hydrocarbons equivalent to naphtha. The
process conditions involve high hydrogen pressuite {up to 200 bar) and temperatures (about
400°C). The catalysts used in typical hydro-treptitudies are usually sulphided CoMo and NiMo
based catalysts. The bio-oil at high hydrogen presseacts with the catalysts to form water and
carbon-carbon bonds. Up to 95% of the oxygen inbilbeoil can be removed, but the drawback of
this process is the requirement of a high presancehigh hydrogen consumption which makes it
economically unattractive[31]. Hydrotreating as ia-til upgrading option has been extensively

researched from literature [69-73].

Zeolite catalysts have been tested in catalytiolpgis to upgrade the bio-oil at temperatures (400-
600°C) by reducing the oxygenated compounds indile mainly consisting of phenols, cresols,
benzenediols, guaiacol and their alkyl derivatiwdslliam and Nugranad, 1999 [74], identified that
the presence of zeolite catalysts reduce the wiehdo-oil, and reduces the oxygen content of tihe o
At low catalysts temperatures the oxygen in thedilids converted to water and at high catalyst

temperatures to CO and €OZeolite catalysts are usually placed in a fiked reactor coupled to a
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pyrolysis reactor where direct catalytic conversidrihe pyrolysis vapours can occur. Unlike hydro
treating the process conditions do not require pigdssures or consumption of hydrogen operating at

atmospheric pressure and at around 450°C.

Biomass-derived oils are generally best upgradetHB8M-5 or ZSM-5, as these zeolite catalysts
promote high yields of liquid products and propgebinfortunately, these feeds tend to coke easily,
and high TANs and undesirable by-products such @emand C@are additional challenges. The

catalytic vapour cracking of bio-oil over acidic olite catalysts provides deoxygenation by
simultaneous dehydration-decarboxylation produaimgstly aromatics at 450°C and atmospheric
pressure. The aromatic product produced would btll required to be sent for refining in a

conventional refinery[53]. Significant research cha found in literature where authors have

investigated different types of zeolite catalysistio-oil upgrading [52, 75-85]
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2.8.2 Gasification upgrading

The presence of tars and effective gas cleanimgsfication product gases is still the main barae

gas utilisation generated from biomass to produeetrecity. Catalysts are preferred as the cost
associated with secondary or auxiliary equipmenirddream to produce clean gas is the major
challenge. Build-up of tars or non-condensable bydrbons can cause blockages and corrosion to

equipment as well as reduce the efficiency of z¢ss.

The use of catalysts in biomass gasification systbas been attempted by many researchers and
reported in literature since the mid-1980s[86]. @dgances in this area have been driven by the need
to produce a tar free product gas from the gasi@inaof biomass. This is because it has been regort
that the removal of tars and the reduction of tleh@ne content increases the economic viability of

the gasification process. [87]
Sutton et al, 2001 [87] conducted a review wheveas reported catalysts criteria as follows:

Catalysts must be effective in the removal of tars

Catalysts must be capable of reforming Methane,J@Hhe desired product is syngas
The catalysts should provide a suitable syngas fatithe intended process

The catalysts should be resistant to deactivatsoa r@sult of carbon fouling and sintering
The catalysts should be easily regenerated

The catalysts should be strong

N o o~ wDd e

The catalysts should be inexpensive.

The catalytic decomposition of unwanted hydrocasheoeferred to as by Sutton et al [87] as hot gas
cleaning, is achieved by passing raw gasifier ptodias over a solid catalyst in a fluidised bed or

fixed bed reactor under atmospheric temperatureparessure. As the raw gases pass over a solid
catalyst, hydrocarbons maybe reformed on a catalyst use of a catalyst to reform condensable
organic compounds and methane can increase thalloeiiciency of biomass conversion process by

10%.

There are a large number of different catalyststihae been used to eliminate tars in the prodast g
from the gasification process[88]. However, there #hree main types of catalysts that have
predominantly been reported in many literature issidor biomass gasification and they are Nickel,

Dolomite and Olivine.

Dolomite catalysts contain alkaline earth metaldesi It usually consists of a magnesium ore with
chemical formula MgC@CaCQ and usually contains approximately 30 wt.% CaOw22% MgO
and 45 wt.% CQit also includes some trace minerals such as, $#60O; and ALO; Dolomite has

attracted a lot of interest in biomass gasificaasrnit is a relatively cheap disposable catalyst ¢lan
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significantly reduce tar content from the raw prodgases in a gasifier, achieving as close to 95-
100% conversion of tar at 700-875°C under steamrmahg conditions. Dolomite shows catalytic
activity for tar elimination when the material ialcined. Calcination occurs because of the loss of

bound carbon dioxide when the material is heated.

Pangmei et al, 2004 [89] reported dolomite beingdusmainly as a guard bed or a primary catalyst
that is usually dry mixed with biomass, to protdw expensive and sensitive metal catalysts from
deactivation caused by coke formation, tars, oewtimpurities such asJ3. The advantage of this
material is that it is inexpensive and abundand, @nsidered as the most popular cheap catalyst for
tar elimination. The main problem with this matérgits fragility. Dolomite catalysts are very sof

and can quickly erode in fluidised bed systems Witfin turbulences.

Almost all authors have reported increased gaslyigdnging from 10-20 vol. %, and an increase of
15% of (LHV) lower heating value of the gas. Naiiime is often reported to be the most abundant
condensable product after reforming tars over dianhighlighting the limitation in the use of

dolomites as catalysis for the complete eliminatibtars from product gases [90-94].

Olivine catalysts are represented by the formulgR®)SiQ andconsist of silicate mineral in which
magnesium and iron cations are set in the silitatthedral. Olivine catalysts are useful for tar
elimination and this is related to the magnesitg@land iron oxide (R©3) contents where the latter

is much higher than in dolomite.

In terms of catalytic activity and on the basidafelimination olivine performs well and similary
calcined rocks but less well than dolomite. It ieap similar to dolomite catalysts but has a much
higher attrition resistance. It often performs &ethan dolomite in fluidised bed environments tlue

its mechanical strength and is at times prefereegand. Olivine is mainly deactivated by the
formation of coke which covers and cloaks the acthites and reduces the surface area of the
catalysts [95-97].

Much of work carried out today by researchers ftwasn and dry reforming of methane and
hydrocarbons is performed using transition metaledacatalysts. Nickel catalysts supported on
alumina is most widely used in industry. Much haserb published in research for biomass
gasification using commercial reforming catalystthwickel as the active element[98]. Other noble
metals such as platinum (Pt), ruthenium (Ru) armatidm (Rh) are other materials which can be

potentially considered and applied in biomass gasibn processes [99].
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Supported noble metal based catalysts are the pmalysts used in the automotive industry for
controlling emissions from exhaust gases from i@kcombustion engines. When used in biomass

gasification they can demonstrate high tar conwarand no tendency to form coke deposits.

Nickel based catalysts have been widely used couniatigrin the petrochemical industry for naphtha
reforming and methane reforming to produce syngas, have been extensively demonstrated in

reforming biomass gasification tars.

Nickel is represented as the active site of thalgsiis and has been designed for steam reforming of
hydrocarbons and also of methane. The support @agives the catalysts mechanical strength and
protection against severe conditions such asiattrénd heat. Alumina is the primary support tisat i
used for most reforming catalysts. This steam maifiog catalysts exhibits high activities for tar
elimination and gas upgrading in biomass gasificatiThe catalytic activity of these catalysts

depends on the nickel content, support type angribvaoter type and content.

Nickel based catalysts have proven successful aefiiiun biomass gasification for gas cleaning and
upgrading. They have high activity for tar destimct for methane reforming, and water gas shift to
adjust CO/H.

Literature [100, 101] has reported that using rickatalysts designed for steam reforming at
temperatures higher than 740°C there is a genecatase in the hydrogen and carbon monoxide
content by either reducing or eliminating the hydmton and methane content. Only at lower
temperatures the methanation reaction is favouredrtodynamically when methane is the desired

component in the gases. Commercial Nickel catalyetsbe divided into two groups

* Pre-reforming catalysts operating at lower tempeest (450-500°C)
» Reforming catalysts operating in the range (750*€00

Nickel catalysts are often employed downstream gésifier in a secondary reactor at temperatures
between 730 — 900°C with space times of 0.1s forghs cleaning. Nickel catalysts are reported to
deactivate in several ways and they can be aswg)lgi) due to carbon fouling, tars and other
impurities such as hydrogen sulfide ,8) reduces the life span of the catalyst, (i) naedtal
deactivation due to loss of catalytic material tigio attrition and loss of surface area, (iii) siimg
causing loss of surface area and occurs as a rekuevere conditions and high temperatures.

Sulphur, chlorine and alkali metals can act asdiégns.

Reduction of tar content by conditioning the feed grior to nickel catalysts is a possible way to
prevent poisoning and increasing the longevity i tatalyst lifetime. Thus many authors have
reported using a guard bed of dolomite catalystgréecondition the feed gas prior to nickel catalys

which is placed in a secondary reactor that isliysadixed bed.
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The main advantage of Ni-based catalysts is thiilitya to attain complete tar elimination at

temperature of around 900°C and to increase yi@dd, and CO. It has been reported that Nickel
based catalysts are 8-10 times more active thacineal dolomites under the same operating
conditions. The main disadvantage of nickel-basgdlysts are their rapid deactivation from sulphur
and high tar contents in the feed and the neegreconditioning the feed gas before it enters the

catalysts bed. In addition, these catalysts aegively expensive [102-106].

Some of the important reactions that take place econdary catalytic reactor downstream of a
gasifier have been reported by Abu EI-Rub. Z e2@04 [107] they are as follows:

Steam Reforming ~ C,H,, + nH,0 < nCO + (n + %) H, (10)
Dry Reforming Com + nCO; © 2nC0 + (2) H, (11)
Thermal Cracking CwHy - C"+ CeH) + gas (12)
Hydrocracking of tars C,,H,, + H, < CO + H, + CHy4 + ---+ coke (13)
Water gas shift CO (g) + H,0 (g) & CO,(g) + H,(9) (14)

The reactions involved in tar elimination are vdifficult to determine and often are not well kngwn

however some reactions involved in tar removal Haeen illustrated above.
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3  Previous Work on Thermochemical Conversions
of Biomass & Catalytic Upgrading

3.1 Introduction

This chapter will analyse the current state ofahtefor advanced thermo chemical conversion studies
of biomass, biomass residues and catalytic upggadis mentioned in chapter 1 there has not been
much focus of thermo chemical processing of BS@efore similar feedstock’s and different forms
of waste feedstock in particular from industry hdogen considered for review. The scope of the
review is to assess peer reviewed journals of pteviresearch carried out on the pyrolysis,
gasification and catalytic upgrading of waste féeclss including BSG and similar compositional

wastes.

The overall objective is to carry out an assessmérhe research that has already been achieved
within this area and to identify gaps or areas wthier work and improvement. Other thermal
conversion technologies or feedstock types are rmbythe scope of this review. A summary and

critical analysis of the findings from the reviesvgresented in section 3.2.

3.1.1 Biomass Pyrolysis Studies

Yang et. al, 2013 [108] investigated the charasties of intermediate pyrolysis derived oil from
sewage sludge (water industry) and de-inking slyggeer industry). The objective of this study was
to obtain intermediate pyrolysis oils with a viewvudse in diesel engines. The feedstock’s used was
processed using the Pyroformer intermediate pyiolysactor at Aston University. Sewage sludge
was received by Severn Trent Water from an anaewdigestion process. De-inking sludge, the solid
residue generated during the de-inking stage aivexed paper production containing mainly fibers

and inert fillers, was provided by Kimberly-Clark.

Both feedstock’s are industrial residual wastefwéry high moisture contents, and so were dried to
less than 15 wt.% moisture and then pelletizedmFtloe ultimate analysis study it was noted that
sewage sludge contained carbon 24 wt.%, hydrodemB%, oxygen 35.7 wt.%, nitrogen 2.9 wt.%
and sulphur 1.3 wt.% and ash 32.6 wt.%. De-inkindge had carbon 21.7 wt.%, oxygen 29.8 wt.%,
hydrogen 2.8 wt.%, nitrogen 2.1 wt.%, sulphur <Q@.%vand 43.6 wt.%, so both have low carbon
contents. From the proximate analysis it was nthed both feedstock’s have high volatiles and ash
contents with sewage sludge 63.7 wt.% and 32.6 wdr¥d de-inking sludge 55.1wt.% and 43.6 wt.%
respectively. The ash contents for both feedstoatesreported to be very high, however the authors

did not analyse the mineral content present iratie
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The Pyroformer was fed at a rate of 15 kg/h withitiner and outer screws set to 4 rpm and 1.25 rpm,
with solid residence time estimated to be betwed® Tinutes and vapour residence time of a few

seconds, at a temperature of 450°C.

The reported product yields from sewage sludge weuids 40 wt.%, permanent gas 12 wt.% and
solids 48 wt.%. The liquid readily separated imto phases with an organic layer at the top (25 Wt.%
and an aqueous phase at the bottom (75 wt.%). &ankihg sludge the corresponding vyields for
liquids, permanent gas and solids were 10 wt.%yt1% and 79 wt.% respectively. Again the liquid
readily separated into organic and aqueous phasegver in this case the organic phase was 90
wt.%. Both organic phase oils (referred to hendhffust as “oils”) were analysed and compared to
each other, to biodiesel and to regular dieselgusiarious analytic techniques. GC/MS analysis
reported that both oils were complex organic mieguaind consisted of carbon chains ranging frem C
to C;; for sewage sludge ands-C,s for de-inking sludge. Aromatic hydrocarbons wene tmost
abundant components in the pyrolysis oils accogrftin 31% of oil derived from sewage sludge and
48% for de-inking sludge. Phenols were the othgomzompound found in the oils accounting for
22% and 15% for sewage sludge and de-inking sluilge.reported that the aromatics have poorer

combustibility compared with paraffin’s and naplrtées.

An interesting finding was that the intermediatergbysis process had significantly reduced the
oxygen content of the oil from that of the origife¢d stocks, making them favorable as fuel oltee T
oxygen contents reported for sewage sludge oil 8er8 wt.% and for deinking sludge oil 11.27
wt.%, comparable to bio-diesel at 8.36 wt.%. Bath were found to have high carbon and hydrogen
contents and their higher heating values were coayato that of biodiesel (sewage sludge oil 39.38
MJ/kg and de-inking sludge oil 36.54 MJ/kg, complate biodiesel 39.85 MJ/kg. The authors
concluded that both oils had satisfactory charesties for use as diesel engine fuels; however some
characteristics of the oils may cause issues onerkeading to poor engine performance such as poor
combustion due to carbon deposition. The authaggested that preliminary tests indicate that both
oils are largely immiscible with water, but misabWith biodiesel, and blending the oils with

biodiesel could address these issues and shotildther investigated and tested in a diesel engine.

In a follow up study conducted by Hossain et al2{109] de-inking sludge intermediate pyrolysis
oil was blended with biodiesel derived from wasteling oil and was tested in an unmodified multi-
cylinder indirect injection type CI diesel engifidends of 20 and 30% (v/v) of de-inking sludge were
prepared with both biodiesel and fossil diesel #veh characterized. All blends were prepared by
mixing and agitated without the use of surfactamd were allowed to settle for a period of 24 hours
The blended oils were then filtered using a 1unkditter to remove any fine particulates prior toya
engine tests. The blended oils (de-inking sludgedibsel) showed that density, acid humber and

carbon residues had reduced significantly in comparto the pure oil, and a slight increase in
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heating value was also observed. The flash pompégatures of biodiesel and de-inking sludge oil

were almost the same.

Engine tests were carried out by initially startimmgd warming the engine up for 10 minutes with
fossil diesel or biodiesel before switching overthie blend. After the tests the engine was reverted
back to a fossil diesel supply to remove any blesaining within the injectors. Various engine
performance parameters were measured when opemtitlge blends, and compared with biodiesel

and fossil diesel.

The author reported that running on 20 % (v/v) bBeghoil, smooth running and stable operation of
the engine was observed, however when on the hlgbad of 30% (v/v) some minor knocking was

experienced. The engine knocking is attributedytmder pressure and the crank angle positionat th
time of combustion. The low cetane number of th&3flend caused this behavior. All engine tests

lasted approximately 3 hours with stable operatioR0% blend.

Samanya et al, 2011 [110] investigated the co pgrelof sewage sludge with wood, straw and
rapeseed on the upper phase of the bio-oil. Thelysis process was carried out using a laboratory
scale batch fixed bed reactor with 100g of fuetlkdhinside the reactor for the production of bils-oi

using a moderate heating rate. The reactor wadiraddgal shaped quartz tube measuring 40 cm in
length and with an internal diameter of 6¢cm thas Wwaused inside a furnace. The outlet of the reacto

was connected to two cooling traps for the cond@msaf pyrolysis vapours into bio-oils.

The fuels were in different forms, both sewage géuednd wheat straw were as pellets, wood mixed
with bark were chippings and the rapeseed was edss& hree biomass fractions were made up
containing 60% sewage sludge with the remaining 40&6le up with mixed wood, rapeseed and

straw.

The reactor was purged with, das at a rate of 100 ml/min for the first 10 mewuto ensure the
removal of oxygen. The reactor was then heatedrateaof 25°C/min to a pyrolysis temperature of
450°C and held for 15 minutes. The vapours werédedoosing liquid nitrogen traps and permanent

gases were expelled through the electrostatic ptator and extractor.

It was reported that the co pyrolysis of sewagelgduwith other biomass produced a variation in
product yield. The bio-oils that were produced Iphdise separated into two layers, the upper and
bottom phase. The upper layer contains the ordeamtion. The co-pyrolysis with rapeseed produced
the highest char yield of 53.3% and the wood foacthas the lowest char yield at 46.8%. The
rapeseed and sewage sludge fraction produced g¢fedii bio-oil yield of 33.2 %, with an equal
amount of upper and bottom layers, with straw awlagie sludge yielding the least amount of bio-oil
at 27.8 %.
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The oils were characterised for their compositibmas reported that the 40% straw bio-oil fraction
contained hydrocarbons, alkyl phenols and nitrogempounds originating from sewage sludge. The
compounds that were originating from the strawdilare phenols and amino compounds. The 40%
mixed wood bio-oil fraction contained a high pettegye of components detected as a result of the
decomposition of wood. They were found to be ardariatdrocarbons, furans from cellulose, phenols
and derivatives from methoxyphenols (from lignilhe compounds detected in rapeseed bio-oil are
aromatic hydrocarbons, phenol, alkane hydrocarblomg, chain alkenes, alkane nitriles, fatty acid,

and alcohol.

Sewage sludge mixed with rapeseed was reporte@ve the highest heating value at 34.8 MJ/kg
compared to other fractions and also decreasedisicesity of sewage sludge upper phase. It was
reported the 40% rapeseed increased the bio-dd giempared to the pyrolysis of sewage sludge

alone. The sulphur content was also found to bet@md the hydrogen content higher.

The co-pyrolysis of mixed wood and sewage sludgeroved some of the properties found in the
upper phase of wood bio-oil. The co-pyrolysis w6 mixed wood, increased the higher heating
value from an average of 17 to 31.3MJ/kg. It wasodbund to reduce the acidity of the bio-oil;

however the viscosity was found to be the highestrayst the upper phases. The changes in bio-oil

characteristics found with co-pyrolysis of 40% straere not very significant.

Beciden et al, 2007[111] performed a study on theolgsis on large samples (thermally thick
samples) of biomass residue’s. The author propasethvestigate thermally thick particles for
industrial fixed bed thermal conversion of biomassindustrial applications rarely use solid fuels i
the form of particles. The biomass residues ingastid for this study were brewers spent grainsg fib
board and coffee beans. These biomass residuesseleeted due to their relevance in agricultural
areas and where the intensive production of a pleay generate large amounts of wastes or by-

products.

The biomass residues were investigated under pisolgonditions using an in-house fabricated
macro-TGA. The study focuses on the temperatureheating rate dependence of the product yields
and gas compositions during pyrolysis. Two procedwvere investigated fast/high heating rate
pyrolysis (sudden introduction in a hot reactor)l atow/low heating rate pyrolysis (application of a

10 K/min heating rate at the walls).

The reactor used is a stainless steel verticalwitbean inner diameter of 0.1m and height of 1inis |
heated with five independent heating elements,aapiceheater is used to heat up the purge gas before
it enters the reactor. A suspension system holdsctfiindrical wire mesh basket which is then
connected to a Sartorious CP 153 precision balaflee. product gases were analysed by online

micro-GC and FTIR analyser.
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It was reported that an increase in pyrolysis taaipee increases the yield of gases, resulting in a
decrease of char and liquid yields which is in egrent to what is reported in literature. The gas
yields for biomass residues BSG and fibreboardegmed from 30-35% for all to 52-57 wt.%, and 65

wt.% for coffee waste.

The main gaseous products were CO and, @@h CO yield increasing 2-3 folds between 60GGE
900 °C. The study reported that the £&La product of the pyrolysis of cellulose and raattulose by

a path less favoured by increasing temperatureastalso reported that GHC, hydrocarbons and H
are minor components of pyrolysis gases, with, @ldld for coffee waste and fibreboard ranging
from 2.4wt.% at 600°C to around 6% at 900°C, and/i€lds increasing with temperature from 1.6
wt.% at 600°C to 5.2 wt.% at 900°C for coffee wa3tke researchers reported that at temperatures
between 825°C to 900°C the ¢elds are stable at 5.2 wt.% for coffee wasteresing moderately
from 3.9 to 3.6 wt.% for fibreboard and from 6.13® wt.% for BSG. The hydrogen yield was
reported to be a product of cracking and increabasgply with temperature from less than 0.5 wt.% at
600°C to approximately 1.1- 1.2 wt.% for BSG aniréboard and 1.7 wt.% for coffee waste at
900°C. As temperature increased there was defireted of decreasing char yield, with char yield
being fairly similar for all the residues testedeM fell from approximately 23 wt.% at 600°C to
approximately 17-19 wt.% at 900°C.

The researchers also evaluated the liquid yieldwe obtainable for the biomass residues at 600°C
and 900°C. It was reported that liquid yields waot the focus of their study, however the liquid
yield generated for fibreboard decreases from 4%vet 600°C to around 25 wt.% at 900 °C. It was
reported that trends concerning all the differewdpct yields are similar and the range of theltesu

is in agreement with literature.

The authors reported the gross calorific values\(J5&f the pyrolysis gases of the biomass residues.
The GCV of the pyrolysis gas increased with temjpeeabetween 600°C and 750°C to attain
approximately 19 MJ/kg for BSG, 15.7 MJ/kg for afwaste and 16.3 MJ/kg for fibreboard. For all
fuels investigated the higher the temperature feaebgas yield at the expense of char and liqui@ Th

high heating rate also promoted gas yield.

Roggero et al, 2011 [37] investigated a new typéimtermediate” pyrolysis technology patented
under the name Haloclean at Sea Marconi Technaadgi€002. The Haloclean reactor is an auger
screw design which has already been describeddnoBe?.4.2. It was claimed to be a new form of
pyrolysis process that is rapid and very flexisieterms of processing any kind of biomass such as

chips, pellets, and dusts up to 50mm wide, or ewettures of the materials.

The aim of this investigation was to pyrolyse sabdifferent biomass residues to obtain product

yields with the main interest focusing on bio-odsd to carry out physio-chemical characterisatibn
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the oils. The biomass residue samples tested iadluapeseed, olive and sunflower residues, residues
of coconut and nuts, beech wood, residues fromfir@eiuction, wheat straw, rice husks and pomace.

The yield and composition of the bio-oils, char ayas produced depended on the nature of the
feedstock and process conditions such as the tamoperand residence time. The researchers reported
that most of the oils produced were suitable ftrezidirect co-generation or for fuels after refoi

The researchers reported that any form of biomasde used as a feedstock for pyrolysis; this ean b
seen in the Table 2 below illustrating the prodyietds obtained along with operating temperature

and feed rate.

Table 2 Product yields and distribution of varidesdstock’s [37]

Yield, %

Biomass type Feed, kg Temperature, °C Coke Liquid Gas
Wheat straw PS ~ 151t 450 50 30 20
Rape residues PS 1292 450 38 45 17

550 25 50 25
Olive stones PS 169 450 30 47 23
Rapeseeds PS 611 450 33 47 10

500 15 52 33
Beech wood PS 149 450 23 56 21

500 21 57 22
Rice husk PS 86 450 41 41 18
Coconut LS 13 450 34 . 7. 14
Rice bran LS 3 500 20 38 42
Brewers grain LS 2 450 23 51 26

Table 3 illustrates the compounds found in pyralysils produced at 450°C by GCMS, as peak area
percentages.
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Table 3 GCMS analysis of bio-oil produced using the Haloclean [37]

Aston University

Hlustration removed for copyright restrictions

It was reported that the oils obtained were fairly similar and share common features, having a dark
appearance with a particularly strong smell of carbonized organic material. The oils were found to be
acidic and in most cases highly viscous. GCMS analysis reported that each oil composition differed
widely which can be seen in the Table 3 above. The variability in results for the bio-oils obtained is

dependent on the nature of the feedstock to be treated.

Mullen et al [112] investigated the production of bio-oil and bio-char from corn cobs and corn stover

by fast pyrolysis within a bubbling fluidised bed of quartz sand at 500°C and at a feed rate varied
between 1 and 1.6kg/h. The reactor section was reported as 3 inches in diameter, with 2 cyclones fc
bio-char collection and separation followed by a series of condensing canisters maintained at 4°C
Bio-oil and bio-char produced from the fluidised bed reactor were characterised for energy and soil

amendment properties.

The author reported corn stover to be the largest quantity of agricultural crop biomass produced in the
United States at 23 Mt per year, and claimed its suitability as a biomass feedstock for bio-fuel
production. One of the concerns for the harvesting of corn stover from fields is that it could have an
impact and effect on the soil quality, nutrients and available water, which can increase water run-off
and soil erosion. It was suggested that bio-char application to these soils can be a potential solution t

these problems, and could enhance the soil quality as well as sequester large portions of carbon. Tt
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use of the bio-char can release some of the ntarienginally found in the biomass and can be
released back in the soil. The high absorbent eatfithe bio-char can increase the soil's ability t

retain water, nutrients and agricultural chemicals.

The bio-oil yield from corn crop residue feedstoglis approximately 60%, with a heating value
around 20 MJ/kg confirming that oil had a greatsgrgy density of biomass feedstock reported 20-32

times making storage and transportation of bieadier.

The bio-char was reported to be a potentially valigoil amender because of the mineral nutri¢nts i
contains from the original feedstock. These impuartaineral nutrients such as K, P, Ca and Mg
concentrated in the ash act as good absorbentagriwlltural chemicals. It was also reported that
bio-char had a heating value between 21-30 MJ/kbveould serve well a renewable solid fuel as it

compares well to some natural coals.

Asadullah et al, 2007 [113] investigated the chirdgation of Bangladesh based bagasse for
pyrolysis to produce bio-oil. The objective of theiork was to produce renewable liquid fuel (bio-
oil) from locally produced bagasses by pyrolysisaifbatch feeding fixed bed reactor. The author
reported approximately 7.3tons of can-sugar is gpeed per year in Bangladesh, with about 21
million metric tonnes of bagasse being produced hg-product per year. Part of the bagasse is used

for steam power generation for the sugar industtly the rest used for energy in unorganised sectors

Raw bagasse was obtained from the sugar industtydaed in sunlight to obtain moisture content
less than 10 wt.% and then analysed for proximate wtimate analyses. The result indicate that
bagasse has carbon of 49 wt.%, hydrogen 6 wt.%gex9 wt.%, nitrogen 0.2 wt.%, chlorine 0.05
wt.% and sulphur 0.05 wt.%. Proximate analysis shole fuel has high volatile matter ranging
between 68-70 wt.%, fixed carbon 28.7-31wt.% witpid¢al higher heating value (HHV) of 19.2
MJ/kg and a low ash content of 1.26 wt.%. The fuak prepared to undergo pyrolysis as it was
crushed using a crushing machine to particles ofia0.5-1.0mm in particle size. The author reported
that the thickness of the of the particle has apomant role in the surface are per unit weight,
indicating that the lower particle size the higtiex surface area which leads to the high heatferans
rate from the outer surface to the centre of thiighes. Overall the fuel composition was foundh®
comparable to that of some woody biomass in terindemsity and energy content giving clear

indication that bagasse can be used for the prmsfuct bio-energy.

A laboratory fixed bed batch scale reactor was deegbyrolysis constructed of stainless steel with
dimension of 50cm in height and 10cm inner diamefg@proximately 200g of bagasse was fed in
batch inside the reactor with, s the purge set at 200ml/min which was passed fhe bottom of

the reactor to the top. The experiments were peeddrat different temperatures ranging from 300 to

600°C. The temperature was increased at the ra®0uC/min. The purge vapour and pyrolysis
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vapours formed during the pyrolysis process aresqmhshrough the reactor and escape at the top of
the reactor and through two condensers. The foetlenser is cooled with tap water reducing the
vapour temperature to 60°C and the second condémsayoled with the circulation of ice water
mixed with NaCl using a small pump reducing the gemature to -5°C. The liquid products were

collected in conical flasks beneath each condemstr permanent gases collected in gas bags.

The effect of temperature on the product distrifoutivas investigated and was found that at low
temperatures of 300°C where the decomposition afagse just starts, the quantity of liquids
produced and collected in both collectors was \@myas was the gas yield. Most of the carbon in the
bagasse was found to have been converted to ctids aémperature. It was reported that the yidld o
bio-oil increased as the temperature increasedd@@& however the total bio-oil yield decreased
above 500°C with further increase of the tempeeatiihis was due to secondary cracking of the
pyrolysis vapours to lower molecular weight orgapmducts such as CO, GOCH, and other
gaseous hydrocarbons. Char yield is reported ta Ihenction of temperature, as the temperature
increased from 300-450°C the char yield decreakedys The author reports that at low temperature
(300°C) the secondary cracking and cracking of laisenderived high weight molecules is difficult
and usually proceeds at temperatures usually ad@@&C. Thus the yield of char in this process was

very high at 300°C where cracking of high molecwaight compounds did not take place.

The bio-oils were analysed and found comparableat@ous grades of pyrolysis oils, containing
organic acids, the pH was found to be around 3db48. The other impurities found in the bio-oll

was found to be comparable with other reported vaoitk was found it can be used as a liquid fuel.

3.1.2 Biomass pyrolysis vapour upgrading studies

Hornung et al, 2009 [34] conducted a study to imm@et a low temperature (420-490°C) reforming
unit containing a commercial pre-reforming catalysi1-PR) on a nickel (Ni) basis downstream of a
Haloclean intermediate pyrolysis unit. The aimho§twork was to achieve an enhanced heating value
of the pyrolysis gases. Much of the focus of thimkmvas to produce a gas quality that was suitable

for use in power generation.

The biomass feedstock used in this study was wéteaty in pellet form. It was reported that the
pyrolysis of wheat straw at 450°C by means of Halme intermediate pyrolysis leads to 28% char,
50% condensate (bio-oil) and 22% of permanent Thas.bio-oil was found to have separated into a
water phase and an organic phase. The organic pleesa liquid but not homogeneous and contained
viscous compound. These compounds overtime coulgmeosize with age due to the phenolic
components and can lead to solid tars which casecpast processing problems. The authors reported
that this is also typical of other lignocelluloditomasses and could lead to solid tars at room

temperature.
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The authors stated that these difficult components could be converted into lower alkanes like methan

as well as hydrogen and carbon oxides in a sequential low temperature reforming unit after the
pyrolysis step.

The authors claimed that such a process with temperatures below 500°C is attractive compared t
simple gasification which needs temperatures of about 800-1000°C.

Aston University
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Figure 21 Haloclean Pyrolysis (Intermediate) and LT reforming experimental setup [34]

Downstream of the Haloclean reactor two flow paths are possible, one with a catalytic reforming unit
followed by a condensation unit, the other with an identical condensation unit but no reformer as is
illustrated in Figure 23.

Wheat straw pellets was pyrolysed at 450°C at a flow rate of 40g/min, with solid phase residence

times from 1 to 10 minutes and a gas phase residence time of approximately 2 seconds.

Two identical studies were performed, one without catalyst and one with catalyst. A total feed of
1.6kg of biomass was used in each 40 min run. The space velocities of the reforming reactors wert
altered by varying the amount of catalyst used from 310g to 700g as well as by varying the nitrogen
flow through the Haloclean reactor from 0.75 to 1.7¢hnThe catalyst was activated with a 15 vol%

hydrogen/nitrogen mixture in advance as NiO is inactive and required to be activated to Ni.
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Figure 22 Comparison yields from measurements arithwithout catalysis (700g catalysts, LT reforming
temperature 450°C) [34]

Figure 22 shows a comparison of the product yielidls and without catalyst. The condensate yield
collected with catalyst was about 33 wt.%, compawéth 50 wt.% without catalysts. The pyrolysis
gas Yyield rose to more than 32 wt.%. As the catagtivity began to decline, the condensate yield

rose to over 40 wt.%.
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Figure 23 Determined flow rates of the pyrolysisemwith and without catalysis after the condeorg{r00 g
catalysts, LT-reforming temperature 450°C)][34]

lllustrated in Figure 23 are flow rates of the pysis gases after the condensation together wih th
flow of nitrogen. It was reported that the pyrol/gias flow increased with the catalysts compared to
without catalysts from 0.47 ¥ to 0.74r¥h, an increase of 58%, together with a sharp as@én
heating value of the gas. The best measuremehedidating value obtained with catalysts was about
5.1 MJ/mi, which is a factor of 1.64 higher than withoutatgst and is equivalent to 22-24% of the
heating value of biogas (21.5-23.5 M3yras well as 15% of the heating value of the meth@%
MJ/nv).
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It was reported that with catalyst hydrogen contents increased to 14 vol¥co@ntration between
15-20 vol%, with CO concentrations about 5-7 vol% and methane about 12 vol%. An increase in CO
was detected and this was attributed to decarboxylation reactions. The gained heating value i

attributed to the formation of J-HCO and Cl, through the use of catalysis.

The authors reported that the wheat straw contained some level of chlorine and was present in th
pyrolysis gases post reforming, and this was responsible for the loss of activity and poisoning of the
catalyst with time rather than coking. This was a new finding in the study as much of the chlorine in

wheat straw was expected to be bound in inorganically and be transferred to the char.

Chidi et al, 2012 [114] investigated the production of synthesis gas using a two-stage continuous
screw-kiln reactor. Waste wood and sawdust was used as the biomass with the objective to catalyti
steam reform the pyrolysis vapours and oils within a second stage fixed bed reactor containing Ni
catalysts. The first stage of the system utilises a horizontal screw kiln pyrolysis reactor (54cm long x
6.2cm diameter) where biomass was pyrolysed. The reactor is constructed of stainless steel and
heated by an electric furnace to achieve a maximum temperature of 500°C with a heating rate of
40°C/s. The second stage comprises a fixed bed catalytic gasification/steam reforming reactor (26c¢n
high x 2.5cm diameter) constructed of stainless steel and with a maximum fixed operating temperature
of 760°C. See Figure 24 below.

Aston University
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Figure 24 Schematic of continuous feed screw-kiln pyrolysis-gasification/catalytic steam reforming
system [114]
Pyrolysis took place in the screw-kiln reactor with the biomass (waste-wood) being transported with
the motion of the screw reactor at (0.24 kg/h) with a solids residence time of 40s. The evolved
pyrolysis gases were then transported via nitrogen purge to react with steam and either of the fou
nickel based catalysts within the second stage fixed bed vertical reactor, a process similar to catalytit

or steam reforming. Solid char was collected in a solids collection pot.
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The four nickel based catalysts investigated weif@/GeQ/Al,O; (20 wt.% Ce@), NiO/Al,O; and
NiO/SiO; (denoted as NiO/SiO(a)) prepared by a sol-gel method. The catalysteeveynthesised
using the wet impregnation method using an aquemhgtion of (Ni(NQ),.6H,O), an aqueous
solution of Ce(NG@),.6H,O (for the NiO/Ce@AIl,O; catalyst) and two supportg-Al,0; and SiQ).
These were dried overnight at 105°C before calicinatt 450°C for 3hours in an atmosphere of air. A
further catalysts NiO/SiQcatalysts (20 wt.% Ni) (denoted as NiO/gi®)) was prepared using a
different preparation method (modified sol-gel-noeth

The catalysts were ground and sieved to sizes lketw® and 18dn. The catalysts surface area was
measured using the Brunauer, Emmet and Teller (BE€hod via nitrogen adsorption. The
adsorption and desorption isotherms were obtainednéasuring the quantity of gas absorbed or
desorbed on the surface of the catalysts sampleastant temperature over a wide range of relativ
pressures. The BET surface areas were measuredar@ncs follows; NiO/AO; is 147n?f/g,
NiO/CeQ/Al,05is111 nf/g, NiO/SiQ, (a) 136 riYg and NiO/SiQ (b) 765n/g.

Approximately, 5g of catalysts were used in eagbeexnent. The results indicated that the presence
of catalysts increased the yield of syngas, ini@agr hydrogen. The liquid content in the condense
system was a mixture of mostly water and pale yeltoloured oil. The quantity of the liquid yield
had decreased indicating an effect of the catatystsracking the pyrolysis products to produce more

gases.

The studies also suggested the catalyst with thkelt surface area NiO/Sib) (765 ni/g) and
prepared by the sol-gel method was found to gemdiat highest gas yield of 54 wt.% and the
NiO/SiO, (a)prepared by the incipient method yielded a logas yield of 49.8 wt.%. This is an
indication the different preparation of catalys#s lan effect on surface area and the catalytigitycti

The authors also reported that flamentous carbasm detected on the NiO/A&); catalyst.

Gas compositions for the four different catalystdidated a significant increase in the product gas
yield and compositions. Hand CQ compositions increased while CO and ,Cik$ well as &C,
compositions decreased. The introduction of catalpsl steam indicates the promotion of the water

gas shift, methane and steam reforming and taC{reforming reactions.

The gas composition for each of the four catalietéed were in the range of H8.2-44.1 vol %, CO
29.9-47.5 vol%, C911.6-17.5 vol%, CH5.5-14.5 vol% and £C, 2.8-8.2 vol%. The results show
that catalysts NiO/AD; and NiO/CeQAl,O; appeared to display the most activity towards H
production as well as CHand G-C, hydrocarbon gas decomposition. This indicates that Ni
catalysts have been effective in promoting fornmatimf hydrogen and tar decomposition post
pyrolysis at 500°C.
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Sanna et al 2011 [115] investigated the pyrolysisteeat and barley spent grains between 460°C and
540°C using an activated alumina bed. The studyudes on low temperature pyro-catalytic
conversion of spent grains into low oxygen contajnbio-oil and high nitrogen containing bio-char
using alumina catalysts. Spent grains were obta&seldy-products from a pilot scale brewer at the

University of Nottingham.

Wheat and barley spent grains (referred to as W&GBSG henceforth) were analysed for both
proximate and ultimate analysis and was found e k@arbon content of 43.2 and 49.8 wt.%. The
calorific values reported for both fuels were 18M%kg and 18.55 MJ/kg for both WSG and BSG.
The author reported that BSG exhibits lower levelalatile matter 61.4 wt.% and an oxygen content
of 39.4 wt.% compared with WSG 75.2 wt.% and 45t8avBoth feedstock contained high nitrogen
content 4.5 and 4.1 for WSG and BSG, suggestirmjishattributed to the presence of proteins within
the sample. The presence of proteins 4.9 wt.% inGV&dd 6.6 wt.% in BSG may represent a
limitation towards fuel use due to the possiblessmin of nitrogen oxides, however the spent grains

were found to be rich in fatty acids showing 13 aidvt.% for WSG and BSG respectively.

Approximately 114g of alumina sand with an,@d content of 91% and a particle size between
250um and 355um was used in the fluidised bedaeastumina is reported to be a synthetic white
oxide of aluminium AJO; and has shown to be very active towards redueingrnid coke formation
during gasification. The pyro-catalytic setup corsgd of a pressurized injection system, a sample
chamber, a fluidised bed reactor, an electricatdreand a tar trap. The tar trap comprised 3 Dieshe
bottles 500, 250 and 150 ml in series with ice watkr to condense the condensable gases to bio-oil.
The reactor was 65cm in height with an internahditer of 4.1 cm, and a volume of 858.5°ch

total of 5g sample was applied and inserted inéordaction chamber for pyrolysis experiments and
were conducted at the following temperature: 460-820°C and 540°C. After each run the bio-oll
was collected in a vial, and bio-gas was colleateghs-bags, were weighed and then both stored in a

refrigerator.

The effect of temperature on the bio-oil yield WEG and BSG presented a similar trend due to their
similar composition of original materials. The maxm yield was obtained at 520°C with 53 and 49
wt.% for WSG and BSG. At 460°C the bio-char yieldsi20 wt.% while at 540°C the yield decreases

to about 15 wt.%, indicating that char yield dess=awith increasing temperature.

Pyrolysis reactions with the presence of alumingaid to be shifted at low and moderate temperature
in that it maximises the yield of the bio-oil comgd to that of non-catalytic reactions. The chaidyi
was also reported to decrease with increasing teafype due to secondary decomposition reaction of
char residue enhanced by the presence of acid isitéke alumina sand at high temperature,
maximising the gaseous yield due to acid crackmmgppally C-C bonds due to their low bond energy

and also due to secondary reactions including thlecracking, re-polymerisation and condensation of
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the char residues. The oils produced were charsetefor proximate and elemental analysis. The
moisture content of the oils was found to be higiging from 11 to 16 wt.% for oil from WSG and
17-21wt.% for BSG oil. The volatile matter showedlaht decrease with increasing temperature
whereas the fixed carbon tended to increase. Tiphwucontent was very low for all the bio-oils as
the ash content was virtually absent. The carb@haxygen content ranged from 50% to 53% and
from 31% to 37% respectively. Also 5-6% of hydrogerd 6-9% of nitrogen was present in the bio-
oils. The energy content of the bio-oil varied bedw 22 and 26 MJ/kg for bio-oils was higher at
460°C compared to 520°C, the oxygen content waen@t460°C than 520°C however higher yields
were reported at the higher temperature. The isergaenergy content in the oils as compared to the

original feedstock is approximately 35%.

The oxygen content in the oils was found to beiigantly lower than the feedstock’s, indicatingth
pyrolysis process has partially deoxygenated tloenass. The author reports that the O/C ratios at
460°C was found to be the lowest for both samplesstigated suggesting that at lower temperatures
may favour and enhance deoxygenation. The H/C m@aos of the bio-oils indicate that the
hydrogen level decreases with increasing tempexrdfws high temperature favour's dehydrogenation

perhaps due to increased cracking reactions.

The bio-chars were found to have a high nitrogentestt 13-19 wt.% and tend to increase with
decreasing temperature. Also the amount of nitragehe bio-oil is lower at 460°C compared to 490
and 520°C. Therefore pyrolysis at low temperataass be considered for its effectiveness on bio-oil
quality improvements in terms of nitrogen reductitdoreover bio-chars rich in nitrogen might be
used as soil amendment, and possibly for carbomestmtion. As a result pyrolysis at low
temperature could be used to reduce the nitrogeh ¢ spent grains producing bio-chars and bis-oil

with enhanced quality.

Blanco et al,2012 [116]investigated the pyrolysisification of refuse derived fuel (RDF) using a
two stage reaction system. RDF is derived from wipal solid waste (MSW) with removal of
recyclable glass and metals. The properties of RBFe analysed for both proximate and ultimate
analysis. A low moisture content of 7.3 wt.% wapomrted but a relatively high ash content of 15
wt.%. The volatile matter and fixed carbon wereorégd to be 67.5 wt.% and 10.2 wt.% respectively.
The ultimate analysis (dry ash free basis) reportarbon content of 42.7 wt.%, hydrogen 6.1wt.%,
oxygen 32 wt.% and nitrogen 0.5 wt.%.

Two nickel catalysts with different weight percages (5 wt.% and 10 wt.%) were prepared by an
impregnation method and investigated for theiruefice on tar and aromatic compounds as well as
the product gas yield using sand at gasificationperatures. The authors were interested in onleeof t

major issues of the process which is the formatibtar as it can significantly reduce the qualify o
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the gas produced. The formation pathway for tliferdint types of tar as function of temperature is
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depicted in Figure 25.
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Figure 25 Pathway tar formation as a function ofgierature [117]

A two stage fixed bed pyrolysis-gasification react@s used. The pyrolysis reactor was constructed
of stainless steel having a length of 25cm andameter of 5cm. The gasification reactor, also
constructed of stainless steel, was 35cm in leagth2.5cm in diameter. The pyrolysis reactor was
the upper part of the reactor and the catalytidgfigaon the lower section. Both were housed in

separated electrically heated furnaces. Approximdateddg of RDF was used within the pyrolysis

reactor (first stage) purged with nitrogen, and ekielved pyrolysis vapours were directly passed to
the second stage reactor over the nickel catadysiut 0.5g at 800°C) with steam being introduced.

This allowed the vapours formed from the first stégbe gasified in the second stage.

The results were compared with experiments condugting a bed of sand with and without the
presence of steam. The char yield was approxim&tewt.% and the conversion of RDF to gas and
liquid was approximately 69 wt.%, with gas prodagtincreasing from 25.40 to 34.71 wt.% as the
gasification temperature increased from 600 to 80Migher gas yield was achieved when the Ni
(Ni/AI ,05) content of the catalysts increased from 5 wt.%Qavt.%, rising from 30.85 wt.% to 45.89
wt.%. The hydrogen content in the product gas wasuti32 vol% for 5 wt.% and reached
approximately 45 vol% for 10 wt.%. When sand wasdui place of a catalyst bed, the tdolar
fraction increased from 18.70 vol% to 31.61 vol%l &0 concentration decreased from 27.09 vol%
to 18.15 vol% when steam was added at 800°C. Owbea addition of a bed of nickel catalyst
increased the hydrogen content, £dntent increased slightly whereas the methane Gr@,

concentrations were decreased and the CO condentramained constant.

The major tar compounds identified were indene, httemdene, methylnaphthalene, biphenyl,
acenapthylene, fluorine and phenanthrene. These b@en identified as tar compounds in different

thermal processes such as pyrolysis and gasificaticdooth biomass and wastes. It was found that
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lower gasification temperatures of 600°C promote fiormation of oxygenated compounds and at

higher temperatures aromatic compounds are formed.

Evans et al, 2002 [118] were investigating the pobidn of renewable hydrogen from agricultural
residues at a comparable cost to existing methefoeming technologies. The authors of this study at
NREL had originally began development of this w(islomass to hydrogen) in 1993 with the concept
of producing pyrolysis oil and fractionating it intwo fractions based on water solubility. The auh
identified two pathway strategies whereby biomeaes loe converted to hydrogen thermochemically
with the first using gasification followed by shifbnversion and the second, fast pyrolysis of besma
followed by catalytic steam reforming and shift eersion of specific fractions. The authors of this

study investigated the latter route.

The process begins by converting biomass into wdigroduct (bio-oil) using fast pyrolysis which
can be stored or further converted to hydrogencaalytic steam reforming followed by a shift
conversion step. The authors claim that this metteu be cost effective for hydrogen production
using biomass of either agricultural or forest wrigBio oil has two fractions, and each of the
fractions, organic or monomer rich agueous, cacdmverted using catalytic steam reforming, with

the authors concentrating on reforming the aquéacson containing the monomers.

The tests in this study were conducted in two sysfea micro-reactor coupled to a molecular beam
mass spectrometer (MSBS) and a bench scale fix@ditoe The bench scale unit comprised a reactor
(stainless steel tube) with 1.65cm i.d x 24.6cngiernwhich was housed in a tubular furnace with
three controlled heating zones. The reactor wakequhavith 100g of a commercial, nickel based
catalyst (particle size 2.4-4.0 mm). Steam was ig¢ee in a super heater and was introduced by
nozzles; to be mixed with organic feed from a dragim metering pump sprayed using nitrogen. The
products formed were passed through a condensgtharpermanent gases output was recorded. The
bio-oil and its aqueous fraction were prepared BREN using fast pyrolysis of Poplar. A poplar oil
generated by fast pyrolysis in the NREL vortex teacsystem was separated into aqueous
(carbohydrate derived) and organic (lignin derivigdgtions by simply adding water to the oil with a
weight ratio of water: oil =2:1. The aqueous franti(55% of the whole oil) contained ca. 20%
organics and 80% water. Most catalysts used waglisdg by industry such as United Catalysts, Inc.
(UCI) G-90 catalysts (and its K20 promoted verdi®1) and a dual catalysts bed of 46-1 and 46-4
from ICI Katalco. Two research catalysts were pied by the University of Sherbrooke (UDeS,
Canada) and by the University of Zaragoza (UZ),ilspBhe UDeS catalyst was a steam reforming
catalysts containing NiO, @bs;, MgO, La0; and AbOs;. UZ catalyst is a stoichiometric nickel

aluminate of a spinel lattice structure, with 209@Neplaced by MgO.
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Catalytic steam reforming experiments were conaliater00°C initially with the objective of finding
the best performing catalysts and operating cantitifor steam reforming of oxygenates. All of the
catalysts tested were reported to be capable ofessfully reforming the model compounds
(cellulose, xylan and lignin) at high conversiondls (>99%). The Hyields for all catalysts and
model compounds were high, averaging approxima@elyo (£5%) of the stoichiometric value. No
catalyst was reported as being superior in thisstigation. Other parameters were investigated such
as catalyst bed temperature, molar steam: carlim naethane-equivalent gas hourly space velocity

and residence time.

Temperature was reported to have the most signtfietiect on steam reforming reactions. Varying
the residence time from 0.04s to 0.15s and inangasie S/C ratio from 4.5 to 7.5 showed no
significant effects on the yield of hydrogen unttez condition 60%C and gas hourly space velocity

GHSV — 1680 H however these affected the concentration of @Hhe product gas.

For tests conducted using the bench scale unit monghasis was placed on how to feed bio-oil or its
fractions into the reactor. Model compounds (methascetic acid 67%, syringe 16%, and m-cresol
16%, both separately and in mixtures) and biosshdle oil and its aqueous fraction) were used as
feedstock. The UCI G-90 catalyst was found to hevme carbonaceous deposits on the catalysts bed
after tests after taking the reactor apart. Thbaraconversion to gas was 96%, other catalysts asich
ICI Katalco showed excellent and steady performamitbout any carbonaceous deposits. The ICI
Katalco catalyst is used in commercial naphtharneifogy plants to reduce coke formation and extend

catalyst lifetime.

Steam reforming of bio-oil and its fractions wapaded to be a more difficult task than that of rlod
compounds, mainly due to feeding the bio-oil irite teactor. Vaporizing bio-oil is a challengingktas
as it cannot be totally vaporised as significanbants residual solids can cause blockage of the
feeding line. The poplar bio-oil prepared was fedcessfully at an inlet temperature of >500°C
together with superheated steam 850°C, and withiga hitrogen content. A very stable gas
composition and production rate was observed dfteurs, as well as satisfactory performance of the

ICI 46 series catalyst.

Aqueous fraction could be successfully fed usingpde nozzle spraying system. Excellent hydrogen
yields were reported as high as 86% with the p@tetat achieve 98% with a water-gas shift reactor.
Hence both catalysts can efficiently convert oxyges to hydrogen, with catalysts easily regenerated

by steam or C@gasification of carbonaceous deposits.

Qinglan et al, 2010 [119] investigated the catalyyrolysis of plant biomass using a dual-particle
powder fluidised bed (PPFB) aiming to produce argasin hydrogen. The authors aimed to achieve

this at low temperature and pressure.
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The raw biomass material samples used were chipsnef Alaskan spruce, tropical laun and rice
husks that were ground and sieved to less thanub®4150 mesh) in size, and dried at 375K in
vacuum for 2 hours to a moisture content betweéhr§2 wt.%). The authors had chosen commercial
NiMo/Al ;05 and inert Si@ for the solid bed, and these were also groundsénckd to 250-560 um

particle size.

The reactor apparatus consisted of a PPFB, temyperabntroller, and micro-feeder providing a
continuous supply of fine chip powder, product ecion system including a cyclone, two colds traps

and a gas bag.

Experiment duration was approximately 40 minutewliich the biomass powder was loaded into the
micro feeder, with the fluidising medium loadedairthe pyrolysis reactor. The reactor was fluidised
using helium and heated up to the desired temperatii723K at atmospheric pressure. Once the
desired temperature was reached the micro feedeldweed the fluidised bed reactor at a rate of
5g/hour. Initial pyrolysis experiments were congulcin the absence of catalysts to see the effect of
pyrolysis temperature on product gas yields. Tasults showed that as pyrolysis temperature
increased the vyields of low molecular weight prdduinicreased, yields such as I0G (Inorganic
gases), HCG (Hydrocarbon gases) and HCL (Hydrocatlquids) increase from 2.72%, 0.34% and
0.07% at 773K to 43.37%, 12.17% and 3.17% at 11T8®Was noted that bio-oil and char were the
main pyrolysis products formed with very little gaoduced. At increasing temperature the tar and
other components underwent secondary reactionshanee the production of low molecular weight

components.

The vyield of inorganic gases and hydrocarbon g&sB5.4% which accounts for 94.60% of total gas
and liquid products. Hydrogen is 1.38% at 1173K awdounts for 2.35% of total gas and liquid
product. High temperature pyrolysis favours tharfation of gas products but without catalysts the
production of hydrogen is low. BTXN (benzene- tolae xylene-naphthalene) usually derived from
fossil fuels are also value—added intermediate ymrsdformed during secondary reactions at high
temperature conditions. The study also observedirtbeease of BTXN produced from tar with

increase of pyrolysis temperature.

Under catalytic conditions using NiMo/&); and inert SiQ as the solid bed the vyields and
distributions of the pyrolysis products differ dratically. It was demonstrated that NiMo/® and
inert SiQ accelarates the decomposition of tar but also gee@mposition of BTXN. It was observed
that xylene had decomposed completely during tleers#ary reaction, toluene was minimised and
yield of inorganic gases increased significantlydkbgen yield (3.75 wt.%) is 8.3 times higher than

in the absence of a catalyst at a given temperature
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Therefore the presence of catalysts improved awothgied the production of hydrogen-rich gas
through secondary reactions. It was also obsevatdwoody biomass produced a higher hydrogen
yield than that of rice husks under the same opeyabnditions. The authors also commented on one
of the major drawbacks of the investigation of bém® catalytic pyrolysis, the rapid deactivation of

catalysts due to tar formation and carbon deposithe catalyst surface.

3.1.3 Biomass Gasification studies

A study performed by Erlich & Fransson, 2011 [1R8jestigated the downdraft gasification of pellets
made of wood, palm oil residues and bagasse. Ttiemureported that little gasification data is
available of ‘before disregarded’ fuels such asasugne bagasse from sugar/alcohol production and
empty fruit bunch (EFB) from palm oil production.ugh of their research was focused on improving
the performance and optimization of the gasifiewadl as testing different biomass fuels. They also
investigated the possibility of finding possibleessfor the product gases other than in an internal
combustion engine, such as liquid fuel production.

Pellets of wood, sugar cane bagasse and EFB werkinghe gasification experiments, with their

chemical compositions and heating values illustrateTable 4 below.

Table 4 Chemical composition & heating values eftiomass used in the gasification experiments[120]

Composition Analysis Biomass sort
method Bagasse EFB Wood
C (wtX dry) LECO-1 482+29 472+28 504+30
H, (wt¥ dry) LECO-1 6.1+05 6+05 59+05
N, (wt¥ dry) LECO-1 03+01 06+02 <0.1+£0.03
0, (wti dry) Calculated 443 382 433
Ash (wt.% dry) SS 1871 1.1+£0.1 79+04 03+01
71:1
S (wt.% dry) SS 1871 0.03+£0.007 012001 <0.01 £0.002
77:1
Cl(wt¥ dry) SS 1871 0.05 +0.01 046 £ 0.1 <0.01 £0.002
54:1
HHV (M]/kg dry SS-1SO 19.26+039 1935+039 2027 +041
substance) 1928:1
LHV (M]/kg dry SS-1SO 1793+036 1805+036 1899+038
substance) 1928:1

The wood has the highest LHV and HHV as well asltveest ash content, with EFB having the
highest ash content. EFB was also reported to ttevérigher concentration of sulphur and chlorine

which could potentially corrode equipment on a ltewgn basis.

The gasifier a downdraft type reactor operated withtion generated from a frequency regulated
centrifugal blower that allows air to enter theatea through three adjustable air nozzles fromian a

flow meter. The researchers in this study highkghthe importance of air nozzles being equally
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positioned with the combustion zone, placed directly by the air intake, where the gases are forcec
through a constriction zone (90mm) to the char zone where gasification reactions take place. The

illustration of the gasification equipment is shown in Figure 26.

Aston University

llustration removed for copyright restrictions

Figure 26 The downdraft gasifier system setup used in the experiments[120]

The constricted area concentrates the high temperature zone and favours tar cracking. The gasifier ur
did not have a conventional grate to support the bed, to prevent any ash sintering blockage that coul
lead to the obstruction of gases passing if high ash fuels were to be utilised. It is reported that many
gasifiers similar of this type have grid/bed shaking devices to avoid problems such as bridging and
fouling. In this design however the gases were allowed to pass through with much of the dust
entrained in the gas stream and then trapped in the filters. Pellets were also reported to perform bette

as they have a higher density than commonly used wood chips and provide better bed dynamics.

The gas was collected and cleaned in three steps by passing through a cyclone followed by two packe
bed filters trapping dust and ash, before it was then allowed to pass into a blower to be flared off. This
sequence also allows cooling of the product gases to prevent any temperature related problems. .
small gas stream supplies a GC after the blower for gas composition analysis. Each biomass fuel we
fed from inlets at the top of the reactor, and the char bed was pre-filled up to the constriction zone.

Both pellets and char were weighed before the experiment.

The researchers reported that stable combustible gas was obtained after 3-4 min for wood pellets, 5-

min for bagasse with EFB pellets being difficult and producing very little gas.
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Table 5 Average composition and LHV values of thedpict gases[120]

Pellet sort and diameter Volumetric gas composition (%) on dry gas Energy content
N, 0 H, (H, (0, LHV (MJ/m? dry gas)
Bagasse, 6mm 526409 23412 99406 28403 11409 50401
Wood, 6 mm 504417 ANERN 119+11 26402 99410 54403
EFB, 6 mm 533422 170409 135408 19404 145412 43402
EFB, 8 mm 550410 174415 129403 15402 137406 41402

Table 5 presents the average gas composition avet keeating value (LHV) of the dry product gases
for each biomass type and pellet size. Wood pratitiee highest LHV gas and EFB the lowest. The
larger EFB pellets gave a slightly lower LHV th&e smaller ones.

Wood pellets, 86 mm Bagasse pellets, 26 mm EFB pellets, 26 mm EFB pellets, 88 mm
Air Air  Air Air Air Air  Air Air
" ¥ [ ¥ N »/—
900-1100 °C 900-1200 °C 700-800 °C 700-800 °C
] [ ] [ ——— [ 1 —]

Constriction Constriction Constriction Constriction
1900 °C | 800 °C | 725°C 825°C
' 750°C [ 700 °C | 675 °C 650 °C
Char bed Char bed Char bed Char bed
v Gas v Gas v Gas v Gas

N2 CO H2 CH4 CO2 N2 CO H2 CH4 CO2 N2 CO H2 CH4 CO2 J|N2 CO H2 CH4 CO2
513 264 110 24 92 530 234 94 28 115 509 166 147 21 155]|542 188 127 15 133

Figure 27 Typical vertical gasifier temperaturefipes for the different fuels and respective drympmsition
[120]

The authors also reported that the gas compositaandirectly related to the reactivity of the biama
types, which affects the temperature level in thgifgcation reactor. A more reactive fuel giveshag
temperature levels and a richer gas whereas adassive fuel gives lower temperature levels and
more N in the product gas. This is illustrated in Fig@ie

From the same figure it can also be observed tigatemperature profiles seem to have a large impact
on the gas composition. The bagasse and wood tatoperprofiles are similar and their gas

composition is also relatively close.

Olgun et al, 2010 [121] investigated a small sclmendraft gasifier system that used agricultura an
forestry residues, specifically hazelnut shells amdodchips. The gasifier was designed and

constructed with a throat to achieve gasificatiothviower tar content. The setup consisted of a
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throated downdraft fixed bed gasifier capable dfdlfeeding capacity, an ignition unit, cyclone, and
a gas cleaning system, a flare and a data recouiitg Air was used as the gasification agent,civhi
was supplied by an air blower with an electricakonghat can generate up to 12&mmmaximum air

flow-rate.

Much of the work focused on the design and constmiof the reactor and equipment, which was
constructed of 3mm thick stainless steel. It measar diameter of 300mm and the throat diameter at
100mm, with the gasifier height 1095mm and thragight 200mm. A lid at the top of the reactor
connected with 8 hinges around the gasifier wad ts@revent any gas leakages. The reactor design
also comprises of an air jacket located near tag#sfier combustion zone, primarily to allow the a

to be heated at ambient conditions before entetieggasification combustion zone through 3 air
nozzles. The producer gas leaves the throat ateangeratures above 900°C; this promotes a low tar

content product gas.

A cyclone constructed of stainless steel was usedrhove the particulates that may be presenten th
gas stream. The ignition system located at thénkgt has a LPG cylinder and an ionization burner
with a capacity of 2.5 kW. The gas cleaning systemsists of a cooler, a scrubber and a filter bed.
The product gas is initially cooled with water iouniter current flow using a cooler column before it
IS brought into contact with biodiesel in the sdyebto remove any tar components in the gas. A
perlite-bed column was used to adsorb the remaiaingnd moisture from the product gas as well as

filtering fine particulates.

The woodchips were in the size range 10-30mm ardlhat shells 5-10mm. The hazelnut shells and
woodchip were subjected to proximate and ultimatelysis. Hazelnut shells were found to have
about 55% more fixed carbon than wood chips onyabdsis while the wood chips have higher
volatile matter content, and have a higher heatiaye than hazelnut shells. The gasification
experiments were reported to have run smoothlyowitlany major problems with either the hazelnut
shells or woodchips. No problems such as gas leakagagglomeration problems occurred in the

gasifier. All tars present in the product gas baddensed within the gas cleaning system.

The gasification results were obtained after atbowt duration for a batch of 10kg of woodchips. The
gasifier reached a temperature of 1000°C in thebemtion zone within 10 minutes of operation and
stayed below 1200° C. The product gas heating waltien the first 30 minutes had reached about 5
MJ/Nn? and had gradually decreased to less than 1MJ/Nime results for the gasification of

hazelnut shells were comparable to those obtaioesvéodchips, with the highest heating value of
5.5 MJ/Nni achieved at an equivalence ratio of 0.35. Thewadgmce ratio is defined as the actual
oxygen to fuel weight ratio divided by the oxygerfuel ratio stoichiometrically needed. The product

gas composition obtained at the highest heatingevahd carbon monoxide as the major combustible
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component at 20-24%, hydrogen at 12-13%, methaBetét, carbon dioxide at 11-14% and oxygen

less than 1%. Product gas composition was foute acceptable between ER 0.25-0.4.

The tar levels were quantitatively determined bduivas observed that hazelnut shell gasification
produced more tar than woodchips gasification. Hawe¢he researchers had identified that fixed bed
batch operated throated downdraft gasifiers aralslei for biomass gasification, which can also be

upgraded for continuous operation.

Sheth & Babu, 2008 [122] carried out gasificatioperiments in a downdraft biomass gasifier with
waste generated while making furniture in the caimye section of the institute’s workshop.
‘Dalbergiasisoo’ also known as sesame wood or vesed is the material usually used in making
furniture. The waste generated from this same rnadtes used as the biomass material in the
gasification studies. In general the waste is Ugwesled for either direct combustion or sold totgiot
makers at a cheap rate to fuel their kilns as ppotteaking is an energy intensive process due tb hig
temperature requirements in the kiln. The drawkafcthis is the poor control of temperature in the
firing kiln and the high amount of ash and emissiohhe researchers proposed that using biomass
gasification technology can avoid these issuesesatliated the performance of the gasifier in terms
of equivalence ratio, producer gas compositionprifid value, gas production rate and cold gas

efficiencies.

The total height of the Imbert type downdraft gasitised in the study was 1.1m; the diameter of the
pyrolysis zone was 310mm, diameter of the reduamme 150mm. The height of the reduction zone
is 100mm and the oxidation zone is approximaten®3 The pyrolysis zone height was dependent
on biomass loading. The reduction zone, loadeld ghtrcoal of approximately 500g, is supported by
a rotating grate located at the bottom of the gasiAsh produced during the gasification process i
collected and removed by using a rotating graterléw unclog the grate. The grate if moved regularl
during gasification can avoid grate clogging andcemage bridging of biomass thus allowing the
biomass to undergo gasification. Air is introdudetth the biomass gasifier through a gate valve at a

constant flow rate (measured using a rotametereatets the gasifier through air nozzles.

The biomass consumption rate was found to be frdid 3.6 kg/h when air flow rate was varied
from 1.85 to 3.4rih. The effects of moisture content present indioenass was varied from 4% to
12% and was reported that as the moisture comergased the biomass consumption rate decreased
with the energy requirement for drying increaseduceng biomass pyrolysis. Moisture content was
reported to have an effect on the operation ofgasifier and the producer gas with the authors
reporting that the upper limit acceptable for a ddvaft reactor considered being around 40% on dry
basis. It was reported that as the air flowratedased the biomass consumption also increased,

allowing more oxygen to oxidise the higher amourttiomass would get combusted.
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Carbon monoxide and hydrogen were reported as thie gas components of the producer gas
resulting in a higher calorific value. It was fouthdt at an equivalence ratio of 0.17 the calorifitue
was approximately 4.5 MJ/Nhwith a slight increase 0.205 the calorific valuaaiees a maximum of
6.34 MJ/Nm. A higher equivalence ratio than 0.205 the calonfalue decreases steadily, which

signifies a higher air flow rate for a specific tviass consumption rate.

The process of air biomass gasification was ingatd by Plis & Wilk, 2010 [123] in this study
using an auto-thermal fixed bed updraft biomasdfigasn order to produce a fuel gas suitable for
small scale co-combustion systems. The gasifier seamected by a pipe with a water boiler fired
with coal. The syngas obtained in the gasifier s@splied into the coal firing zone of the boiledan
co-combusted with coal. The authors stated thatnthgor drawback of the updraft gasification
process is the high amount of tars resulting froemgrocess, but this problem if of less importaifice
the syngas is immediately combusted in a boilee fains in this case may be an advantage in the case

of immediate combustion of the obtained syngasstoker boiler because of its high heating value.

The authors in this study also conducted theodetegguilibrium calculations to predict the
composition of the syngas and its calorific valaking into consideration the biomass composition,
fuel moisture content, air ratio, gasification teargiure, and external heat losses from the rediher.
model was based on four different biomass woodtsltape straw, corn straw and sunflower stems;
however any biomass fuel can be carried out ifpteximate and ultimate analyses are known. The
model mainly used for theoretical investigationswaso able to estimate whether the residence time
of the reactants inside the reactor was able teewehequilibrium. The author has made a more
detailed analysis of this theoretical approach, én@x for the purpose of this review it will not be

considered.

The experimental investigation was carried out gigimo kinds of biomass wood pellets, and oats
husk. Both biomasses were cylindrical in shape waittiameter of 6mm and length 10-30mm. The
gasifier system was designed and built from foudindyical segments lined with refractory rings

having an internal diameter of 0.25m with a totaight of 0.60m and having a maximum loading

capacity of 20kg wood pellets.

Biomass was fed from the top of the reactor andvas supplied and fed from the bottom which was
supplied from a blower and measured by a flow mé&the experiment began by firing and heating
the boiler until it reached steady state, the gasi$ then fired up and takes approximately 2 bdar
reach experimental temperature. A syngas genevedsr placed on a scale to measure the mass
decrement of gasified fuel. The syngas samplingtpoeas located at the outlet of the gasifier where
the syngas is collected and cleaned by a systdiiltev and then supplied to CO and &halysers.
Both feedstocks’s had fairly comparable lower heatialue 17.7MJ/kg for wood and 16.3MJ./kg for

oats husk with very low ash contents between 1-2.6%
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The influence of excess air ratio on syngas contiposivas investigated at an excess air ratio 09.0.2

It was found that the molar fraction of CO angwkre within the range of 23-29% and 5-9%. The
author reported that the higher amounts of air idexV into the gasifier caused a high molar fraction
of CO in the syngas and was confirmed by theoretiakculations using their model. The moisture
content in the fuel was said to have greatly affiédhe operation parameters of the gasifier and the
composition of the syngas. A temperature drop waschinside the gasifier which is heat needed to

evaporate the moisture, which influences the quafithe syngas.

Three moisture contents were investigated for adases at 7%, 13% and 16% and was reported that
the moisture content in the biomass was not faveratfluencing change in the composition of the
syngas between molar fractions CO and,CEor dry biomass the cold gas efficiencies (CGE)

exceeded 50% while with wet biomass gasificatien@GE dropped to 40%.

3.1.4 Biomass Gasification, Steam reforming and caliytic conversion

The researchers in this study Okamoto et al, 1924][investigated direct conversion of brewers’
spent grains to gas in the presence of a catadysy @ batch-type laboratory scale reactor. Thangra
were produced by Asahi breweries, and had a higlstore content of approximately 77%. The

reactor operated at 350°C and 18Mpa, and a nicltalyst was used (NI-3288).

The composition of the gas produced was 49-50%ocadoxide, 33% methane, and 14% hydrogen.
The researchers reported that the conversion oft gpains is a good means of producing energy, and
forecasted that catalytic gasification of spentirgfar energy production is a promising method of

treating spent grain in the future.

In this study performed by Steele et al, 2011 [1BB&]authors were primarily concentrating on the us
of catalysts for the efficient clean-up of biomassification gas, as this is a major barrier préugn
commercialisation of this technology. The formatioh tar during the gasification process is a
limitation and the use of catalysis technology Ellvguited to the efficient clean-up of tars theg a
formed in the product gas. However one of the erohallenges with catalytic tar reforming of raw
bio-syngas is the potential to deactivate catalygiscarbon deposition and poisoning with sulphur

and other inorganic impurities.

There has been much work [126-130] that has coratedt on the use of relatively cheap catalysts
materials such as dolomite/olivine and supporteielibased catalysts. Other work [96, 99, 102, 103,
106, 116, 131] has looked at attempts to improekeatibased catalysts on different supports such as
Ni on alumina or silicate/spinal with alkali proraot These attempts are only partially effective in
reducing tar to acceptable levels due to poisobingi,S, alkali and chlorine containing compounds.

Therefore in this study rhodium (precious metahlyst) recognised for its S (sulphur) tolerance as
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well as resistance to carbon was investigated. diimeof this work was to assess and compare the
relative effectiveness of catalytic conversion afdal tar compounds (toluene and naphthalene) using

nickel and precious metal catalysts.

The authors tested catalysts in a quartz plug-fteactor consisting of a quartz tube (4mm id)
containing 0.15g of catalysts (particle size ra2§@-355um) at temperatures of 700-900°C under
atmospheric pressure using a synthetic sulphumgdng gas mix. The gas flow rate was 720 ml/min
of (dry) composition 35% § 18% CO, 14% C¢& 32% N, 0.9% CH, 100ppm HS to which 10%
steam and 0.5 vol% toluene/naphthalene were adsléar surrogates. These conditions generated a
very high space velocity of ~300 Ig-1h-1. The oatteactor was contained in a tube furnace which
was in turn housed in an oven maintained at 18@@revent water and tar condensation. The

catalysts prepared were pre-reduced at 900°C muBs using 40%N,at 200 ml/min.

The results demonstrated that both Ni and Rh beatdysts were able to significantly contribute to
the conversion of tar in the presence gE&Hbetween 700-900°C, however little methane coiters
was observed. Without the presence ¢6Hmethane conversion increased significantly fier liest
catalysts at 800°C, as did tar conversion. It wademt that HS was a significant poison to the
catalysts when present in the gas, possibly blgckiome of the active sites. A high surface area
support with the Ni catalyst gave a much higheivagtthan commercial Ni catalysts. Rh based
catalysts with low metal loading were found to gsugoerior activity than the high surface area Ni

catalysts over 10h timescales.

In a study conducted by Sang Jun Yoon et al, 2809 the catalytic steam reforming of model
biomass tar was investigated, with toluene beingagor tar component. The study was performed at
various conditions of temperature, steam injectatre, catalyst size and space time. In the study tw
nickel based catalysts, namely, Katalco 46-3Q aathl€o 46-6Q, were used in a lab scale steam
reforming fixed reactor/gasifier. Both catalystsrevsupplied by Johnson Matthey. The system had a
volumetric capacity of 12 I/h, the diameter of tleactor area was 30mm and the total length was
520mm. The reactor was heated to 800°C. To imitegoroperties of tar 1000g/Nraf toluene (over

ten times as much as tar emitted from a biomasfiggg®n plant) was injected into the reactor at a

rate of 50mg/min with argon used as a carrier gas.

The catalyst was crushed into sizes of 0.045-1ngnof5catalyst was used to fill the reactor. The
space time in this study was controlled by adjgstime carrier gas flow rate at a constant catalyst
weight of 5g. The effect of space time on hydrogesduction yield with Katalco 46-6Q catalyst at
four different temperature ranges was tested (800, 800 and 900°C) at a constant steam ratio of 3.
At 600°C and a space time of 1 kg Afine dependency of hydrogen production yield orcepine

was not significant, however at a higher tempegatro00°C and a space time of 3 kghhypdrogen
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productions increased linearly with increasing spaitne. Therefore as space time increases,

residence time increases and tars that are difficueform are cracked.

The results demonstrated that for all catalystteteshe composition of hydrogen increased with
temperature while CO content decreased. Notabboamia nickel based catalysts produced a 100%
toluene conversion even at low temperatures of@&p@nd the applied Katalco 46-3Q and Katalco
46-6Q catalysts achieved a 100% conversion at®@Q@Mder the presence of high tar concentration.
The production of hydrogen also increased whereasing the amount of steam and with decreasing

catalyst size

In the study performed by Safitri, 2005 [57]the anmthis work was to investigate the process of
biomass gasification using a bubbling fluidised lgedifier. The study involved varying some of the
important parameters which influence the performeasicthe gasifier, and the most important was the
investigation of tar formation and decompositiondayeral types of bed materials. The gasifier was
10cm in diameter and 120cm in length and was opérat a temperature between 800°@5Gt

atmospheric conditions. The author did not statebibmass used in the investigation.

The author identified that there are many parareetdrich influence the performance of a fluidised
bed gasifier such as temperature, gasifying aggm, of bed materials and catalysts, residence, time
biomass feed rate. For this work the effect ofedéht type of catalysts, gasifying agent and resiee

time are studied

The fluidised bed contained sand and additives ssctatalysts were added as its solid material, the
diameter of the particles being 0.3mm and the der2600kg/m with 600g being used in the
experiment. When a catalyst is used within the thedsand material is 540g and the catalyst 60g

(10%). The temperature was set at®D@nd the biomass feedrate was set at 1kg/hr.

Air was used initially as the gasifying medium wittflow rate of 1000I/h and 2000l/h. Nitrogen was
added to aid bubbling in the fluidised bed. The imum fluidisation velocity for the reactor was
calculated to be 0.0226 m/s, superficial gas veldeil133 m/s, and the cross sectional area of the
reactor 0.00785 fiThe equivalence ratio [ER] is the ratio of gasifyigas to biomass. It is defined as
the actual oxygen to fuel weight ratio divided by toxygen to fuel ratio stoichiometrically needed.
The ER ratio in the study was defined as being betw0.2 — 0.4, and was dependant on the
temperature of the freeboard. This may be likebt tBR was too high, therefore combustion taking
place instead of gasification. The ER ratio far tlse of catalysts was set at 0.3. A variety adlgsts

were tested.

The experimental result shows that gasificationgisiand as the bed material with air as the gagfyi

medium gives a better temperature distribution thasification using steam, therefore the biomass

85



conversion is higher. The biomass conversion ugings the gasifying medium reaches 99.5% while
the gasification using steam results in only 87%hefconversion. A considerable less amount of soot
or char can be found in the reactor and almost artban is deposited on the sands surface for
gasification with air, whereas the gasification hwiiteam gives a big amount of char or soot and

carbon is deposited on the surface of the sand.

The addition of different type of catalysts in thed material gives positive effect in reducing t&ier

4 hours of experiment, and the use of olivine gataladded to the bed material can reduce up to 77%
of the total tar produced from the gasification gges using only sand as the bed material. The
addition of calcined olivine catalysts results iigher tar destruction up to 94%. Other types of
catalysts are made by impregnating (20 wt.%) Nildrine and calcined olivine in order to enhance

the activity of the catalysts. The result showeat tioth were capable of tar removal of up to 98%.
The catalysts used in this case are mentioned beittwtheir corresponding findings:

1. Olivine (tars reduced by 77% after 4h)
Calcined olivine (approximately 94% tars removed)
NiO-olivine (up to 97% tars decomposed and 5 titmgher H  than biomass gasification
using sand)

4, NiO-calcined olivine (same as above catalyst 3)
Calcinations of NiO-olivine, (2h experiment, alrga@B% tars converted and 6 times higher
Hy)

6. Recalcination of NiO-calcined olivine

In a study performed by Li et al, 2003 [64] biomgssification was investigated on a test pilot ecal
6.5m tall and 0.1m diameter, air blown circulatfhgdised bed reactor. A high temperature cyclone
was employed for the solids recycle and a cerarhie ffilter was used for gas cleaning. The
temperature profile of the reactor was in the ramige00-850C. The biomass feedstock was sawdust
with the feed rate being applied in the range betw®6 to 45kg/h, with throughput estimated to be
0.7-2.0kg/rfs.

Air was the fluidizing agent which was suppliedhe reactor from the bottom, with an air flow of 40
65 Nnf/h. Steam was injected at a pressure of 5 bar, awthrying steam flow rate tested in the range
of 0-10.5 kg/h.

The system also consisted of a gas cleaning tvéth, the ability to capture and gases and tar for
further analysis. The tar gas sampling device, &isown as ‘The Guideline method’. The tar
sampling consists of 4 impinge bottles (250ml) védtietone acting as the main solvent which works

alternately at -3°C and room temperature approx@mas°C.
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Six different sawdust species were analysed andl asdeedstock. Any of the bed ash collected from
a previous run was used as the starting bed miateriaach new run, with silica sand making up for

the loss of solids.

The last two runs in the study involved the useved nickel based catalysts (C11-9 LDP, Sud-
Chemie) for tar removal and methane reforming. fiugicle density was 2829 kginApproximately

11-14kg of catalysts were crushed and screene@®107mm in diameter.

The main aim of this study was to investigate wletiemperature, air ratio, suspension density, fly
ash rejection and steam injection were found ttu@mice the composition and heating value of the

product gas.
The findings however revealed:

1. The product gas heating value depends heavily enaih or O/C ratio and suspension
temperature.
Gas heating value can be increased by increastnguspension density.

3. Ash re-injection improved carbon conversion, whsleam injection improved the quality
(heating value) of the product gas.
Tar yield decreased with increasing operating teatpee.
Addition of a reforming catalyst significantly rezkd tar yield, while secondary air had only a

very limited effect on tar removal for a constaotat air ratio.

In a study performed by Pangmei et al, 2003 [88Ligised bed gasifier system was developed to
investigate the hydrogen-rich gas produced fronmiags gasification with the direct use of calcined
dolomite in the gasifier and a fixed bed catalygactor containing nickel catalysts post gasifarati

The purpose of the study was to characterise theemce of operating parameters in the gasifier and
catalytic reactor on the production of hydrogennedl as to test the performance of the system to

obtain useful data for the design of industrialtstni

Pine sawdust was the feedstock, with particle disdween 0.3 and 0.45mm. Calcined dolomite and
nickel based catalysts were used in the experimémésdolomite was first crushed and sieved to
obtain a particle size of 0.3-0.45mm then calcimedir at 900°C for 4h. The dolomite catalyst acted
as the guard bed and was placed in the gasificagantor. The function of the guard bed is to
decrease the tar content at the inlet to the datdded, so preventing the nickel catalyst fromniei
deactivated. Nickel-based catalyst Z409R was uséuki second catalytic reactor. This had a sizge of
16 X6 x 6.0-6.8mm and a composition of N¥22 wt.%, KO 6.5 £ 0.3 wt.%.

The apparatus included an atmospheric pressuneeatiyt heated, fluidised bed gasification system.

The major components in this system included:
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* Fluidised bed gasifier

* A steam generator

*  Air compressor
 Acyclone

» Catalytic fixed bed reactor

« Electric heated furnaces

The fluidised bed was constructed of 1Cr18Ni9Tirdéms steel pipe and was externally heated by
two electric furnaces. The total height of the teats 1400mm, with the bed diameter of 40mm and a

freeboard diameter of 60mm.

Air was used as the fluidising agent and came faonair compressor. Before entering the reactor the
air was heated to 65°C to improve performance. $team entered the reactor at 154°C and is
produced using a steam generator. The producedi@aspassed through a cyclone at 200°C to
prevent tar in the gas from condensing, and themtime fixed bed catalytic reactor. The fixed bed
catalytic reactor was constructed of the same mahtgsed to construct the fluidised bed gasifiedt an
was externally heated by an electric furnace. dmgth of the reactor was 400mm with an inner

diameter of 38.5mm.

120g/kg i of biomass and calcined dolomite mixed with 30ligasisand (0.2-0.3 mm) was put in the
gasifier. Since calcined dolomite is soft it erodesing the test and is eluted out of the bed With

gas exit.
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3.2  Summary of previous work

The review of the literature highlights the oppaity to explore the advanced thermochemical
conversion of BSG further. There have been sondiestithat have explored both the pyrolysis and
gasification of BSG however the quantity of seabthawork was very limited, therefore work

conducted with biomass and biomass residue as téedds for thermochemical conversion was

reviewed. Furthermore there has been limited liteesthat explores intermediate pyrolysis systems.

Beciden et al [111] uses small equipment but teatpegs are higher almost that of gasification nathe
pyrolysis. It was reported hydrogen yield increasiesrply with temperature. Liquid yields were not
focus of the study but liquid yield decreased alHwe author reported higher temperature favoured
gas yield at the expense of char and liquid. Thisonsistent as reported by Asadullah et al [1132] t

at lower temperatures of 300°C the quantity ofiiguvas very low as was the gas yield. Increasing
the temperature to 500°C increased the bio-oil, dvawr the yield started to decrease above 500°C

with further increase of the temperature.

Most of the work found in the literature on inteiae pyrolysis mainly focused on the production
and characterisation of the pyrolysis oils from i@agsidue feedstocks. Reviewed work of Yang et al
[133], Ouadi et al [134], focused using the stdténe art Pyroformer reactor and Roggero et al [37]

focused on using the Haloclean reactor using diffewaste feedstock.

The work of Roggero et al[37] explored intermedipyeolysis of a variety of biomass and residue
feedstocks using a single screw auger (Halocldwat)is externally heated but also uses steel sphere
that are continuously re-circulated to transporatheithin the system. The author investigated
different biomass residues and reported on theyatoglelds with the main focus on bio-oils and its

characteristics.

The author did not report on the characteristicshef biomass residue feedstock before they were
processed, therefore it is unknown the effect gesl§tock properties such as moisture and ash has on
the product distribution was not reported. Roggaral[37] reported the yield distribution of cokgs

and liquid depended mainly on processing conditiomsinly temperature and residence time.

However the author did not report on the solids\aaqbur residence times as well as the heating rate

Yang et al [108], explored intermediate pyrolysisewage sludge and paper industry waste using the
pyroformer a externally heated twin screw augectmahat recycles a fraction of the char withie th
reactor. The recycling of char within the pyroformgreported to increase the char to feedstodk rat
in the reaction zone which promotes catalytic ciraglof the primary higher molecule weight vapours
to lower molecular weight vapours and permanentegakl also serves to recycle heat within the

reactor and increase the heating rate experiengethé feed rate. Yang et al [108]carried out
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characterisation of the feedstock and reported agfhcontent for the fuel (sewage sludge and paper
waste) but did not analyse the mineral contenhefash. Therefore it is unclear the role ash plays
the product distribution in this work or whethee ghyroformer twin screw arrangement plays a role in
producing a a phases separated oil suitable fodivlg in biodiesel or is it entirely dependent ba t

feedstock

The ash content is one of the most influential peter in the pyrolysis process which affects the
yield and chemical composition of the pyrolysis quots. It has been reported that agricultural
residues and grassy biomass have higher ash cetbemt lignocellulosic woody biomass. High ash
containing feedstock’s are not desirable for bisnagolysis because ash catalyses reactions which
compete with biomass pyrolysis, leading to incrdaeemation of water and gas at the expense of
liquid organics [31, 41-46]. The minerals presenash mainly alkali components are responsible for

secondary catalytic cracking [46].

Bridgwater, 2012 [31] reported that biomass withh a®ntent greater that 2.5% causes phase
separation of the bio-oil and biomass with ash eatnliess than 2.5% gives a more homogeneous bio-
oil liquid. [31] However a feedstock may contaihigh ash composition but then may contain a large
amount of inactive constituents that do not leadtatalytic cracking or bio-oil phase separation.

Therefore the ash compositional analysis must iedaout.

Yang et al [133] reported a solids residence timwvben 7-10 minutes but did not report the heating
rate but defined intermediate pyrolysis as slowtihgaates and intermediate solid residence times.
Samanya et al [110] reported used blends of fudifferent forms in a bench scale fixed bed reactor
at a heating rate of 25°C/min to 450°C and helthiat temperature for 15 minutes and reported bio-
oils phase separating into two layers. Roggerd [@74 did not report on the heating rate but reedr

processing at temperatures from 450-500°C.

Both authors mainly reported on the characteristicthe bio-oils produced reporting on the major
chemical compounds detected using a GC/MS masgrgpedroggero et al [37] reported that the oils
chemical groups from the feedstocks processed weialy alkenes and phenols and with small

proportions of organic acids, alkanes and cyclagearies, see Figure 28.
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Chemical Groups found in Haloclean Pyrolysis Oils
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Figure 28 Chemical Groups found in Haloclean Pysislils
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The major chemical compounds reported in the wdrk'ang et al [133] shifted towards alkenes,

alkane aromatics, alkyl nitriles, cyclopentanones phenols, see Figure 29.

Yang et al[133] reported that the bio-oils produgedhe pyroformer had readily separated into two
phases with an organic phase at the top and arpagyhase at the bottom. It was also reported that
the organic phase had reduced oxygen content fran df the original feedstock, making them
favourable as fuels and making them able to beibMsaevith biodiesel and diesel. Roggero et al
[37]did not discuss phase separation for any of ¢ile but reported results giving oil/water
distribution ratio only. Hornung et al [34] repoti®-oil from straw had phase separated into awate
phase and organic phase using the haloclean awtida sesidence time of 1-10mins and vapour
residence time of 2 seconds. It is not reportethnwork of Yang et al [133], Hornung et al[34],
Roggero et al [37] and Semanya et al [110]of whatreal causes of the oil to phase separate with

respect to their investigations.

The concentration and composition of the charsesmpanent gases was not reported in either of the
studies although the heating value of the charspgmochanent gases was reported. It is in unclear in
either of studies whether the quality and charésttes of pyrolysis products change dramaticallyhwi
the feedstock characteristics, feedstock residéinoes, heating rates, or the role ash plays in the
formation of pyrolysis products mainly the phaspasated bio-oils or if it's a combination. It issal

unclear whether the processing technology emplpiegs a role in producing phase separated oil.

Sanna et al [135]reported using alumina as a bedhfo pyrolysis of barley and wheat straw and
reported that the presence of alumina at low andemate temperatures maximised the liquid yield
compared to non-catalytic, char yield decreasedalirgcreasing temperature. Phase separation of the
oils did not occur however the oxygen content @& il was reported to have been lower than the

original feedstock.

Further work using the Haloclean was conducted lmynding et al [34]focusing on upgrading
pyrolysis vapours intermediate pyrolysis via steaforming. To date there is no existing work using

the pyroformer and upgrading pyrolysis vapours.

Hornung et al [34] investigated combined intermtdiayrolysis (450°C) steam reforming (450°C-
500°C) with the aim of converting pyrolysis vapoimt pyrolysis gases with an increased heating
value using a LT reforming catalyst. Pyrolysis ébrbass is connected to the formation of water
during thermal degradation of biomass and is alningda could serve in reforming reactions as a
source for hydrogen. The topic of this investigatizas to see the influence of temperature and space
velocities by varying the amount of catalysts amerti gas flow on gas quality. The author reported
that such a process below 500°C is attractive comapto simple gasification which needs 800-

1000°C. The heating rate and the nickel loadingarttrof the catalysts was not reported although the
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catalysts had to be activated using a 15vol%NKH mixture. Chidi et al [114] did not report on
reducing the catalyst stating this would have bexgrected to have occurred in situ by the process
gases. The study reports an increase.idttent and decrease in bio-oil of 17%. The colufuthe
pyrolysis oils was not reported but was found ith ghase separate into both aqueous and organic
phases. Chidi et al [114] also reported the quaufitthe liquids yield had decreased indicating the
affect pf the catalysts on cracking pyrolysis praiduto more gases and also observed that liquid

content was mostly water and pale yellow coloured.

As the catalytic activity began to decline, the demsate yield rose over to 40wt%. The major
chemical components of the bio-oils was not analysereported in this study and therefore it is
unclear the affects the catalysts had on the coito®f the bio-oil. However the permanent gases
were reported to have hydrogen contents increaseti4® and an increased heating value of
5.1MJ/n? from 3MJ/ni. Catalytic declining activity with time was repedt to be due to poisoning
with the amount of chlorine detected and actuadlgy\ittle carbon precipitated on the surface @& th

catalysts was observed. Chidi study filamentoubarawas detected on the catalysts surface.

Chidi et al [114]carry out combined pyro steam nefimg but with first stage at 500°C at a heating
rate of 40°C/s and a second stage at 760°C bug &gjrof catalyst. This study reported on the effect
of different catalysts being prepared using différenethods and different catalysts loading. The
author reported that Nickel catalysts are effectime promoting formation of hydrogen tar
decomposition post 500°C. The author also repotted catalysts with a higher surface area
performed best producing the most hydrogen. Inidear from the study of Hornung et al [34] what
the actual Nickel loading content and the surfaea af the catalysts was as this could also infleen
the performance. Blanco et al [117] reported thathigher gas yields are achieved when the second
stage temperature is increased from 600°C to 808A@,overall when the content of the catalysts

increases in particular the Nickel content the bgdn content increases also.

Therefore one can argue catalysts perform betteigher temperatures, with higher surface area and
higher Nickel content. In the work of Chidi et all]the introduction of catalyst and steam indisate
the promotion of the water gas shift, methane aeéns reforming and tar ¢€,) reforming
reactions. Horning reported using the aqueous ppieeseEnt in the pyrolysis vapours as the reaction
partner for steam reforming and hydrogen. Nonehefttivo studies mention the effect of steam or

report the quantity of additional steam consumed.

Literature [100, 101] has reported that using elickatalysts designed for steam reforming at
temperatures higher than 740°C there is a genecatase in the hydrogen and carbon monoxide
content by either reducing or eliminating the hy@ndon and methane content. Only at lower
temperatures the methanation reaction is favouredrtodynamically when methane is the desired

component in the gases. Commercial Nickel catalyetsbe divided into two groups
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Evans et al [118] reported that it would be codeaive to produce a liquid product using fast
pyrolysis so this can be stored or further conwettehydrogen using steam reforming. Hornung et al
[34] reported that bio-oil organic phase is liquddit not homogeneous and contains viscous
compounds which could accumulate and polymerisé wge due to the phenolic structure of the
components. Bridgwater reports most successful with fast pyrolysis has occurred mainly with

woody, low ash highly homogenous feedstock, ardpitocess would not be successful with more
difficult feedstock’s which can produce highly réee liquids in high MW tars leading to storage and

processing issues.

Steam reforming of bio-oil and its fractions wapaded by Evans et al[118] to be a more difficult
task than that of model compounds, mainly due edifeg the bio-oil into the reactor. Vaporizing bio-
oil is a challenging task as it cannot be totalyperised as significant amounts residual solids can

cause blockage of the feeding line.

To vaporise and reheat bio-oil would be difficulidaexpensive. The process would be best served if
carried out in situ. In particular, the liquids guzed from non-woody biomass are very low in high

molecular weight tars and can be suitable for dia@plication in engines.

As described earlier the work of Beciden et al [ithe pyrolysis of BSG was conducted in a small
laboratory scale macro TGA reactor investigating plyrolysis products formed. Roggero et al [37]
reported on and compared the product distributibivasious waste biomass feedstock including
residues from beer production under intermediat®lpgis condition using the Haloclean, however

no further work has been conducted to upscalertdnduinvestigate BSG in both the authors findings.

Okamoto et al [124], investigated the direct cori@r high moisture spent grains in the presen@e of
catalysts using batch type laboratory reactor. ditbor reported that the conversion of spent griains

a good means of producing energy, and forecastd#talytic gasification of spent grain for energy
production is a promising method of treating spains in the future. Very little research work has
been carried out to further explore the gasificatdd BSG using the various gasification technology

configurations available.

Again much of the work reviewed has been investidain small laboratory scale and has not been
up-scaled. Much of this can be explained by thélpras BSG can present as a potential fuel mainly
its high moisture and protein content if not tréatean microbiologically degrade fairly quickly

making it a very difficult material to handle, staand transport.

From the literature review it is important to caoyt the full pre-treatment and full investigatiand
characterisation of brewers spent grain to undedsiasuitability as a fuel. Hornung et al[34] and

Roggero et al [37]did not report on the charactios of the fuel prior to processing. It is also
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important to carry out a full compositional anatysif the ash. Yang et al did not report on the
composition of ash even though the fuel processeldhigh ash loading and therefore it was unclear
the role ash played in catalysing the pyrolysisowap from high MW to low MW component’s and
the affects it has on the product distributionwttuld also be best to identify the active and iivact

components in the ash.

There has been limited or no published work whictestigates the use of BSG in intermediate
pyrolysis systems and there also exists limitedhaiiterature on the use of BSG for Gasification

systems.

There has been no published literature that inyat&s the intermediate pyrolysis of BSG using the
‘Pyroformer’ which is the state of the art interrisd pyrolysis reactor at Aston University, andréhe
also does not exist any literature reporting thgraging of intermediate pyrolysis products from BSG

or as a fuel source for engines.

The review identifies the potential of investigatithe use of BSG for pyrolysis followed by steam
reforming with the use of different steam reformaagalysts at different reforming temperatures. The
review identified that the mass of catalyst, thialyat loading, the surface area of the catalydtthn
catalytic temperature are important parameters wbesidering the production of hydrogen. Much of
the catalysts reported in the literature reviewewngickel based on an alumina support. It will be
worthwhile to explore nickel catalysts and the akdifferent metal catalysts for steam reformingtpo
pyrolysis to produce hydrogen rich syngas and tdewstand the effects it has on the pyrolysis
products. It is also important whilst investigaticetalyst is to determine the composition of theega

in particular hydrogen and determine catalytic\éisti

The review identifies there has been much work gotetl on pyrolysis and gasification of various
biomasses, and waste feedstock’s but very limitemkwcan be found of the thermochemical

conversion of BSG. Therefore there remains muchpeséar further research in these areas.

3.3 Project Aims and Objectives
3.3.1 Project aim

The main aim of this research is to study the pgislreforming/gasification of BSG, the effects of
tar cracking using different catalysts to attaitaafree product-fuel gas that can be suitablaitoan

engine, gas turbine or a combined heat and powet.pl

3.3.2 Project Objectives

There are three key objectives to this project.
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The first objective involves the pre-treatmentduoled by the full investigation and characterisatibn
BSG and its suitability for advanced thermo-chem@version. The method requires, drying and
preparing the fuel to enable thermal conversiotipieed by various analysis techniques to obtain

detailed characterisation such as moisture, askel@neental composition.

The second objective is the application of interiatdpyrolysis technology to brewer’s spent grain i
order to produce three product streams, liquiddsahd gas. The three product streams will then be

further analysed for fuel properties and capabditi

The third objective is to explore the introductiohsteam reforming catalysts into the intermediate
pyrolysis process. This will involve the couplingg @ catalytic tar cracking reactor to reform the

vapors, increasing the quality of the bio oil anti&nce heating value of the product gases.

A further objective if time allows will be an inviggation of the gasification of BSG using both fixe

bed downdraft and fluidized bed configurations.
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4  Characterisation Methods of Biomass Feedstock
and Pyrolysis Products

4.1 Introduction

In this project, BSG is used as the industrial wdsbmass feedstock for advanced thermochemical
processing. Before commencing any thermochemicatersion study, the feedstock is pre-treated
and then characterised to determine its basic ceitipo and structure so it can be evaluated for its
usefulness as a fuel. The objective of this chaeto describe the pre-treatment and detailed
characterisation of the biomass feedstock usingnabmation of analytical methods, which include
proximate, ultimate, chemical compositional, inarigaelemental, heating value, thermo-gravimetric
(TGA) and derivative thermo-gravimetric (DTG) arsdg. A thorough analysis of the
characterisation results helps to better underdtamthermal behaviour of BSG feedstock so it can b

evaluated as a fuel when subjected to thermal esimreprocesses either by pyrolysis or gasification

4.2 Materials and Methods

4.2.1 Raw Materials

Approximately 50kg of wet brewers spent grain whtmed from Molson Coors brewery R&D pilot

plant in Burton on Trent approximately 35 miles gMram Aston University, Birmingham.

4.3 Feedstock Pre-treatment

As described earlier in Chapter 1, preservationhows must be adopted in order to prevent the
degradation of BSG enabling it to be stored ordpanted easily. BSG when wet is a very unstable
material caused by microbial activity. Thereforeregorted by Di Blasi et al[12], preservation by

oven drying reduces the volume of the product lméischot alter the composition of the spent grain.

Therefore, freezing of the wet grain followed byeowdrying was adopted in this study.

4.3.1 Freezing

The grain was initially stored in double black kimer bags in a cold store room at the breweries at
0°C to preserve the grain and prevent microbiakatafion. When collected they were immediately

placed and stored in a freezer box (-18°C) avaglablAston University labs.

4.3.2 Drying

A fan assisted oven was used to dry the frozenairBSG to a moisture content of about10-15%,

suitable for thermochemical conversion.

97



4.3.3 Grinding

A Heavy-Duty Cutting Mill, Type SM 2000 supplied Betcsch Ltd. of was used to reduce the size of
the dried BSG (see Figure 30).

Figure 30 Biomass Cutting Mill

A fold back feed hopper, smooth surfaces and piishtbr are provided for quick and easy cleaning
after the feed material has been reduced. Selsatibbottom sieves are available for this cuttirith, m
dependant on the fineness required. Stainlesststéteim sieves with a perforation size up to 10mm,

4mm and 1mm are available at Aston University. thr study a 1mm sieve was selected.

Ground biomass samples were graded using a sdri@eves. The sieve sizes were 250, 300, 400,
425, 500, 600, 850 and 1000u. The different siesiess were placed on top of one another with

approximately 200g of biomass added. With the dicusely placed on the sieves, the sieves were then
placed in an Endecott's EFL2000 sieve shaker fonihOtes.This was done to understand the particle

distribution of milled BSG as well as to preparefforther analysis.

4.3.4 Pelletizing

A roller shaft pellet mill 9PK-250 [136] was usedelletize dry ground BSG. Pelletising is required
to prepare the BSG feedstock so that it is suithdl®oth thermochemical reactors available at Asto
University.
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Figure 31 Roller shaft pellet mill with BSG pellets

4.4 Feedstock Characterisation

BSG was characterised for proximate and ultimasdyars and heating value. Barley straw and wheat
straw pellets were obtained and analysed in theesaay, for comparison purposes. Barley in this
work is of some interest as it is the main raw mal@sed in the brewing industry and could perhaps
be used as a substitute feedstock for BSG duremgribchemical conversion experiments.

4.4.1 Proximate analysis

The proximate analysis is used for the determinatiomoisture, volatile matter, ash and fixed carbo
contents of biomass samples. The moisture contast determined using British Standard 14774-
3:2009[137]. The prepared sample is dried at a ¢zatpre of 105 +2°C in an air atmosphere until
constant mass is achieved and the percentage maoistwcalculated from the loss in mass of the
sample. The ash content is determined using Br&isimdard (BS EN 14775-2:2009) [138], in which
the ash content was determined by calculation ftermass of the residue remaining after the sample
is heated in air under rigidly controlled conditorof time, sample weight and equipment
specifications to a controlled temperature of 55002C. Volatiles and Fixed Carbon was determined
using the British Standard (BS EN 15148:2009) [139]

4.4.2 Ultimate analysis

Ultimate analysis was performed in order to detaathe basic elemental composition of the biomass
samples; carbon, hydrogen, nitrogen, and sulphws meaasured, while oxygen is calculated by
difference. Prepared samples of dried, ground @@ biomass was sent to an external company
(MEDAC Ltd., Surrey, UK)[140]for CHN analysis ugjra Carlo-Erba EA1108 CHNS-O analyser.
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4.4.3 Chemical compositional analysis

Chemical compositional analysis of BSG was conalateng the FiberCap 2021/2023 Fibre analysis
system to determine the cellulose, hemicelluloaes, lignin and extractive contents. The Fibercap
equipment used for this analysis is based on theSé&est method. Biomass samples are subjected to
extractions using Neutral Detergent Solution (NR&)obtain the Neutral Detergent Fibre (NDF)
value; Acid Detergent Solution (ADS) to obtain theid Detergent Fibre (ADF) value and 72%
Sulphuric Acid to obtain the Acid Detergent Ligr(t\DL) value. Values of cellulose, hemicellulose
and lignin can be obtained from subtractions of wleeght loss from the extractions [141-143]. See
Figure 32 for the detergent fibre system diagrach Baible 6 describing the principles.

Feed/Forage
Digestwith neutral detergent
Filtrate: Residue:
Cell contents Hemicellulose, Cellulose & Lignin
Proteins (NDF)
Starch ‘
Sugars
QOrganic acids Digest with acid detergerit
Pectin |
\ I
Filrate: Residue:
Hemicellulose Cellulose & Lignin
(ADF)
Dinest with 72%
sulfuric acid
I
| l
Fitrate: Residue
Cellulose Lignin

Figure 32 Detergent fibre system according to Vaes§141-143]
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Table 6 Detergent fibre system according to Varsgbé1-143]

Methods Principle Residue Content

NDF (Van Soest) Neutral Detergent Fibre is defitedbe the residue Cellulose, 100%
after treatment with a neutral detergent solution
(Sodium lauryl sulphate and EDTA) Hemi cellulose, 100%

Lignin, 100%

ADF (Van Soest) Acid Detergent Fibre is definedhb® the residu¢ Cellulose, 100%
after treatment with an acid detergent solution
(Cetyltrimetylammonium bromide in Sulphuric agidlignin, 100%
solution)

ADL (Van Soest) Acid Detergent Lignin is defined be the residue Lignin, 100%
after initial treatment by the ADF method followed
by removal of the -cellulose fraction through
extraction using 72% 30,

4.4.4 Inorganic elements

The contents of inorganic elements present in bésmaamely chlorine (Cl), calcium (Ca), Iron (Fe),
potassium (K), magnesium (Mg), sodium (Na), weregleined by calculation based on ash content
and composition. The ash content was obtained fhenproximate analysis and the ash composition
analysis was performed by an external company (MAROOD SCIENTIFIC SERVICES,
Marchwood, Southampton, UK) [144] using ICP-OESd(ictively coupled plasma-optical emission

spectrometer) technique.

4.4.5 Ash Fusion (Oxidising)

Ash Fusion Temperatures (ash melting behaviorhefihorganic constituents of ash was measured
after ashing as above. Ash fusion, ash initial deéfdion, ash softening, and ash hemispherical

temperatures were determined using the CEN/TS 1543method.

4.4.6 Heating Values

The gross heating value was determined using amesxypomb calorimeter model Parr 6100
according to ASTM D5865[146]. The bomb calorimegea device that is used for determining heats
of combustion by igniting a sample in oxygen atightpressure in a sealed vessel, which is called a
bomb. The sample was then burnt completely in @esxoxygen environment and the reaction takes
place at constant volume. The energy releasedommbuastion is absorbed within the calorimeter

allowing the temperature chang€rl{ to be recorded.
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Figure 33 Parr 6100 bomb calorimeter

The results were then compared using the unifiecetadion for fuels developed by Channiwala et al.
[147, 148], which the authors claim can be usechtoulate the (HHV) higher heating value of gases,
solids, liquids, biomass and residue derived fuelie mass fractions (expressed as percentages)
obtained from the ultimate analysis for C, H, S,NOand ash were used in the chemical equation 16

below.

HHV g, (MJ/kg) = 0.34912 *C + 1.1783* H + 0.1005* S — 038* O — 0.0151 *(N) — 0.0211* (A). (16)
4.4.7 Thermo-gravimetric Analysis (TGA)

BSG and barley straw were also analysed using T@& BTG techniques. Thermo-gravimetric
analysis pyrolysis profiles were produced usingaputerised Perkin Elmer Pyris 1 TGA apparatus
auto sampler with either air or nitrogen gas fldwt@mL/min at 10°C/min heating rate see Figure 34
for illustration. TGA is a valuable technique ascén be used to determine a material’s thermal
stability and its fractions of volatile componebts monitoring the weight change that occurs as the
sample is heated.
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Figure 34 Perkin Elmer Pyris 1 TGA

Approximately, 4-5 mg of duplicate sample was |l@hdeo a tarred crucible. Pyrolysis of the sample
was carried out in an inert atmosphere, and cordyustas carried out in a purged atmosphere of air.
Both were carried out with the following temperatprogramme:

Heating from ambient to 50°C at a heating rate°cf/&in
Hold for 5 minute at 50°C

Heat from 50°C to 105°C at 5°C/minute

Hold for 5 minute at 105°C

Heating from 105°C to 900°C at 25°C/minute

Hold for 15 minutes at 900°C

2 o

4.5 Characterisation of Intermediate Pyrolysis Prodcts

The intermediate pyrolysis of BSG gives a liquid-bil as the main product with solid char and
permanent gases as by-products. All products weaé/sed in order to complete the mass balance
and to gain insight into the main product propsttiehis section describes the analytic methods used
for the characterisation bio-oil, char and permageses.

4.5.1 Bio-oil Analysis

Bio-oil is the main product obtained by the intedia¢e pyrolysis of BSG. For both Pyroformer and
bench-scale (catalytic and non-catalytic) interratlpyrolysis experiments, characterization of bio-
oils included gas chromatography, ultimate anajysiter content, pH value, acid number, heating
value, kinematic viscosity, flash point, ash, carlbesidue and corrosivity. These analysis techisique

are described in the following sub-sections.
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4.5.1.1 Gas Chromatography/ Mass Spectrometer (GE)Mnalysis

GC-MS was performed to identify the most abundawhmounds present within the pyrolysis oil.
Samples of the bio-oils obtained from the Pyrofarnoatalytic and non-catalytic experiments was
diluted in ethanol in a 1:10 ratio. GC-MS analysis conducted using a Hewlett Packard HP 5890
Series Il Gas Chromatograph with an automatic tojeand auto sampler with a DB 1706 non-polar
capillary column of 60m x 0.25 mm x 0.25 pm. Heliwas used as the carrier gas at a constant flow
rate of 1.5ml/min The initial oven temperature Wi@C and ramped up to 290°C. Identification of
the GC-MS peaks was based on the comparison betwednass finder library and Wiley library.

4.5.1.2 Ultimate analysis

All bio-oil liquids collected were sent to an extal company MEDAC Ltd for CHN analysis to
obtain carbon, hydrogen and nitrogen with oxygetertained by difference using a Carlo-Erba
EA1108 CHNS-O analyser. Poisonous elemental asatgsiletermine sulphur and chlorine was also

conducted.

4.5.1.3 Water content

The water content of the bio-oils was determineidgia Mettler Toledo V30 Compact Volumetric
Karl Fischer (KF) titrator in accordance with ASTE203[149]. This method is widely used for the
determination of water content of bio-oils. Bef@ach measurement the instrument was calibrated
using HPLC-grade water. Three samples of each ibioemn pyrolysis experiments were subjected to

water content analysis.

Figure 35 Mettler Titrator for Water Content
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4.5.1.4 pH value

The pH was obtained using the Sartorius basic nméBd1.Bio-oil is usually acidic due to the
presence of acetic acid and formic acid. All bibssimples obtained from Pyroformer, bench-scale
(catalytic and non-catalytic) intermediate pyradysixperiments was subjected to pH determination.

Prior to each pH measurement the instrument wésratdd with liquid calibration standards.
4.5.1.5 Acid number

Total acid number (TAN) of the oils was measurethw Mettler Toledo V20 Compact titrator using
the potentiometric titration method in accordandh WwSTM D664. The oil sample was dissolved in
50/50 toluene and isopropanol solution and titrggentiometrically with 0.1N alcoholic potassium
hydroxide using a combination electrode. Readinmgsaatomatically plotted against the volume of

titrating KOH solution used until the titration epdint was achieved.
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Figure 36 Mettler Toledo Titrator for Acid Number
4.5.1.6 Heating value

The gross heating value was determined using amesxypbomb calorimeter model Parr 6100
according to ASTM D5865 [146]. The results werentheerified using the unified correlation
developed by Channiwala et al. [147, 148]

HHV (MJ/kg) = 0.34912 C + 1.1783 H + 0.1005 S -034 O — 0.0151 (N) — 0.0211 (A) (16)

4.5.1.7 Kinematic viscosity

Kinematic viscosity, which is the resistance towfl@f a fluid under gravity, was measured in
accordance with ASTM D445[150] with a Cannon-FerRkaitine glass capillary viscometer. Bio-oil
produced from the Pyroformer was analysed only.imduthe test, fixed volume of oil samples are
passed through the capillary of the viscometer ugdavity at 40°C. The sample travelling time is
recorded. The kinematic viscosity was then thelpeo of the viscometer calibration constant and the
measured flow time.
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Figure 37 Cannon-Fenske Routine glass capillaryovster

4.5.1.8 Flash point

Flash point of bio-oil only produced from the Pynoher was determined in accordance with ASTM
D7236 [151] by a Seta Flash Series 3 plus Closqul(8uto Ramp) Tester. A test flame is directed to
the pre-set location where the vaporised oil mayeleased at specified temperature intervals thril
flash is detected.

4.5.1.9 Ash

Ash content of bio-oil only produced from the Pynoher was determined in accordance with ASTM
D482[152]. The carbonaceous solid samples prodfroed the Carbon Residue test were combusted
in a muffle furnace at 775°C. The remaining ash e@ded at room temperature and weighed, and

then expressed as a mass percentage of the ogisample.

4.5.1.10 Carbon residue

The Conradson Carbon Residue test was performédiloenil produced only from the Pyroformer in
accordance with ASTM D189 [153] by a manual methddveighed sample is placed in a crucible
and undergoes strong heating by a Meeker burnes. CEhbonaceous residue remaining after the
cracking and coking reactions is cooled to roompterature and weighed. The Conradson Carbon
Residue is then the carbonaceous residue exprassethass percentage of the original oil sample

4.5.1.11 Corrosivity

The bio-oil produced from the Pyroformer was anady$or corrosiveness test was carried using a
Stanhope-SETA cooper corrosion test station in raecwe with ASTM D130[154]. A polished
copper strip was immersed into the tested oil samplhich were placed in a 40°C heated bath. The

copper strips were compared to the ASTM corrostandard board after periods between 6 and 24
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hours.

4.5.2 Char Analysis

4.5.2.1 Ultimate analysis

The elemental analysis of char samples was perfbim@rder to determine the carbon, hydrogen,
nitrogen and sulphur contents. Only one char sampieh was produced from the Pyroformer was
analysed. Char samples from bench-scale interngegiaiblysis experiments at different heating rates

were collected and analysed. The technique apitte same as described in Chapter 4.

4.5.2.2 Proximate Analysis

All char proximate analysis were performed by Medat; Surrey UK. The technique applied is the

same as described earlier in section 4.4.1.

4.5.2.3 Ash analysis and composition

The ash obtained from the char was subjected talmétmental analysis for the determination of
calcium (Ca), iron (Fe), potassium (K), magnesiudg), and sodium (Na) content. In addition
chlorine (Cl) was also obtained. The total ash @ontvas obtained from the proximate analysis and

the ash composition analysis was performed by MéthcSurrey UK.

4.5.2.4 Heating Value

The gross heating value for char samples was detednusing an oxygen bomb calorimeter model
Parr 6100 according to ASTM D5865. It was also ioletéh from the elemental analysis and the ash

content of the char sample using Equation 16 axithesl in section 4.4.6.

4.5.2.5 Thermo-gravimetric analysis (TGA)

Char samples was analysed using TGA and DTG teghgigThermo gravimetric analysis
combustion profiles was conducted using a comsedrPerkin Elmer Pyris 1 TGA apparatus auto
sampler with an air gas flow of 40mL/min at 10°Qinhieating rate. The same technique for thermo

gravimetric analysis was conducted as describdidear section 4.4.7.

4.5.3 Permananent gases Analysis

Analysis of permanent gases produced from expetsngas analysed using a Hewlett Packard HP-
5890 series 2 device Gas Chromatograph Thermal {@tinily Detector (GC-TCD) with a 60/80
Carboxen-1000, 15’ x 1/8” SS (2.1mm ID) column. idel is used as the carrier gas with a flow rate
of 30ml/min. The oven temperature is programmed it initial temperature of 35°C and was heated
at a ramping rate of 20°C/min to 225°C. The columad been calibrated to detect, €O, CQ, N,
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and CH. Approximately 150 micro litres of clean samples ga extracted from the gas sampling

system using a gas tight micro syringe and injettedthe GC for analysis.

4.6 Results and Discussion

4.6.1 Freezing

Figure 38 shows a comparison of wet BSG (70% migstontent) preserved by freezing (left) with
the same material which was not (right), after éhdays. The unpreserved material presents black
spots indicating microbial degradation; and releateong odours and heat.

Figure 38 (right) Wet BSG with signs of degradatifeft) dried and ground BSG material

Figure 39 Degradation of wet BSG over 3 days if letreated
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4.6.2 Drying

BSG was dried using a fan assisted oven. A bag S& Bvith ~70% moisture content weighing
approximately 15-20kg was removed from the freemed allowed to thaw for 24hours at room
temperature. The oven comprised three shelves tnatys. A full bag of wet BSG was evenly

dispersed within the three trays ensuring largenplwf bonded grain was broken down to smaller
clumps.

The initial moisture of the wet BSG was measuredguthe Sartorious moisture analyser MA35. The
oven drying rate was determined by drying the geaid0°C and measuring the moisture of the grain
every hour. Figure 40 illustrates the oven dryiaigrover 21 hours of drying. The chart shows aline
decline in moisture with the grain losing 3% moaistper hour. After 21 hours of drying a full bag of

grain was dried with consistent moisture conteri-&0% and a total grain quantity of 10-12kg.

Oven Drying Rate at 70°C

80

70

60 \

50 \

40 \

30 \ Moisture %
20 \

10 \

N—

O T T T T
0 5 10 15 20 25

Time (hours)

Moisture (Wwt%)

Figure 40 Oven drying rate of BSG at 70°C

Reducing the moisture content was not only impartampreserve BSG but equally when undergoing
thermal conversion. In pyrolysis, the amount ofevgdresent in the feed material will ultimately end
up in the final liquid product. As reported by Byidater 2004, the water in the bio-oil has negative
and positive effects, in that it lowers heatingueayet it improves bio-oil flow characteristics [2kh

a gasification process a high moisture feedstodvalabout 30% can make ignition difficult, reduce

the product gas heating value and ultimately redbheethermal efficiency of the process. This is
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because the moisture reduces the temperature adhigvthe oxidation zone, resulting in the

incomplete cracking of the hydrocarbons releaseah fhe pyrolysis zone.[155]

4.6.3 Grinding

In order to utilise this equipment it was importémtensure the moisture content of the feed was no
higher than 15%; higher moistures would lead tackdges. It was necessary to mill the BSG as the
dried material would agglomerate forming lumps afigus sizes which would be difficult to handle

or feed in a screw feeder.

Figure 41 Ground BSG material

lllustrated in Figure 41 is dried and ground BS@isTwas now suitable for storage; ease of handling
and for screw feeding systems in thermal conversioplications. Particle size distributions of the
ground BSG are compared to ground barley stravalsiel 7 below.

Table 7 Patrticle size distribution of BSG and badaw

Content (wt.%, as received)

Particle size (um)

BSG Barley
250 7.3 10.41
300 18.98 5.41
425 12.01 17.78
500 14.6 21.05
600 27.93 28.51
850 7.49 8.99
1000 11.69 7.86

TOTAL 100 100
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4.6.4 Pelletizing

Figure 42 BSG pellets

The ground BSG was added to the pellet machinedroppich feeds the material gradually into the
mould and roller shaft. As the roller shaft woubdate on the mould the screws to the roller shag w
adjusted and tightened to ensure pellets would .fémitially the material emerged as fines. This was

due to the grain having too low moisture conteri¥®) for binding to take place.

In order to resolve this a little water was addethe feed both prior to and during feeding to thigl
binding process. More pressure was exerted byetighg the screws to ensure the space between
roller shaft and mould was 0.1-0.3mm. Under theselitions pellets were formed, with a length of 4-
12mm.
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4.6.3 Feedstock Characterisation

4.6.3.1 Proximate and Ultimate analysis

Table 8 Results of proximate and ultimate analgéBSG

Barley Wheat BSG WSG BSG BSG
Straw Straw (Barle (Wheat (Barley- (Barley-
BSG Pellets Pellets BSG BSG y) ) Sorghum) Maize)
Analysis This Becidan et
Stud This This al Okamoto et Sanna et al Emwermadu et al
y Study Study 2006[111]  al 1999[124] 2011[135] 2008[67]

Proximate Analysis
wt.% ( dry basis)
Moisture 8 11.9 13.3 - - 4.6 6.6
Volatiles 78 74.9 76.3 78.75 - 61.4 75.2
Fixed Carbon 9.5 7.2 6.9 16.22 - 17 16
Ash 45 6 6.5 5.03 4.37 6.5 2.2 4.46 6
Heating Value
(MJ/kg) 18 17 18 20.83 12.1 18.55 18.35 19.52 18.09
Ultimate Analysis
wt.% (dry basis)
Carbon 46.6 44.2 45.7 51.59 49.85 49.8 43.2 48.36 49.1
Hydrogen 6.85 6.1 6.4 7.07 7.11 6.38 6.5 6.02 6.24
Oxygen 42.26 30.4 26.6 36.96 34.13 39.36 45.8 36.73 39.61
Nitrogen 3.54 0.4 0.5 4.15 454 4.14 45 411 4.69
Sulphur 0.74 0.6 0.6 0.23 - 0.1 0.1 0.32 0.36
Chlorine 0.1 0.4 0.4 - - - - - -

The proximate analysis results in Table 8 show B®%@ has relatively high volatility content in the
range 61-78%. The high volatility content for BS@ggests that under intermediate pyrolysis

conditions it would produce a high liquid yield amdbw char yield.

The high volatility content determined for BSG arfcularly good if used as a feed for gasfiers.als
Therefore a suitable gasifier would be needed toved the volatile components and heavy
hydrocarbons released during the pyrolysis staga ofsification process. The heating value as
determined using the oxygen bomb calorimeter gakiglaer heating value (HHV) of 18MJ/kg. This
was checked with the HHV obtained using Channivgaégjuation [147, 148] see section 4.4.6. The
HHYV result was found to be 19.2 which are in reafbd®m agreement with the values obtained in Table
8.

The ash contents measured for BSG ranged betwee £%. Both barley and wheat straw pellets
ranged between 6-6.5%. BSG has a relatively highcastent in comparison to those of wood 0.4%,
beech 1% and cypress 0.4% which are far lower a&é for comparison [2].The results in Table 8
above show that BSG is comparable to barley andatveaw. Since the ash content in BSG is
relatively high in comparison to other biomass saspit implies a higher level of inorganic

compounds is expected.
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Table 9 Ultimate analysis of other biomass [2]

Miscanth Barley Wheat
Ash  Cypress Beech Wood us Rice Straw Straw  Lignite
Ultimate Analysis
wt.% (dry basis)
41.
Carbon 49.7 55 51.6 51.6 48.1 4 45.7 48.5 56.4
Hydrogen 6.9 6.5 6.3 6.3 5.4 5 6.1 5.5 4.2
39.
Oxygen 43 38.1 414 415 422 9 38.3 41.6 18.4
Nitrogen 0 0.5 0.7 0.4 0.3 1.6
Sulphur 0.1 0.1 0.1 0.1 0.1
Ash 0.4 0.4 1 2.8 6 4 5

The ultimate analysis from Table 8 shows that B&Gtains 46.6 wt. % carbon, 6.85 wt.% hydrogen,
42.26 wt.% oxygen, 3.54 wt.% nitrogen and small am® of sulphur and chlorine. Nitrogen is quite
high in comparison to other biomass such as woadey and wheat straw pellets. This could be due
to the higher protein content present, and couédl l®® higher NOx emissions when combusted.
Sulphur and chlorine are only present in small ¢jtias but could still cause poisoning of catalysts
Table 9 provides ultimate analysis of other biomiessistock’'s as a comparison and reveals that
barley and wheat straw are very similar to BSGrentioned earlier, barley is the main raw material

used in the brewing industry.

4.6.3.2 Chemical compositional analysis

The chemical compositional analysis of BSG gaveiemlof 18.98 wt. % cellulose, 33.59 wt. %
hemicelluloses, 12.61 wt.% lignin, and 34.82 wt.%ractives. In the literature cellulose varies
between 14 and 26 wt. %, hemicelluloses betweesan#134 wt.% and lignin between 6 and 28 wt.%.
Therefore BSG as reported by this study has aivelatlow lignin content, however literature has
reported [156]that lignin contents can vary depegdin the analysis method adopted. Biomass with
low lignin content has been suggested by Gheti & produce a lighter pyrolysis product (bio-pil)
which in turn is better if used as a fuel [156, 157
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Table 10 Chemical compositional analysis and corepar

Component BSG
(dry wt.%) (This BSG (ECN) BSG BSG
Study) PHYLLIS[158]

Cellulose 18.98 14.7 25.4 16.8
Arabinoxylan nd nd 21.8 28.4
Hemicellulose 33.59 30.5 nd nd
Lignin 12.61 6.1 11.9 27.8
Extractives 34.82 nd nd nd
Lipids nd 5.3 10.6 nd
Protiens nd 31.1 24 15.2
Starch nd nd nd nd
Ash 45 5.1 2.4 4.6

4.6.3.3 Inorganic elements — Metal oxide analysis

The analysis of inorganic elements for BSG showmipanagnesium (Mg), alumina (Al), silica (Si),
phosphorous (P), potassium (K), and calcium (Chg fesults were quite similar to barley and wheat
straw. Lower ash content fuels such as wood clifd®4) are suitable for fast pyrolysis which has the

objective of maximising organic liquid yields.

Ash has a natural catalytic effect due to the preseof these inorganic elements (mainly alkali
metals) which tends to crack the vapours and redigoéd yield [159]. The relatively high ash

content of BSG (4-6%) is one reason why the preserk uses intermediate pyrolysis.

In gasification processes, high ash content andh lmgrganic elements can cause problems of
sintering, agglomeration, deposition, erosion amaasion. Both fixed bed gasification and fluidise

bed systems can exhibits lagging or agglomerati@sl within the gasifier bed[160].
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Table 11 Inorganic elements Metal oxides

Component BSG Wheat
(dry wt.%) (This Barley Straw  Straw
Study) Pellets Pellets
MgO 1.3 1.6 1.8
Al,O; 3.8 3.2 2.6
SIO; 44.1 42.3 41.9
P,Os 1.2 11 1
KO 15.6 17.2 15
CaO 5 5.2 4.7
TiO, <0.1 <0.1 <0.1
MnO <0.1 <0.1 <0.1
Fe0s <0.1 <0.1 <0.1
CuO <0.1 <0.1 <0.1
ZnO <0.1 <0.1 <0.1
PbG, <0.1 <0.1 <0.1
SOs(as above) 8.7 9.2 8.5
Chloride (as
above) 1.1 4.2 3.7

4.6.3.4 Ash Fusion (Oxidizing)

The analysis of BSG ash fusion shows an initialodaation temperature of 1090°C, a softening
temperature of 1140°C, a hemispherical temperaitiEl80°C and a flow temperature of 1230°C.
Ash fusion isn't so much of a problem for pyrolysigstems as these do not normally exceed

temperatures of 500°C, considerably below the mgpiioint of BSG ash.

Table 12 Ash Fusion by using characteristic tentpeea

Initial Flow
Deformation Softening Hemispherical Temperature
(°C) Temperature (°C) Temperature (°C) (°C)
BSG 1090 1140 1180 1230
Barley 1080 1150 1180 1270
Wheat 1400 >1450 >1450 >1450

The melting point of biomass ash is important isiggation. The high mineral matter, in particular
alkali oxides, can melt if the temperature in tix@ation zone is high enough. Alkali metals such as
potassium (K) and sodium (Na) have lower meltind amaporation points than any other inorganic
material present in the fuel, and can react readilly silicates during combustion. Potassium (K ca
react with other elements such as chlorine to pregwotassium chloride (KCI) which has two major
disadvantages; in that it has a very low meltingpp@oelow 800°C) and is highly corrosive. Elements
such as Al and Si are able to trap alkali metasting the formation of alkali chlorides [161-163].
BSG in this study has a SiOf 44.1%, KO of 16%, CaO of 5% and ADs;of 3.8% see Table 11.
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4.6.3.5 Thermo-gravimetric analysis (TGA)

The TGA differential thermo gravimetric (DTG) weigloss profiles for BSG and barley are shown
below in Figure 43 and 44. Barley has been analgsetbr comparison purposes only. The DTG
curves for the two samples show similar thermalaviur. Much of the weight loss for BSG occurs
between temperatures of 200 and 450°C. Literataseréported that the basic biomass components,
hemicellulose, cellulose and lignin, decompose ntlteechemically in the following temperature
ranges: 150-350°C, 275-350°C and 250-500°C.[164 DR G profile for BSG shows the first step
shoulder peak between 170-320°C which represeatdebomposition of hemicellulose and the initial
decomposition of cellulose. The second step, theldbr peak between 320-450°C signifies the final
decomposition of cellulose and lignin. Due to thghhvolatility content, most of the volatiles are
released below 450°C.
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BSG TGA and DTG Pyrolysis Profile
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Figure 43: BSG TGA and DTG Pyrolysis Profile
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Figure 44: Barley TGA and DTG Pyrolysis Profile
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4.7 Summary

The pre-treatment and characterisation of BSG bas bbeported in this chapter. The results improve
understanding of the behaviour of the feedstockdvanced thermo chemical systems (pyrolysis and
gasification). BSG was pre-treated by initial sgwadn a freezer followed by drying to reduce the
moisture to acceptable levels for thermo chemioalersion. This was imperative as BSG is a very
wet material (67-81% moisture) making it a verytabte and difficult material to store and transport
due to microbial degradation. The results show B%G can be dried to a moisture content of 8%

suitable for both pyrolysis and gasification.

Proximate, ultimate, chemical composition, inorgagliement, ash fusion and heating value analysis
were conducted. BSG has a high volatile conterfi(@8y basis) and contains 46.6% carbon, 6.85%
hydrogen, 42.26% oxygen, 3.54% nitrogen, 0.74% haulpand 0.1% chlorine. Chemical
compositional analysis has revealed that BSG is posed of 18.98% cellulose, 33.59%
hemicelluloses, 12.61% lignin and 34.82% of extvast The analysis of inorganic elements for BSG
shows mainly magnesium (Mg), alumina (Al), silicgi)( phosphorous (P), potassium (K), and
calcium (Ca). BSG has an ash initial deformatiomperature of 1090°C, an ash softening
temperature 1140°C, an ash hemispherical temperdt80°C and an ash flow temperature of
1230°C. The heating value of BSG is approximatédyMJ/kg on a dry basis. The TGA and DTG
profile for BSG shows the first step shoulder pdaktween 170-320°C which represents the
decomposition of hemicellulose and initial deconiipms of cellulose. The second step the shoulder
peak between 320-450°C signifies the final decomiposof cellulose and lignin. Due to the high

volatility content, most of the volatiles are reded below 450°C.

To date there has been very limited work on thentlbehemical conversion of BSG. The results of
this study show that BSG can be preserved pregarddalso have thermal characteristics making it

suitable as a potential fuel for either pyrolysigasification.
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5 Experimental Gasification Methodology &
Results

5.1 Introduction

This chapter describes the experimental methodology for the gasification of BSG. In this study a fixed
bed downdraft gasification unit was selected to perform the gasification test. The study investigates
whether BSG can be thermally converted as a feedstock for fixed bed downdraft gasification
operation and whether it can produce a product gas that can potentially run an engine for heat and
power. As indicated in Chapter 3, BSG thermochemical processing of BSG by gasification has not
been explored previously. The studies will also consider areas for further exploration such as fluidized
bed gasification, and the coupling gasification reactors with reforming reactors containing catalysts in

order to reform the tars and enhance the product gases

5.2 Fixed Bed Downdraft Gasifer

The GEK fixed bed downdraft gasifier was available at Aston University and is an Imbert type fixed
bed downdraft gasification unit. It has the potential of producing a product gas with low tar suitable to
power an internal combustion engine. It was designed and manufactured in the USA by All Power

Labs and is shown in Figure 45.[165]

Aston University

Nlustration removed for copyright restrictions

Figure 45 GEK Fixed Bed Downdraft Gasifier[165]
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The gasifier has a maximum mass feed rate of 20gded on wood chip and operates at negative
pressure using a downstream venturi air ejectdrao the gasification air into the gasification eon
The gasification air is preheated via a heat exgajacket using the hot product gases leaving the

reactor.

The airflow rate is in the range 10-28hr. The chips/biomass must be no bigger than 2cherigth,
1 cm width and 0.5cm thickness. Moisture levellwf biomass must be between 5-20% (wet basis).
Temperature of gasification can range between 836°&€ maximum of 1200°C depending on the

feedstock. Figure 46 provides an illustrationtaf gasifier operation.
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Figure 46 Downdraft gasification operation [166]

1 Gasifier, 2 Cyclone, 3 Heat Exchanging Drying Bet¢ 4 Orifice Plate, 5 Thermocouple, 6 Thermoceupl
Thermocouple, 8 Swirl Burner, 9 Calibrated Glaspptr, 10 Carbon Absorption Filter, 11 Auger, 12 Air
Rotameter, 13 Gas Sampling Line, 14 Gas Wash Boftk Digital Mass Flow Meter, 16 Gas Chromatograph

17 Computer, 18 Gas Suction Pump, 19 Vent, 20 Maint, Venturi Ejector
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5.2.1 Gasification preparation and assembly

Before experimentation, the gasifier is disassethbl& cleaned to remove any fouling from tar; char
and ash build up before it can be reassembled math gasket seals all round. The gasification
chamber is then filled with approximately 3kg obotoal before the top lid is resealed to ensurasa g

tight seal. The glass hopper is filled with therbass of known weight, and a cold run is conducted

to ensure there are no gas leaks.

To begin experimentation the venturi ejector vassepened to allow air to enter, an ignition sousce
then introduced into the ignition chamber using rappne burner to ignite the gasifier. With
successful ignition, the feeder is then switchedooreplenish any consumed biomass and the reactor
is then allowed to reach steady state gasificaionperatures of approximately 800-1000°C. Once
these temperatures had been achieved the flaledsgmited using the propane burner. The GEK

temperature can be controlled by altering the@irftate.

After startup the nominal air flow rate is 18hr. for gasification to occur, but the flow can di¢her
increased or decreased using the ejector flow m@dt by a rotameter to achieve the desired
gasification temperature. The biomass feedratetisrochined by multiplying the average bulk density

of the feedstock by the reduction of hopper volume.

The air inlet is determined by using a calibratedr@ameter at the air inlet port to determinenflo
rates, k-type thermocouples for temperature measnts, pressure transducers installed to measure
pressure and pressure drop, a calibrated orifiage fior outlet product gas flow rate and a gas

sampling line for tar, water and product gas coritjpos

Figure 47 illustrates the gasifer chamber congistihthroat, ignition port and five air inlet noesl
Figure 48 illustrates the air inlet pipes that are-heated within the heat exchanger jacket cantain

the hot product gases leaving the gasifier.
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Ignition Chamber

Air Nozzles(x5)

Gasifier throat

Figure 48 Gasification reactor and pre-heatednégt pipes
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5.2.2 Gasifier Control Unit (GCU)

The GEK Gasifier Control Unit (GCU) is an open smursensing control board designed and

developed for testing and control of gasificatigaipment.

The GCU control unit board below offers a numbeth&@rmocouple, pressure, analogue signal and
rpm timer inputs with a generous array of PulsetWidodulation (PWM) speed control, servo driver

and higher current DC switched outputs.

Thermocouple and pressure transducers from théegaaie connected to the GCU to measure flow
rates, pressure difference, gas outlet temperaamck bed temperature. All recordable data is

electronically measured by the GCU and sent tonapeiber every secah

5.2.3 Tar Analysis — Guideline Method ECN

The guideline method is a technique developed byghropean research Centre of the Netherlands
(ECN Biomass) [167] that allows sampling and arialy®f tars and particles that may be present in
biomass gasification product gases. A sample oflyct gas containing tar and particulates is
removed through a gas outlet pipe (or samplingtioopand passed through a ‘tar train’, a series of
gas impinge bottles. The series of impinge botdes placed in a temperature controlled bath to
condense the tars at low temperatures. The batlesin an extraction solvent, usually iso-propanol

(propan-2-ol), and glass beads to improve scrubgifigency.

The tar train comprises six interconnected impibgétles that are placed in a hot bath of 50°C
(bottles 1, 2 & 4), and a cold bath containing dry (bottles 3, 5&6). The collection of tars takes
place through both condensation and absorptioméneitraction solvent contained in the impinge

bottles.

Immediately after sampling the contents of the imgpi bottles are further analysed. To begin with
they are decanted into a dark storage bottle. Tmeentrations of the inorganic compounds are
determined by GC analysis of the bulk solutionexitd [61, 131]. An illustration of the system is

illustrated in Figure 49.
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lustration removed for copyright restrictions

Figure 49 Producer gas cleaning system [61]

5.2.4 Rotary Evaporation Unit

A rotary evaporator was used to separate the tar from the tar/iso-propanol mixture with a round

bottom flask using a STUART model RE-300 rotary evaporator.

The sample containing a mixture of tar/water and iso-propanol is weighed and poured into a round
bottom flask. This sample flask was then attached to the rotary evaporator with the sample flask
partially immersed in a heated water bath at approximately 50°C, which is then rotated at constant

speed of 40rpm.

A collection flask was used to collect the condensed water and iso-propanol, which is connected to a
shell and tube cooled condenser that is operated under vacuum. The evaporated water and iso-
propanol is condensed and collected in the collection flask leaving the remaining tar in the sample

flask. Figure 50 illustrates the rotary evaporator apparatus.
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Figure 50 Rotary evaporator system

Separation of the water / iso-propanol mixture exltd in the condensate flask was monitored by
visual observation. The rate at which water/isoprapb solution was being collected reduced and
eventually stopped. The round bottom flask thatt@ioed the initial sample mixture contained only

tar at this point.

When separation had completed, the rotary evaponas pressurised. The tar laden flask was taken
and its weight was measured. The difference in digtween the empty flask and the tar laden flask
was the total amount of tar collected in the prodias which passed through the tar train.

5.2.5 Water condensate analysis

The amount of water condensate was determined wsiMP20-compact volumetric Karl-Fischer
titration unit using a Hydranol composite 5k titraafter the extraction of tar. Karl Fischer titoat
was carried out on the tar free water/iso-propawblition to determine the water content of the
product gas that had passed through the tar {fhie.tar free water/iso-propanol mixture is weighed
before titration takes place. The result that weteminined from the titration unit is used to saape
the water produced per cubic metre of product gatheé gasifier. Figure 51 illustrates the Karl
Fischer titration system is used to conduct wadedensate analysis.
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Figure 51 Karl Fischer titration: Water condensatalysis

To carry out this analysis, the glass beaker wégllg cleaned by rinsing with fresh solvent
Hydranol, followed by draining the contents intaiapensing buret. The empty beaker containing a
magnetic stirrer was then filled with fresh solvantil the dual platinum electrode is submerged.

A clean syringe is then used to inject 1g of theeweopropanol sample into the solvent containing
beaker; the weight injected was then manually inptd the system using the system control unit
before the titration of the sample can start. Otitcation had completed by visual observation, the

water content was displayed on the control uniescr

5.2.6 Product Syn-gas analysis

Product syn-gas analysis was conducted using a dtte®hckard HP-5890 series 2 device Gas
Chromatograph Thermal Conductivity Detector (GC-@Bth a 60/80 Carboxen-1000, 15’ x 1/8”
SS (2.1mm ID) column. Helium was used as the cagas with a flow rate of 30ml/min. The oven
temperature was programmed with an initial tempeeadf 35°C and was heated at a ramping rate of
20°C/min to 225°C. The column had been calibrateddétect H, CO, CQ, N, and CH.
Approximately 150 micro litres of clean sample gess extracted from the gas sampling system

using a gas tight micro syringe and injected ihto GC for analysis.
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5.3 Gasification Results and Discussion

BSG was oven dried ground and then pelletised ubimgnethodology described earlier in Chapter 4.
A pellet form was deemed necessary for satisfacttmwndraft gasification. The pellets, with a
moisture content of 8%, had a length of 10-21mmadéameter of 5mm and an overall bulk density
of 480kg/m.

Before the experiment was started the gasifier aggembled with all pipelines cleaned, flange seals
removed, cleaned and resealed again in order wrestise gasifier is gas tight and has no air leaks.

High temperature sealant was used on the flande sefore being bolted together.

The reduction zone and throat of the gasifier wi#tgally loaded with approximately 3kg of charcoal
as part of the gasifier preparation and assemliig. liomass hopper was loaded with approximately
12kg of BSG pellets. The BSG pellets were theretestithin the GEK screw feeder system, which
was switched on to ensure the pellets would feedsampply the gasifier accordingly, see Figure 52.

This was done to ensure a successful start-upcaachieve steady state within the gasifier.

Figure 52 (left) Feed hopper with BSG pellets (figitrew feeder feeding BSG pellets

Once the area above the gasification zone was doatite charcoal and BSG pellets, the gasifier lid

was closed using a high temperature sealant ansltigiitened to ensure no gas leaks would occur. .

The gasifier was tested for air leaks (cold run)cbyinecting an airline to the ejector pipe, which
creates a vacuum suction within the gasifier; aagk$ can be detected by the GCU control unit
connected to a computer. The gas outlet durindetile test should measure 12.%mm as standard;
however the air leak test resulted a gas outl8t@ifi/hr. a difference of 2.5fthr. Due to this air leak

all bolts was checked over and tightened acrosgdéis.and the process was repeated.
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To begin experimentation, the operation of the fgadion unit was started by ensuring there is air
flow and a vacuum suction/pressure created witihéngasifier by connecting an airline to the ejector
pipe. The venturi ejector valve was opened to alloevgasifying air to enter the bed, and a propane

burner was used to ignite the char bed.

The ignition of the char bed allowed the char t@besumed and ultimately heated up the gasification
bed as well as providing the necessary temperatummmence gasification. The gasifier started
well and steady state was achieved after 10 minotesperation. The gasifier reached a steady
gasification temperature of 1000°C. The steadestatflow rate was observed to be 73m As the

gasifier had reached steady state the flare watedgn

The flare was observed to be strong and stableugiwaut the duration of the experiment, the
experiment lasted approximately 2 hours. The peserf a very strong consistent flare throughout
the investigation is a good indicator to the gwalif the product syngas produced. Figure 53

illustrates the flare during the gasification of @&est.

Figure 53 Gasification of BSG flare

The oxidation zone temperature at steady statel®@8°C, and the gas outlet temperature was 65°C.
The feed rate was attained by multiplying the fémels average bulk density by the reduction in
hopper volume and was determined to be approxign&tédg/hr. The gasification air flow rate was
recorded and averaged at¥#m. over the duration of the experiment. Figuresdws the air flow

rate during the experiment.
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Figure 54 Gasification Air flow rate

A slight increase of air intake into the gasifiessia result of the outlet gas sampling valve legthn
the tar train assembly being opened, so that aaaple could be taken for GC/TCD detection. It was
observed after an hour of operation that the aw flate had declined gradually.

The slight decrease in air flow rate was an indbcadf some restriction within the bed; to alleeiat
this problem the ash grate was agitated in orddrstoibute the ash and allow better distributidérmio
flow. After 1 hour and 10 minutes of operation n&® was visible in the biomass hopper and

assumed to be consumed in the gasifier.

The equivalence ratio is defined as the actual emylp fuel weight ratio divided by the oxygen to
fuel ratio stoichiometrically needed which is ilkeged as Equation 17:

__Actual Oxygen to Fuel Ratio to Fuel Ratio

ER

17

Stoichiometric Oxygen to Fuel Ratio

The ER determined for the test using air was apprately 0.3, for complete combustion the ER is
usually equal to 1. The ER is a key parameter $itiangly influences the type of gasification
products, a high ER value results in lower coneginin of H, and CO as well as higher @ the
product gas which lowers the heating value of ttoelpct syngas.[168]

The pressure difference across the bed averageBa52&nd between the carbon filter outlet,
gasification bed and filter 845Pa. Therefore thaltpressure drop between the gasification bed and
filter was 320Pa.
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5.3.1 Product gas analysis

During steady state gasification approximately 888s of gas was withdrawn from the gasifier and
routed through the tar sampling system. Gas sanipteGC/TCD gas detection was taken using a
micro litre syringe of approximately 150ul. Threeples were taken and measured for analysis over

the duration of the experiment at regular 30 mirinitervals.

Table 13 and Figure 55 below shows the compositbrihe product syngas formed from the
gasification of BSG. Due to a very small air ledkough the tar sampling system, oxygen was
detected by the GC. The results were correctechandalised by eliminating the proportion of air in
the sample to determine the true product gas vdlheshigher N content in sample 2 and 3 was
assumed to be that of slightly higher intake of iato the gasifier to maintain and control the

gasification temperature.
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Table 13 Product Syngas composition

Product
Syngas Sample 1  Sample 2Sample 3 Average
vol% vol% vol% vol%
N, 49.08 55.12 55.39 53.2
H, 14.05 11.07 9.55 11.6
(6{0) 20.39 20.42 19.39 20.1
CO, 14.2 12.08 13.29 13.2
CH, 2.2 1.29 2.35 2
Averaged Product Syngas Composition
60
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[J]
S 30
(=}
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N2 H2 co C02 CH4
Seriesl 53.2 11.6 20.1 13.2 2
Product Gas

Figure 55 BSG Averaged Product Syngas Composition

The main reactions influencing the production abdurct syngas was the water gas shift, methane
steam reforming and Bouduard reactions. With a deat present within the reduction zone the
heterogeneous gasification reactions as describeddtion 2.7.2.2 takes place as hot gases from the
pyrolysis and oxidation zones above react withdfon in the char. At high temperatures carbon
dioxide produced from combustion in the oxidatieme reacts with carbon in the char and promotes
the forward Bouduard reaction forming carbon modexiSimilarly carbon monoxide and hydrogen
produced when the carbon in the char reacts wéidnstin the gas; carbon in the char also reacts with

some of the hydrogen produced to form methane.[56]

The comparison of these results with those repantdioke literature is shown in Table 14. The CQ, H
and in particular heating value obtained in thiskmwas comparable with those of wood, woodchips,
wood pellets and hazelnut shells.
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Table 14 Comparison of gasifier performance witréture

Reference Feedstock (6{0) 2 H LHV

(vol %) (vol %) (MJ/m°)
BSG (This Work) Brewers Spent Grain 20.1 11.6 4.96
Erlich&Fransson[120] Bagasse 23.3 9.9 5
Erlich&Fransson[120] Wood 25.7 11.9 5.4
Olgun et al [121] Woodchips 21 13 5.1
Olgun et al [121] hazelnut shells 22 13 5.2
Gai & Dong [169] Corn straw 11-20 7-14 3-5.4
Sheth & Babu[122] Furniture waste of Dalbergiosisoo - - 6.34
Plis & Wilk [123] Wood Pellets 15-28 7-12  3.84-5.47
Plis & Wilk [123] Oat husk pellets 11-16 4- 8
Tippayawong et al[170] Cashew nut shells 17 5 3.5
Bhoi et al[171] Ground nut shells - - 4.4
Bhoi et al[171] Cashew nut shells - - 4.5
Pathak et al[172] Babul wood - - 5.0-5.5

5.3.2 Tar analysis

The tar content in the product gas was determindmkt1.87 g/Nrh a figure which is similar to that
with wood chips (2 g/NfM[173]. Evan and Milne [68] proposed that a cruémegalization would
have downdraft gasifiers producing 1g/finThis in comparison to other types of gasification
processes is fairly low, but still much too high Bim engine and will seriously limit the life ofeth
engine components. Therefore the tar content wadddd to be reduced to acceptable levels
(approximately 100g/Nfy. The water content of the product gas was 15/8g High amounts of
water vapour in the product gas reduce its catovifilue; therefore it is important to reduce theele

if possible. This can be achieved by further evafpeg drying of the feedstock before gasification,
although it is important that the water contenias too low as some water vapour is required fer th
important water gas shift reactions occurring todoce hydrogen. Also low water containing
feedstock’s can result in excessive gasificationperatures. Tar appeared to form a dark highly

viscous layer on the flask surface. The tar |&tiesk is illustrated in Figures 56.
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Figure 56 Tar laden flask

5.3.3 Mass balance

The mass balance from the run is illustrated inlgdb. This shows that for every kilogram of
biomass fed approximately 2.4kg of product gas ¥eamed. Literature reports that downdraft
gasifiers running with wood produce approximatebtween 2.6 kg of product gas. [174]. The
average syngas composition had a heating valug6fMJ/m. The mass balance closed at 95%. The
source of the error may have been due to a nunfidactrs including the amount of BSG fines and
the inability to measure the residual char in thsifger. A more accurate method ensuring the mass
balance closure was obtained would have been loyngléhe gasifier on a weighing scale to measure
the total mass before and after each experimenevendue to the size of the unit it was impractical
to implement this strategy. As equipment is scalpdit becomes increasingly difficult to obtain

accurate results as there is increased tendeneyrfus to occur.

Table 15 Mass balance — BSG Fixed bed downdraificgtion

Input  Output Closure

Components: (kg/hr.) (kg/hr.) %
Air 14.70
Biomass 9.50
Ash 0.38
Syngas : 22.82
H, 0.21
N 12.42
CcoO 4.72
CH, 5.27
Co 0.20
Water 0.33
Tar 0.04
TOTAL 24.2 23.19 95%

5.3.4 Gasifier bed inspection

With the experiment completed the reactor was atbwo cool down. Upon the removal of the
gasifier top plate it was observed that the aresealthe oxidation zone contained some unprocessed
BSG and residual char. As can be seen in Figuresi8'58 the area was filled with unprocessed BSG

pellets of varying sizes as well as a considergbmtity of BSG fines.

The BSG fines were largely present within the sciesder housing, which feeds biomass pellets into
the gasifier. The presence of fines was the reduhe BSG pellets breaking down within the screw
feeder due to abrasion and friction. The BSG pellee not as durable and solidly formed as other
feedstock’s such as woodchips. The unprocessediaiat@s collected and weighed approximately

2.19kg. The residual char remaining in the gasifias unable to be measured accurately.
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Figure 58 (left) unprocessed pellets and fined{}i@SG ash and char

It has been reported in literature[120] that toanynéines building up within the gasifier bed may
restrict the flow of air and product gases, whian ailtimately prevent gasification occurring.
However, in this study all of the BSG is consumishe char and ash dust were accumulated and
collected in the ash grate located beneath théigalsed. To prevent pellets breaking down inteéin
accumulated in the screw feeder a stronger peliet fvould be more suitable.

5.4 Summary

This chapter has investigated the fixed bed dowhdesification of BSG pellets to produce a product
gas that can potentially run a combustion engimenéat and power. Currently there is no literature

available on gasification of BSG.
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BSG pellets were successfully prepared by ovenmdryiollowed by grinding and then pelletising
using the roller shaft pellet mill described earlieellets with a moisture content of 8% and @ siz
range of 10-21mm in length and 5mm in diameter amaverall bulk density of 480kgfmPellets

were prepared so that they were suitable for gasifin in the GEK fixed bed downdraft gasifier. The

gasifier was cleaned and assembled with no gas bkftde a cold run was performed.

Gasifier start-up was achieved; the gasifier operauccessfully at steady state with no performance
issues for approximately 2hrs at an approximatd fage of ~ 4.2 kg/hr until all feedstock in thede
hopper was consumed. A strong flare was observexighout steady state operation. For every
kilogram of biomass fed, 2.0kg of product gas wasied. The mass balance closure was 100% and
the average product gas composition had a heatihg\of 4.96 MJ/rh The average product gas
composition produced was,H1.6%, CO 20.1%, CH2.0%, CQ 13.2% and N 53.2% which is
similar to what was reported in literature [120-1289-172] and comparable to with those of wood,

and hazelnut shells.

In this work tar removal was achieved using a carblesorption filter, but tar levels downstream of
the filter were not measured. The tar content égtoduct syngas was determined to be 1.87 §/Nm
a figure which is similar to that of wood chipsd®n?) [173] The water content of the product gas
was 15.52 g/Nfh High amounts of water vapour in the product geduce its calorific value;
therefore it is important to reduce the level ikgible. This can be achieved by further evaporative
drying of the feedstock before gasification, altplout is important that the water content is nat to
low as some water vapour is required for the imgrartvater gas shift reactions occurring to produce

hydrogen. Tar appeared to form a dark highly visdayer on the flask surface.

The mass balance closed at 95%. The source ofrtbereay have been due to a number of factors
including the amount of BSG fines and the inabittymeasure the residual char in the gasifier. A
more accurate method ensuring the mass balancarelass obtained would have been by placing
the gasifier on a weighing scale to measure ttad mass before and after each experiment however

due to the size of the unit it was impracticalrtppiement this strategy.

Upon inspection of the gasifier chamber by the nemhof the gasifier top plate there was some
unprocessed BSG in the middle of the gasifier bedhiy fines. Fines may have resulted in the
abrasion of the surface of the pellets and overtlredines will build up and may block the throaat

can lead to obstruction of gases. Erlich & Frand4@0] reported that many gasifiers similar of this
type have grid/bed shaking devices to avoid probleamch as bridging and fouling. However a
shaking device may form more fines due to abraaiwh breakdown of BSG pellets that may block

the constricted throat. Literature does not repovt to overcome breakdown of pellets in this type o
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gasifier and dealing with fines. Therefore due he fines BSG would perhaps be more suited to

operate within a fluidised bed type gasifier.

It is recommended to repeat tests but to incrdaseldration of the experiment to assess stabitity a
the effects of ash. Ash in this work did not seeraffect the investigation greatly but may overdim
Stronger BSG pellets are required that could pertepbinded together with a binding agent such as

starch, so that the pellets hold their form bedtging the feeding process and not crumble.
It is recommended to further expand this work bgdrecting gasification of BSG using fluidised bed

systems, both bubbling or circulating configuratiand further coupling of these reactors to steam

reforming reactors to produce atith gas that could be combusted in an enginedat And power.
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6 Experimental Intermediate Pyrolysis
Methodology

6.1 Introduction

This chapter describes the available equipmentpaocedures used for the intermediate pyrolysis of
BSG with and without catalysts at Aston Universififhe primary objective of this part of the work
was to conduct an experiment utilising the Pyrofarmeactor to investigate the behaviour of BSG
under intermediate pyrolysis conditions; to chagase the chemical compositions of the pyrolysis
fractions obtained (bio-oil, char and permanentggghen to investigate their feasibility for lisea
combined heat power (CHP) application or in a pe&irmer or gasifier stage. The second objective
was to setup and conduct bench scale intermedyatdypis experiments at the same temperature as
the Pyroformer but at differing heating rates. Tieating rate, the time it takes the bench scaletoni
reach the optimum set-point temperature, was vaoiege the effects it has on the product yieleg Th
aim of this was to determine the heating rate tilitgive products yields similar to that obtained
from the Pyroformer with the same feedstock. Thiedtobjective was to then add a small catalytic
reformer (secondary plug flow reactor) housed withh oven furnace to the bench scale pyrolysis
reactor, so that pyrolysis vapours can pass thraadghe further cracked and reformed at varying

reforming temperatures using three different cataly

6.2 Pyroformer Intermediate Pyrolysis

The intermediate pyrolysis of BSG was carried osihg a ‘Pyroformer’, a 20kg/h intermediate
pyrolysis unit. The Pyroformer was recently patdnby A. Hornung & A. Apfelbacher at Aston
University[175], was originally manufactured in Geny before being installed and commissioned at

the European Bioenergy Research Institute (EBRAs&bn university (Figures 59 and 60).
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Figure 59 The Pyroformer 20kg/hr. Intermediate pysis unit
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Figure 60 Pyroformer (Intermediate Pyrolysis) scagendiagram

Pyroformer Intermediate pyrolysis reactor usechind¢onversion of BSG; (1) Biomass Tank, (2) Bionmsassw
feeder, (3) Feed entry pipe, (4) Actuator Valve$ Electric Motors, (6) Heaters, (7) Twin coaxiatew reactor
(Pyroformer), (8) M bottle, (9) Char collection pot, (10) Heated vapexit line 1, (11) Hot ceramic filtration,

(12) Heated vapour exit line 2, (13) Water-cooleddenser, (14) Bio-oil collection pot, (15) Permatngases

vent line

The Pyroformer is constructed of carbon-steel ardsures approximately 1.8m in length and has a
diameter of 0.2m, and consists of twin horizontalary coaxial screws. The twin coaxial screw
system offers the advantage of defined residemoestiwhich can be varied between about 1 and
several minutes by adjusting the speed of thenatescrew. The outer screw transports a fraction of
the char produced during pyrolysis back, so thatehs an internal recycling. The remainder drops
out at the downstream end of the reactor. Thiontt ensures better heat transfer but also promotes
catalytic reforming within the process[25](see Fe&ybl).The operating temperature range of the

Pyroformer is 300- 450°C depending on the feedstoaterial to be pyrolysed.

Before any hot experiments commenced a cold runacsasducted in order to determine the solids
residence time based on the selected internal sgpeeds. The solids residence time was defined as
the time the fuel (solids) spends inside the re@ackamber to be fully converted under pyrolysis
conditions. This was determined by measuring tie tiaken for the solids fed into the reactor tqpdro

out downstream at the end of the reactor. Thisestablished after approximately 45 minutes.
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Nlustration removed for copyright restrictions

Figure 61 Pyroformer twin coaxial screw system[25, 36]

The Pyroformer was first heated to a set point temperature of 450°C, which takes approximately 3
hours. The hot ceramic filters (also known as candle filters) are also switched on and allowed to heat
up to a set point temperature of 450°C. The twin screws within the reactor are then started. The
reactor was then purged with,,Nind the biomass screw feeder was then started, feeding the unit at a

chosen rate of 5kg/hr. from a biomass hopper.

The unit was allowed to reach steady state before any measurements took place, this took
approximately 60 minutes. Hot organic vapour and permanent gases generated from the pyrolysis
process first pass through the hot ceramic filters in order to pre-clean the vapours of any entrained
solids. The hot vapours were then directed to a water cooled shell and tube heat exchanger

(condenser) where the vapours were able to condense and be collected.

The remaining permanent gases were then routed to an electrostatic precipitator for aerosol knockout,
after which the gases are suitable for GC-TCD detection. The solid products exit the reactor and are

collected within a char pot. At steady state the char leaving the reactor is at a constant rate.
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6.3 Experimental Bench Scale Intermediate Pyrolysislethodology

Further pyrolysis work was carried out using a Ihegcale intermediate pyrolysis unit. The bench-
scale fixed bed batch pyrolysis reactor was a dyigal quartz tube measuring 400mm length x 60
mm diameter which is mounted in an externally hetatlectrical furnace as illustrated in Figure 62.
The pyrolysis reactor lid has two entry points, forethe purge gas nitrogen inlet and one for gdet

thermocouple to measure the temperature of the bed.

The batch pyrolysis reactor is loaded with 100gB&G feedstock. Nitrogen was the carrier gas
serving as the purge, and was set to a flow ra0ofri/min using a flow meter. The reactor heater
operates on a temperature controlled program Viaader controller, on which the heating rate and

final temperature set point can be programmed.

The outlet of the pyrolysis reactor is connectedatdransition tube leading to the glass liquid
collection system. The reactor head together with transition tube is lagged to ensure minimal
condensation of pyrolysis vapours. The glass liguiliection system comprises two dry ice-acetone
condensers (with temperatures of -70°C). The hablpgis vapours flow into these, and the
condensed liquid was collected in an oil pot. Dstieam of condenser 2 was a cylindrical tube
containing a scrubbing agent (10ml of isopropamalh glass beads to capture any solids or tars that
may still be present, and an electrostatic preatipit(voltage at 15kV and current at 0.5A) to adlle

aerosols.

The clean product gas may be sampled with a g&s$ sigringe and injected into a GC for gas
analysis. The final product gas passes throughahbofg DFM digital mass flow meter that records
flow rate, temperature and pressure simultaneaustlythis data is sent to a computer. The clean gas
was then routed to meter and then directly to a |E@wPackard for GC-TCD detection and
quantification. The char remains in the pyrolysaator after the experiment was conducted. Each

experiment takes approximately 40-50 minutes.

142



Figure 62 Bench scale pyrolysis reactor cylindripadirtz tube and electrically heated furnace

6.3.1 Non-catalytic pyrolysis experiments

Non-catalytic pyrolysis experiments was first coctedl under a range of conditions of heating rate

chosen to simulate continuous intermediate pyrslgenditions of the Pyroformer unit.
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Figure 63 Bench Scale Pyrolysis reactor

Batch fixed bed pyrolysis reactor used in the cosiea of BSG. (1) Nitrogen gas bottle, (2) fow meter, (3)
Pyrolysis heater controller, (4) Pyrolysis heatg),Pyrolysis reactor, (6) Thermocouple, (7) Tréaositube,
(8)Condenser 1, (9) Bio-oil pot, (10) Ice bath,)(Cbndenser 2, (12) Scrubber, (13) Gas sampling (iot)

Flow/Temp/Press meter (15) Gas Chromatography
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6.3.1.1 Different heating rates

For these tests the unit was operated at a tenwperaf 450°C, the same temperature as the
Pyroformer. The heating rate was varied to seeffeets on the product yield. Two heating rates was
selected to begin with, 25°C/min and 50°C/min. Tdigective of this test was to determine the
heating rate that gives a product yield similathat obtained from the Pyroformer with the same

feedstock.

Before each run the glassware was thoroughly cteaiseng an oven furnace to remove any solid
residue, after which it was left to cool and latkraned with acetone. The initial step was to lited
pyrolysis reactor with 100g of ground BSG and sedbe reactor lid using silicone grease before the

reactor can be placed within the pyrolysis carbdigater.

The N, purge pipe and thermocouple are then introducédmthe pyrolysis reactor via the top of the
pyrolysis reactor lid. The reactor lid was thengleg together with the transition tube. The solid
residence time was 45 minutes, which accounts Her time taken for the biomass to be fully
converted under pyrolysis conditions, and relatethé duration of the pyrolysis runs. The vapour

residence time was not determined but can be askimtiee order of seconds.

6.3.2 Catalytic pyrolysis experiments

For the catalytic pyrolysis experiments a secondatglytic reactor was added. This was housed in
an electrical furnace placed directly after thechapyrolysis reactor and before the glass liquid
collection system. The glass liquid collection systand downstream of the unit is unchanged and is

as described earlier.

The secondary reactor was constructed out of héghpérature resistant material (quartz), with
dimensions 400mm length and 25mm diameter with teroale open ends (see Figure 64). The
reactor was easily inserted or removed from thetebally heated furnace with manual temperature
control. A handheld thermocouple inserted on theeinwall was used to measure the furnace
temperature. The catalyst was inserted and sugpbyt@pproximately 1g of quartz wool. The quartz
wool serves two functions; firstly it supports thacked bed therefore preventing catalysts falling
(Figure 64). Secondly, it functions as a hot vagdotar by capturing any char fines that can othsewx

cover the catalyst surface leading to catalysttiledion. The use of the quartz wool can also reduc

the solids contents of the bio-oil.
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Figure 64 Secondary reactor dimensions and packiadlyst bed

The connecting (transition) tubes before and dftercatalytic reactor were made of high temperature
resistant material (1000°C) to cope with high vaptamperatures during reforming experiments,

whilst the rest were made of mid temperature malt€625°C). The arrangement is shown below,

Adapter 1 is 150mm in length with male to male (let@s). Adapter 2 is 100mm in length having a

female connection (b19/26) and a male end (b24)fitsanto the secondary reactor. Adapter 2 has an
inlet for the introduction of steam for steam refiorg.

Adapter 1 Adapter 2

1

A copper distillation kettle mounted on top of aateal plate was used to generate steam for steam

Steam

reforming experiments. The distillation kettle wited with 200ml of water and then heated to
approximately 350-400°C. The time taken for stembe generated was established to be

approximately 7 minutes. The steam flow rate deiegthwas approximately 5mil/min.

The arrangement was tested to ensure the steamyawigisis vapours flowed towards the secondary

catalytic reactor. Two reference tests were coratlolithout catalyst and steam at reactor

145



temperatures of 500°C and 850°C, with quartz wdatgd in the secondary reactor in place of

catalysts.

Three different catalysts was selected and usd#uisrstudy. These were a nickel (Ni#@®%) catalyst,

a platinum (Pt/AlO;) catalyst and a rhodium (Rh/ A)) catalyst, all supported on an alumina base.
10 g of nickel catalyst was used (supplied as ®jleand 5 g of rhodium and platinum catalyst
(supplied as spheres) due to their low densityinogased surface area. All catalysts were prepared
and supplied by Johnson Matthey Ltd [1]. Catalystse fully reduced at 900°C using a/N, gas

mixture and then passivated.

Three catalytic steam reforming temperatures wetected and investigated, 500°C, 750°C and
850°C, initially without steam and then with thedain of steam. Initial catalytic reforming

experiments was conducted using the aqueous phabe avater/steam present in the hot organic
pyrolysis vapours produced during the thermal d#agian of biomass. This would supply the steam
reforming reactions within the secondary reactdigwang observation of the quantity of syngas
produced, in particular Hcontent, and catalyst performance utilising théewalready present in the

system[34]. Secondary catalytic steam reformingegrments will be conducted with the addition of

steam.

A schematic of the primary batch pyrolysis reaetod secondary catalytic reactor is shown in Figure
65 below.
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Figure 65 Bench Scale Pyrolysis and Catalytic mact

Batch fixed bed pyrolysis and catalytic reformiegctor used in the conversion of BSG. (1) Nitrogas

bottle, (2) N flow meter, (3) Pyrolysis heater controller, (4y®ysis heater, (5) Pyrolysis reactor, (6)
Thermocouple, (7) Kettle, (8) Kettle heater, (9f¥dmer heater, (10) Catalytic reformer, (11) Corsieri, (12)
Bio-oil pot, (13) Condenser 2, (14) Ice bath (16jubber, (16) Gas sampling port, (17) Flow/TempgBmmeter
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6.4 Mass and Energy Balance Calculation

For tests conducted with the Pyroformer BSG watalhy weighed and loaded into the feed hopper
so the amount of feedstock was known. The scredefefeeding the Pyroformer was calibrated so
that the feeding rate was known. After the twirargtscrews were switched on the BSG was fed into
the reactor and the resulting solids were colled@anstream to determine the solids residence time.
Bio-oil and char were collected and weighed atteréxperiment; with the known quantity of feed the
permanent gases could be calculated by differePgeformer temperature was recorded every 10

minutes during start up and throughout the experime

All glassware items for the bench scale pyrolysiit were weighed before and after each run in order
to be able calculate the pyrolysis product yieldse amount of BSG was weighed before being
loaded into the fixed bed batch pyrolysis reactdhe liquids yield is a combination of the pyrokysi
vapours that may have condensed and fouled onytt@dypis reactor lid, transfer lines (transition
tubes), dry ice condensers and bio-oil collectiotspThe solid yield is determined by the weight of
the char that is collected in the pyrolysis reaefter each run. Having known the feed weight ded t
final product yields of the liquid and solids, thermanent gases were calculated by difference. This
was also confirmed by the Aalborg digital flow nret€he permanent gas yields composition was
calculated based on the data attained by the G&sésmaThe pyrolysis temperature was recorded
every 5 minutes from the temperature data recofded the thermocouple inside the bed material

within the pyrolysis reactor.

During catalytic experiments the secondary reastas weighed before and after each run and the
steps described above are repeated. The quartzusedlto hold the bed is weighed before and after.
The catalyst is also weighed before and after eachThe catalysis temperature was recorded every
5 minutes from start-up and throughout experimesimgia k-type thermocouple placed within the

secondary furnace at the location of the catalgst Iror tests conducted with steam the amount of

water added was weighed before and after each test.
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7 Intermediate Pyrolysis Results and Discussion

7.1 Introduction

The intermediate pyrolysis of BSG was conductedgitiie Pyroformer reactor. The overall objective
was to investigate the yields and properties ofpyrelysis products, mainly bio-oil and char, irler

to determine the feasibility of their use in a CplBnt or for further processing in a post reforroer
gasifier stage. This included investigating theaeposition behaviour of BSG and characterising
the chemical compositions of the pyrolysis fracsiaand the residue in terms of contaminants and
inert materials and comparing them to the prodymtsduced with the Haloclean Intermediate

pyrolysis reactor.

7.2  Pyroformer Intermediate Pyrolysis

The Pyroformer experiment was carried out at atimesp pressure with nitrogen gas used as purge.
The reactor controls was programmed so that a ysislset-point temperature of 450°C can be

achieved. The unit was heated using a set of flegtrecal heated bands.

The heating bands were then switched on; the latge candle filters were also switched on to a set
point temperature of 450°C. The water supply to waer cooled shell and tube condenser was

opened, and the electrostatic precipitator wascewit on also.

The auger screws were then switched on. The iratenswas set to 16 revolutions per minute (rpm)
to transport the feed forwards, and the outer saxaw set to 8 rpm to recycle char in the reverse

direction.

After approximately four hours all equipment hadateed its operating temperature of 450°C, and the
feed hopper was loaded with ground BSG (in totakdp The actuator valves situated on the feed
inlet pipe were switched on, followed by switchimig the screw feeder. The ground BSG was fed at a

mass flow rate of 5kg/hr.

Steady state conditions was achieved approximafedy 45 minutes of feeding, as indicated by solids
dropping out at the end of the reactor and coltbatethe char pot as well as operating conditions
remaining unchanged. The run then proceeded atysgtate for a further two hours. This experiment

was then repeated for consistency.
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7.3 Mass Balance

Table 16 shows the mass product yields from ttadstriSee APPENDIX D for Pyroformer energy
balance. The Pyroformer operated at steady statdui@mtion of two hours at a feed rate of 5kg/hr.
producing 29 wt.% char, 52 wt.% liquid (bio-oil) &rll9 wt.% permanent gases obtained by
difference. The liquids were found to separate tmto phases, an aqueous phase 79% (bottom layer)
and an organic phase 21% (top layer). This is betido be due to the internal catalytic effect lwdirc

cracking the pyrolysis vapour within the Pyroformer

Phase separation of bio-oils using the Pyroformeén agreement with work previously conducted by
Yang et al, 2013[108] and Ouadi et al 2013[134]gd®yo et al, 2011 [37] described intermediate
pyrolysis oils usually phase separated with an agsi@hase at the bottom and oily organic phase at
the top due to pyrolysis vapours being cracked bar.cOther studies [31, 41-46] reported that
feedstock’s with an ash content usually greatem th&% causes phase separation, as minerals within

the ash such as alkali components are responsibéefondary catalytic cracking.
The organic phase of the bio-oil, the permanentgiaad the char were analysed.

Table 16 Yield of Products (Mass %) Pyrolysis Fihamperature = 450 °C

Products Pyroformer Yield (Mass %)
Char 29
Total liquid 52
Water 79.15
Organics 20.85
Gases (by difference) 19

Table 17 below shows a comparison of the perforiesind different feedstock’s with the Haloclean
intermediate pyrolysis reactor. Roggero et al, 2[B/] found the Halo-clean product range varies
significantly with different feedstock’s, tempereguand solids residence time. The char ranged
between 15-50%, liquids 30-52% and permanent de383%.

Brewer's grain was analysed in the Halo-clean d@°@5and yielded char 23%, liquids 51% and
permanent gases 21%. However the solids residémee ar the oil to water ratio for this feedstock
was not reported in literature. Compared with rssfdiom the Haloclean reactor, BSG processed
using the Pyroformer shows similar liquid yieldewever the Pyroformer produced more char and

less permanent gases.
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Table 17 Comparison of results for Intermediateofygis using Haloclean reactor (extracted from J37]

Yield %

Biomass type Temperature, °C  Coke Liquid Gas
Wheat straw 450 50 30 20
Rape residues 450 38 45 17

550 25 50 25
Olive stones 450 30 a7 23
Rapeseeds 450 33 a7 10

500 15 52 33
Beech wood 450 23 56 21

500 21 57 22
Rice husk 450 41 41 18
Coconut 450 34 52 14
Rice bran 500 20 38 42
Brewers grain 450 23 51 26
BSG (This study) 450 29 52 19

7.4 Characterisation of Intermediate Pyrolysis Prodcts

7.4.1 Bio-oil Analysis

The condensed bio-oil produced was found to haverganic and an aqueous phase. The two phases
was separated easily using a gravimetric settldrthen analysed. The organic phase was of more
interest and was analysed to assess its suitability fuel. The organic phase was very dark in

appearance and viscous with a strong smell of cased organic material. The aqueous phase was

red in appearance and contained some evidencéidpsaticles.

Table 18 indicates the elemental analysis of tigaric phase(referred to as bio-oil) which shows an
increase in C, H and S content by 1%, 3% and 0.&&8pectively and notably a reduction in O
content by 12% in comparison to the original BS@dfgock. Ouadi et al, 2013 [176] reported an
oxygen content of 10-11% for de-inking sludge bils-@roduced using the pyroformer. The low
oxygen content reported for these bio-oils improthesl calorific value as well as making the bio-oil
extremely favourable for fuel oils as they wererfduo be fully miscible with biodiesel without any

need for surfactants or additives.

Although the oxygen content for the bio-oil repdrt@ this study was reduced from the original
feedstock, indicating that the pyrolysis process partially deoxygenated the biomass it is still
however high to be considered as a fuel. Bridgwetted, 2004 [22] reported that bio-oil requireB fu
deoxygenation for it to be miscible with convenaibrfossil diesel. Bio-oil from fast pyrolysis
processes generally has a higher oxygen contesbait 40-50%. [26] Therefore this bio-oil would
be more suited for catalytic upgrading to furtheoxiygenate the bio-oil to improve its stability and

miscibility if considered as a fuel for engines.
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Table 18 Elemental Analysis of BSG bio-oil produdesin Pyrformer
wit% (wet basis)

Elemental analys C H N S o

BSG bio-oil 47.6 9.9 3.4 1.3 30.7

é By difference

The water contents for the organic (bio-oil) phasel aqueous phase were 6.5 % and 62%
respectively. The water content for the bio-oil i@ser than what was reported in the literaturd tha
water content for bio-oils can vary between 10-6(B%7-179].As mentioned previously, water
formation in the pyrolysis oils is largely due tmisture bound in the original feedstock, dehydratio
and catalytic reactions during pyrolysis betweéekalalcomponents in the char and hot pyrolysis

vapours.

Some water can be dissolved in bio-oil in wateuBtd compounds and this can offer both

advantages and disadvantages to the propertidgeddio-oils. The water content improves the bio-
oil's flow characteristics; however it also lowehe heating value and flame temperature of the fuel
which increases the ignition delay and decreasesdmbustion rate compared to petroleum fuels. It

also means that the bio-oil is immiscible with pttum fuels.

Table 19 gives physical properties of the bio-ditelevance for use as an engine fuel. The catorifi
value of the bio-oil was 20 MJ/kg, which is aboalfithe energy content of fossil diesel. The low

energy content is associated with the high oxygerent of the oil.

Bio-oils are normally quite acidic with pH valuemging between 2-3[22], this is due to the presence
of organic acids such as acetic and formic acidvever BSG bio-oil has a pH of 6 which is much
higher than expected for a bio-oil. However thedigi number of the oil was found to be
49mgKOH/g which was relatively high in comparisom Ibio-diesel (0.8), indicating potential
corrosion problems if considered as fuel for engipplications. The high acid number may be partly

due to the presence of phenolics and some unigmhtibmponents present in the bio-oil.

The corrosive effect is related to the acidity aedctivity of the bio-oils. After 6h/40°C the coppe
corrosive class was la. After 24h/40°C the coppemsive class was 3a, indicating that BSG bio-oll
has a low ability to corrode copper. Figure 66silfates an image of a copper strip immersed in BSG

bio-oil after 24 hours.
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Figure 66 Copper strip immersed in BSG bio-oil a#éh/40°C

The carbon residue and ash were 1.93% and 0.44peatdgely which in contrast to diesel and
biodiesel are relatively high and could indicateeptial blockage problems in engine applications
such as clogging injectors and coke formation @& ¢bmbustion chamber. Viscosity was very high
222 cSt; this may be due to the amount of soligsgmt in the bio-oil and would make atomisation
difficult.

The bio-oil upon visual inspection is liquid buttfdomogeneous as it contained many bituminous
solids and viscous compounds which overtime coublymerize with age if stored at room
temperature. The solids content however must refoairif the bio-oil is to be considered e suitable
for engine applications. Similar characteristicsitermediate pyrolysis bio-oil from wheat straw
were reported by Hornung et al, 2009 [34]. The awuthlso reported that the quality and
characteristics of the pyrolysis products from ks change dramatically with feedstock and

residence times.
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Table 19 Physical properties of Bio-oil produceshirPyroformer in comparison to bio-oil producedhfro

Halo-clean
Carbon . Gross  viscosity Total Acid
- Copper Density  Calorific
Residue c ) lon? | pH Number
(%) orrosion  (g/cnT) Value (mgKOH/g)
(MJ/kg) @ 40°C
cSt

BSG (This study) 4 o3 1A 1.02 20.39 222 6.43 49.16
*Pomace 1 - - 1.108 - 211.89 4.02 -
*Brewery Residue - - 1.102 - 141.38 4.7 124.45
*Olive stones - - 1.112 - 71.65 3.87 116.4
*Beech wood - - 1.065 - 78.76 3.89 174.5
*Rapeseed - - 0.938 - 35.97 7.46 -

*Extracted from [37]

Figure 67 shows the GC/MS mass spectrum. The nshmical components present are illustrated
in Table 20. The bio-oil consists of a number afptex organic oxygenated compounds. Much of

the abundant components are aromatic hydrocarb@halkanes, followed by phenols.

Furan, Hexane, Hexene,
Toluene, Benzene

DDDDD A
4 N

Phenolics

- A

4 3\ Undecanoic acid, methyl esters

DDDDD 4 h

L L.
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Figure 67 GC/MS Analysis of Bio-oil (Organic phagepduced from Pyroformer

The ‘Area%’ in Table 20 represents the peak aré@ach identified component as a fraction of the
whole integrated mass spectrum, thus giving ancequpiate mass fraction of that component.

It was found that the bio-oil contains a complexxtmie of low to intermediate molecular
hydrocarbon chains ranging froms-Cie. Alkenes such as, benzene, cyclooctatetraene,nbexe
toluene and xylene were present with the latter tejoresenting significant quantities of 11.29%
and7.39% respectively and cyclooctatetraene of Beénolic derived aromatic compounds were the
other major components present comprising appraeim@4% of the bio-oil fraction. Undecanoic

acid and methyl esters, were the only acidic attgt &cid component identified. The acidity however
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could be due to the large quantity of phenolic congmts detected and some unidentified
components. Higher aromatic components were detesteceh as tridecane which represents
approximately 6% of the mass fraction, higher aticashave poorer combustibility compared with

paraffin’'s and naphthenes[108].

Phenylacetonitrile and undecanenitrile are thelaikyile identified peaks with a maximum of 6.85%
see Table 20. Alkyl nitrile compounds are hightxit, and the oil should be handled with care to
avoid direct skin contact. Decane-1-Chloro represeapproximately 2-3% of the bio-oil and is a

surprise finding as it contains chlorine and wdwddre been expected to be present in the char.

Table 20 GC/MS Tests of the (Organic Phase) Bidroidduced (Pyroformer)

Retention Time Chemical Name Chemical Molecular Area %
Group Formula

5.271 4,6-Heptadiyn-3-one Ketones HO 2.29
6.133 Furan, 2-methyl- Furan NO) 1.69
8.466 2,5-Dimethylfuran Furan 6850 1.21
10.375 2,4-Dimethyl-1-heptene Alkene oHGs 1.07
10.938 Toluene Aromatic g 11.29
14.582 Cyclopentanone Cyclopentanone sH 0.89
14.835 Pentane,2,2,3,4-tetramethyl- Alkane oHO 1.26
15.249 p-Xylene Aromatic 4E1,0 6.24
17.49 Cyclooctatetraene Alkene sHg 5.4
20.031 Decane, 1-chloro- Alkane/Chloro  1o@»Cl 2.63
20.916 2-Cyclopenten-1-one, 2-methyl- Cyclopentanon GHgO 1.39
22.146 Azetidine, 3-methyl-3-phenyl- Alcohol 183N 1.12
25.376 Heptane, 2,4-dimethyl- Alkanes oHD 1.61
25.618 Benzene, (2-methylpropyl)- Aromatic 1014 1.15
29.066 5-Octen-1-0l, (2)- Alcohol 8160 1.01
30.63 Phenol Phenol 6860 6.95
30.951 Benzene, pentyl- Aromatic 1816 1.43
31.676 Guaiacol Guaiacols 0, 2.47
33.17 2-Methylphenol Phenol B850 1.37
34.894 Phenol, 4-methyl- Phenol -HgO 8.2
35.584 Phenol, 4-methyl- Phenol HGO 2.44
36.895 2-Methoxy-4-methylphenol Phenol g OO 0.96
37.308 2,4-Dimethylphenol Phenol gt O 1
39.24 4-Ethylphenol Phenol g0 2.55
40.964 4-Ethylguaiacol Guaicol 08150, 3.61
44,746 Tridecane Alkane 1688 5.96
46.033 Phenylacetonitrile Alkyl Nitriles 8N 1.57
55.586 Benzene,1,1'-(1,3-propanediyl)bis- Aromatic  CysHyg 2.57
63.483 Undecanoic acid, methyl ester Ester 12HEO, 1.77
63.736 1-Propene, 3-propoxy- Oxygenates 19HGN,O, 0.99
65.472 Undecanenitrile Alkyl Nitriles 1HoN 3.71

154



Figure 68 illustrates the chemicals detected withirbio-oil produced using the pyroformer. The
major components detected were aromatic hydrocarab23% in the form of benzene, toluene and

xylenes. The other major groups found was phen®l3%, alkenes 8%, alkanes 5.5%, and Guaicol

6.1%.
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Figure 68 Pyroformer 'Bio-oil' Chemical Groups

Other notable chemicals present were furans 2.9%hal 2.1%, cyclopentanones 1.4%, esters 1.8%,
and alkyl nitriles 1.6%, ketones 0.9% and oxygesnd8é. In summary the bio-oil was found to have
poor characteristics for use as a diesel enginls.fds mentioned earlier, this bio-oil would be mor
suited for catalytic upgrading to further deoxyderthe bio-oil to improve its stability and misdityi

if considered as a fuel for engines. Other stuti@ge investigated steam reforming of bio-oil to
produce hydrogen by the use of catalytic hydrotineat and catalytic cracking.[33, 34, 180]

By placing a reforming unit after the pyrolysis pess, the pyrolysis vapours prior to condensation
could be upgraded by converting unfavourable comgsiinto lower alkanes like methane as well as

hydrogen and carbon oxides, as well as leadinddwer viscosity of the final liquid.

This in turn can increase the heating value andocstible gas content of the formed pyrolysis gases
and make it more suitable for application in gagiees. The large formation of aqueous phase in the

bio-oil could serve as a reaction partner in refagmeactions to produce hydrogen.[34]
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7.4.2 Char Analysis

The char (shown in Figure 68) was the second lamesluct yield in the intermediate pyrolysis of
BSG. The material produced was found to be verk,daittle, coarse and very dry. It was analysed
for its heating value, proximate analysis and elgalecomposition. Table 21 & 22 gives the

proximate and elemental analysis of the char.

Table 21 BSG Pyroformer char proximate analysis

mass %

Proximate analysis
Moisture Ash Volatiles Fixed Carbon

BSG Char 3 18 21 57

Table 22 Elemental analysis of Char produced frgnof@rmer

mass % dry ash free basis

Elemental analysis C H N S 0

BSG Char 618 4 5.2 1.9 27.1

¢ By difference

The fixed carbon content increased 47% and theilelaatter had decreased 57% from the original
feedstock as expected from the pyrolysis procebs. GQiochar was found to be very dry with a
moisture content of 3% and containing a high astitecd of 18%. The heating value obtained by

bomb calorimeter was 26-28 MJ/kg which has higimergy content than the original feedstock.

The carbon contents show that the char is richaiban (approximately 15% higher than in the
original feedstock) with oxygen determined by diffiece. A high level of hydrogen 4% nitrogen
5.2% and sulphur 1.9% was detected The O/C rattbethar was 0.43 and the H/C ratio was 0.06
indicating the char produced at 450°C is richeoxggen content and may have retained the oxygen
from the bio-oils. Crombie et al, 2012[181] repdrtiat a char material with an O:C ratio in the
range between 0.2-0.6 would be expected to have nesédence time (stability) of 100-1000 years in

soils. Therefore the char would be a long-terrblstaiochar for soils.
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Figure 69 Biochar produced from Pyroformer

The char has a useful energy content that can liseofor combustion in boilers and furnaces or to
provide heat for the pyrolysis process. Howevethilgh ash content may lead to ash slagging, fouling
and corrosion in boilers due to the low meltingn®iof alkali and alkaline earth metals. The presen
of a high nitrogen and sulphur content in the ¢hay also lead to the release of NDd SQ along

with their precursors such as Nehd SQ when combusted.

Sanna et al, 2011[135] obtained biochar from spesins WSG and BSG. The author reported high
carbon (63-67%) and nitrogen (4-5%) contents thatgrovide nutrients to soil and crop productivity
making it very attractive as a soil amendment legqdb an overall process with carbon negative

emissions.

The use of char/biochar as a soil improver or lfgeeti is attracting widespread attention, as regubrt

by Hornung et al, 2011 [25]Industrial agriculturasha high demand for fertilizer. Nutrients such as
nitrogen, phosphorous, potassium and carbon arertarg for plant growth, and were found to be
present with mass fractions of 5.2%, 1.68%, 0.1%&h8%. Therefore applying char to agricultural

land could improve soil fertility promoting plantayvth as well as storing carbon.

Table 23 Elemental Analysis of char ash producechfPyroformer

mass %,
Al Ca Fe K Mg P
BSG char 0.2 0.9 0.3 0.1 0.4 1.68

The TGA and DTG combustion profile of the charhiswn in Figure 70 below. Combustion profiles
were carried out in an air atmosphere. The weiggg tan be seen to occur between 300°C and 770°C
with peaks between 500-600°C. Much of the celluksé hemicellulose fibres would have degraded

therefore the peaks that are likely to be andIstilpresent within the char solids are lignin fibre
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BSG Pyroformer Char TGA and DTG
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Figure 70 Pyroformer BSG Char TGA and DTG curve

7.4.3 Permanent gases

The permanent gases were analysed post quenchasuffine GC-TCD analyser and the results are
given in Table 24. The permanent gases detectegl yelrogen, nitrogen, carbon monoxide, methane
and carbon dioxide. Hydrogen of about 1-2vol% waslpced; this may be due to cracking reforming
reactions taking place between hot char and pyisolyapours. Other species that were formed
included methane and carbon monoxide. The heatihgewof the gas was 6.7MJnfargely due to
the high methane content. The gas can be combakird with some char to meet heat demands of
the Pyroformer or a feedstock dryer. Carbon dioxwds relatively high at 64vol% and is likely to be

due to decarboxylation reactions taking place.

Table 24 Yield of permanent gases produced from®Bgmer

vol% permanent gases
Gases H (O} N, CcoO CH, (6{0))

1.6 0.45 4.6 19.74 9.43 64.18

7.5 Summary

Intermediate pyrolysis products bio-oil 52%, ch@f@and permanent gas 21% of BSG have been
produced using the Pyroformer reactor. The condkhgeoil produced was found to have an organic

and an aqueous phase. The two phases were sepsaaiigdising a gravimetric settler.

The organic phase was very dark in appearanceiaodus with a strong smell of carbonised organic

material. The aqueous phase was red in appearadceoatained some evidence of solid particles.
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The calorific value of the bio-oil (organic phaseas 20 MJ/kg, which is about half the energy
content of fossil diesel. The low energy conterddsociated with the high oxygen content of the oil
Due to the high moisture, solids content and pdwsigal properties of the bio-oil, it is unsuitalle

a fuel source in an engine without upgrading. Theedil upon visual inspection is liquid but not
homogeneous as it contained many bituminous saldsviscous compounds which overtime could
polymerize with age if stored at room temperatiitee solids content however must remain low if the

bio-oil is to be considered to be suitable for eegapplications.

The carbon residue and ash for the bio-oil was%.2®d 0.44% respectively which in contrast to
diesel and biodiesel are relatively high and caualdicate potential blockage problems in engine
applications such as clogging injectors and coken&bion in the combustion chamber. Viscosity was
very high at 222 cSt; this may be due to the amotisblids present in the bio-oil and would make
atomisation difficult. The major components detdate the bio-oils were aromatic hydrocarbons at
23% in the form of benzene, toluene and xylenes. dther major group found was phenols 15.3%,

alkenes 8%, alkanes 5.5%, and Guaicol 6.1%.

The biochar was found to be very dry with a mostwntent of 3% and containing a high ash content
of 18%. The heating value for the char was founbe@6-28 MJ/kg which has higher energy content
than the original feedstock. The char has a usafatgy content that can be of use for combustion in
boilers and furnaces or to provide heat for theolygis process. However the high ash content may
lead to ash slagging, fouling and corrosion in drsildue to the low melting points of alkali and

alkaline earth metals. The presence of a highggincand sulphur content in the char may also lead t

the release of NGand SQ along with their precursors such as ]Nithd SQ when combusted.

The carbon contents show that the char is richaifban (approximately 15% higher than in the
original feedstock) with oxygen determined by diffiece. A high level of hydrogen 4% nitrogen
5.2% and sulphur 1.9% was detected. The O/C rdttbeochar was 0.43 and at 450°C is richer in
oxygen content and may have retained the oxygen the bio-oils, and would be expected to have

mean residence time (stability) of 100-1000 yearsoils.

Hydrogen of about 1-2vol% was produced; this maydbe to cracking reforming reactions taking
place between hot char and pyrolysis vapours. Gipecies that were formed included methane and
carbon monoxide. The heating value of the gas waM®Bnt, largely due to the high methane
content. The gas can be combusted along with sbaretec meet heat demands of the Pyroformer or a
feedstock dryer. Carbon dioxide was relatively high 64vol% and is likely to be due to

decarboxylation reactions taking place.
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8 Non-Catalytic Bench Scale Intermediate
Pyrolysis Results and Discussion

8.1 Introduction

Intermediate pyrolysis of BSG using a non-catalydiench-scale fixed bed pyrolysis reactor was
conducted in an attempt to simulate the Pyroforriiée objectives of these experiments were to
investigate the yields and properties of the pyislyproducts formed at a temperature of 450°C at tw
different pyrolysis heating rates, in order to itiignthe optimum pyrolysis heating rate to obtain
liquid, solid and gas product yields similar to skoproduced from the Pyroformer. The optimum
heating rate will be adopted for the study of gaditalsteam reforming pyrolysis presented in Chapter
9. A secondary catalytic reactor was added to émelp scale reactor as described in Section 6.3. Two
further pyrolysis experiments were conducted assaential reference point without catalysts pior t
catalytic experiments. The analysis of the progimids properties based on methods discussed from

chapter 6, and the mass balance from the expersnaeatdiscussed below.

8.2 Bench Scale Intermediate Pyrolysis Reactor

Approximately 100g of dried and ground BSG feedstwas placed into the batch fixed bed reactor.
The nitrogen purge was set at 56tmin then introduced into the reactor, afterwards teactor
heater was switched on to heat the pyrolysis redctdhe desired temperature of 450°C at two

different heating rates, 25°C/min and then 50°C/min

The BSG particles are heated by radiation in thatdte furnace and finally reach the desired
temperature. At the desired temperature the biorisakept for approximately 20 minutes until no
further pyrolysis volatiles form. In these initiakperiments no catalysts were used, however a
catalytic reforming reactor housed in a furnace latey added downstream and set at 500°C and then
at 850°C.

The pyrolysis temperature of 450°C was selectecdam results obtained from the TGA and
pyroformer experiments as discussed in Chaptensd46a Figure 71 below shows the temperature
profiles for BSG inside the carbolite bench scalelysis reactor at the two different heating rates

Figure 72 below illustrates the permanent gas seleate of BSG at both different heating rates.
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Carbolite pyrolysis reactor temperature profile for 25°C/min
and 50°C/min
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Figure 71 Carbolite pyrolysis reactor and biomassperature for BSG
Non-condensable gas release rate for BSG at 25°C/min and
50°C/min
25C/min 50C/min
2.5
2
£
E 1.5
=
3 1
o
[F 8
0.5
O T T 1
500 1000 1500 2000 2500 3000
Time (seconds)

Figure 72 Permanent gas release rate for BSG &/2#i & 50°C/min heating rate

The reactor temperature was recorded every two tesnuwith each experiments lasting
approximately 40 minutes. The duration of each grpt represents the solids residence time as the
time taken for the feed to be fully converted imesile reactor. The reactor takes approximately5L3-1
minutes to reach set-point temperature at the higleating rate and 20-23 minutes at the lower

heating rate. The vapour residence time was netm@ied but can be assumed to be in the order of a

few seconds.

The vapour residence time seemed to be affectethdyamount of feed inside the reactor and the
purge gas flow rate. Phan et al, 2008 [182] repotitat the bed depth inside the reactor had agtron
influence on the properties of pyrolysis produais & small effect on the yield of pyrolysis product
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The purge gas flow rate affected the velocity af gyrolysis vapours leaving the pyrolysis zone;

therefore both these factors are kept constantigivaut the pyrolysis experiments.

Much of the BSG pyrolysis vapours release BSG achatween temperatures 150°Cand 450°C.
Literature has reported that the basic biomass oaemts, hemicellulose, cellulose and lignin,

decompose thermochemically in the following tempeeranges: 150-350°C, 275-350°C and 250-
500°C[164]. Between temperatures 170-320°C reptedka decomposition of hemicellulose and the
initial decomposition of cellulose, and between pematures 320-450°C signifies the final

decomposition of cellulose and lignin. Due to tighhvolatility content of BSG, most of the volasle

are released below 450°C.

8.3 Mass Balance

The mass balance sheet used for recording dathecéound in APPENDIX B. For each experiment
the reactor transition tubes and condensers amghegibefore and after each experiment, this allows
determination of the product yields, and the overalss balance. Much of the char was retained in
the primary quartz reactor, and the transition subad oil-pots contained the bio-oils. Prior to
weighing, all the glassware apparatus was thorqughkaned and dried. Permanent gases
composition was normalised and obtained by diffeeeniThe mass balance for these tests are

summarised in Table 25 and then discussed.
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Table 25 Summary of mass balance for non-catabgrch-scale pyrolysis experiments

Unit BSG BSG Barley BHrtj‘:f'[ggf
Moisture content wt.% 8% 8% 12% 8.43%
Ash content Wt.%, dry basis 45 4.5 6 14.83
Pyrolysis temperature °C 450 450 450 450
Pyrolysis heating rate °C/min 25 50 50 25
Catalysts - - - -
Catalytic reforming temperature °C - - - -
Steam flow rate ml/s - - - -
Steam : Carbon Ratio - - - -
Biomass feed g, dry basis 100.33 100.11 100.64 -
Pyrolysis Yields (as received): i
Liquids wt.% 34.39 47.83 39.32 39.61
Char wt.% 32.44 30.87 30.13 41.92
Permanent Gas: wt.% 335 21.41 30.55 18.47
H, vol% 0% 0% - -
0O, vol% 1% 0% - -
N vol% 32% 28% - -
CO vol% 13% 17% - -
CH, vol% 4% 9% - -
CO, vol% 50% 45% - -
HHV MJ/kg 1.12 1.3 - -
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All bio-oils produced at 450°C but at different king rates were found to have phase separated into
two phases. As was found for bio-oils produced gighe pyroformer in chapter 7, the top layer
contained the oily organic fraction referred tobég-oil, and the bottom layer contained the water
fraction referred to as the aqueous phase. Thigésto pyrolysis vapours being cracked by char.[31,
41-46]

At the lower heating rate (25°C/min) the produdlgiwas 35% bio-oil, 31% char and 34% gas, and
at the higher heating rate 48% bio-oil, 31% chat 20% permanent gases. Table 25 and Figure 73

show these data comparatively.

The vyield of char remains the same and therefopeas unaffected by heating rate; however the
yield of condensable liquids increased by 13% anme amount of permanent gases reduced

correspondingly at the higher heating rate.

Dried and ground barley was tested at the sameenpe but heating rate at 100°C/min for
comparison purposes and the yields were 39% feoihi®B0% for char and 31% permanent gases.
The bio-oil produced from barley was found to halease separated into two phases and was
expected. Abu-Bakr [183hvestigated Brunei rice husk using the same reattd50°C at a heating
rate of 25°C/min and found the product yields to4886 for bio-oil, 42% for char and 19% for
permanent gases. The bio-oils produced were algortexl to have phase separated. The author
reported that the pyrolysis condition can be cfassias intermediate pyrolysis due to the moderate
temperature used and the yields produced were gqalpao the patented Halo-clean process for rice

husks.

Therefore the products yielded for BSG at 50°C/ani@ comparable to the yields produced by the
Pyroformer and the Haloclean at the same temperalurerefore in order to carry out reforming
experiments simulating the Pyroformer the higheating rate of 50°C/min was selected for all

subsequent experiments.
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Yield of Pyrolysis products at different pyrolysis heating
rates at 450°C
60
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© 40 +—
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Liquid Char Permanent Gas
H 25 C/min 34.82 31.32 33.87
50 C/min 47.83 30.87 21.41
B Pyroformer 52 29 19
Product

Figure 73 Comparison of the yields of products fifferent pyrolysis heating rates

A secondary catalytic reactor was added to thetbenale reactor as described in Section 6.3. The
secondary reactor is housed in an electrical furnaced directly after the batch pyrolysis reactor
and before the glass liquid collection system. lass liquid collection system downstream of the
unit is unchanged. Two pyrolysis experiments wenedacted as an essential reference point without
catalysts prior to catalytic experiments. Quartolwwgas placed inside the secondary reactor and was
tested initially at 500°C and then at 850°C dutimg pyrolysis runs.

The quartz wool serves two functions; firstly itlivgupport the catalysts as a packed bed therefore
preventing the catalysts from falling and secorfdhctions as a hot vapour filtration by capturimy a
char fines that can otherwise cover catalysts sari@ading to catalyst deactivation. The use oftqua
wool can also reduce the solids content of theoldio-

The photographs below (Figure 74) show the quadalwefore and after use at 500°C and then at
850°C. The quartz wool was effective in capturiegne char fines which otherwise may cover the
catalysts surfaces leading to catalysts deactivaiibe wool however contained condensed pyrolysis
vapours photo (b) 500°C quartz wool contained farerchar fines and condensed pyrolysis vapours
than that wool photo (c) on right which was at 850°
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@

(b)

Figure 74 Quartz wool before (a), after (b) 5007@ &hen after (c) 850°C

()

The mass balance analysis for the pyrolysis rumis thie addition of the secondary catalytic reactor

using quartz wool is summarised in Table 26.

Table 26 Summary of mass balances for experimeititstiae addition of secondary catalytic reactortiaut

catalysts)
BSG 100
. BSG BSG 100  deg/min
Unit 100?88!2'” * deg/min +8%0°C
+850°C (repeated)
Moisture content wt.% 8% 8% 8%
wt.%, dry
Ash content basis 45 45 45
Pyrolysis temperature °C 450 450 450
Pyrolysis heating rate °C/min 50 50 50
Catalysts - - -
Catalytic reforming temperature °C 500 850 850
Steam flow rate mi/s - -
Steam : Carbon Ratio - -
Biomass feed g, dry basis 100.8 100.22 100.01
Pyrolysis Yields (as received):
Liquids Wt.% 47.67 34.98 34.82
Char wt.% 35.6 36.95 31.32
Permanent Gas: wt.% 17.53 28.29 33.87
H, vol% 0% 9% 8%
0, vol% 0% 0% 0%
N, vol% 16% 4% 5%
co vol% 24% 9% 11%
CH, vol% 5% 9% 11%
CO, vol% 55% 69% 65%
HHV MJ/kg 1 1.7 1.9
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Two experiments were conducted at different catatgimperatures one at 500°C and then at 850°C.
The mass balance for these runs are compared tmdheatalytic experiments conducted and
discussed earlier in the section.

It appears that the presence of the secondaryoreaith quartz wool at 850°C led to a reduction of
liquid yields, with an increase in char and gaddgeThis was due to thermal secondary reaction of
pyrolysis vapours when exposed to high secondaat he

The experiment conducted with a secondary readt®0@°C using quartz wool in comparison to
bench scale pyrolysis without the addition of tleeondary reactor, no real difference was noted
however char yield increased 4.73 wt.% which igliiko be due to experimental error. The general

error of each experiment was approximately + 3%.

Yield of Products (wt. %), Pyrolysis without catalysts at different catalytic

temperatures
60
50
40
xX
o 30 —
3
20 —
10 —
0
Liquid Char Permanent Gas
Pyrolysis at 450C without catalyst
at 500C 47.67 35.6 17.53
Pyrolysis at 450C without catalyst
at 850C 34.98 36.95 28.29
Pyrolysis at 450C without catalyst
at 850C (Repeated) 34.82 31.32 33.87
Product

Figure 75 Comparison of the yields of products faifferent pyrolysis heating rates and with 2ndcternat
500°C and 850°C (no catalyst)

At the higher temperature of 850°C, the mass belanelds were compared to the bench scale
pyrolysis experiments without the addition of acetary reactor. The mass balance yields show
liquids had reduced to 34.98 wt.% from 47.83 wtchtar increased to 36.95 wt.% from 30.87 wt.%

and permanent gases increased to 28.29 wt.% fro#i 2idt.%. Again the increase in char content is

likely to be due to experimental error.

The batch pyrolysis reactor was inspected; it wesenoved that a small fraction of char and condensed
pyrolysis vapours had fouled the k thermocoupleskdunside the pyrolysis reactor to measure the
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temperature of the bed. As a result of fouling i@ccurate temperature readings were recorded
which ultimately affected the heating rate and alle¢he product distribution. The thermocouple was
cleaned and a test at a catalytic temperature @@B%vas repeated. The product yield obtained fer th

repeated tests was 34.82 wt. % for liquids, 31.82#for char and 33.87 wt. % for permanent gases.

8.4 Characterisation of Non-Catalytic Bench Scale ntermediate
Pyrolysis Products

8.4.1 Bio Oil Analysis

The properties of the bio-oils produced from notelydic experiments using the bench scale
intermediate pyrolysis reactor were characterizeihgu various analytical techniques in order to
determine ultimate (C, H, N, O,S & CI), water caritepH, acid number and heating values as

described in Chapter 6. Chemical composition aimlyas conducted by GC/MS.

Figure 76 illustrates the bio-oil liquids producaiddifferent heating rates, left at 25°C/min arghti

at 50°C/min. Both oils show significant phase safyan with a dark oily organic layer (top) and an
aqueous phase (lower). As was mentioned earlisrishbelieved to be due to pyrolysis vapours
making contact with the generated char causinglgticaeffect within the fixed bed pyrolysis reacto
[4-10]. The lower heating rate has produced a layuemtity bio-oil in comparison the higher heating
rate, this may be due to restrictions of heat aadartransfer between the BSG patrticles.[184] It is
known that generally increasing the pyrolysis terapge has a significant effect on product

ditribution in particular increasing oil and gaglgs[185].

Figure 76 Bio-oil samples received different hegtiates (left) 25°C/min (right) 50°C/min
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Table 27 shows the ultimate analysis of the bioligilids (organic — top layer) produced at the
different heating rates without the addition of #econdary reactor. The bio-oil produced with the
secondary catalytic reactor at 850°C using quambplvas a reference was also analysed and is
included for comparison. As the heating rate inee€athere was a reduction in the carbon content
(from 70.27 wt.% to 36.22 wt.%) and an increas¢himm oxygen content (from 14.48 wt.% to 25.79

wt.%). Hydrogen content remained unchanged at%vidr all three oils.

Compared with the oil produced in the Pyroformbee bench scale oil without catalysis showed an
increase in C by approximately 15%, and a redudiiol, N, and O (1.78%, 1.99%, and 4.91%
respectively). Increases in S and Cl were seen7@b@nd 0.1% respectively. The increase in carbon

content is likely due to the presence of fine chars

The presence of the secondary reactor at 850°CGedaaudurther reduction in the carbon content to
47.9 wt.% and an increase in oxygen content to 22WB% (determined by difference). Other

components (hydrogen, nitrogen and poisons likehauland chlorine) did not vary too much.

This indicates that a secondary reactor at higeewperature there is noticeable extent of thermal
decomposition reactions taking place mainly theckireg of the oxygenated compounds in the
pyrolysis vapours. As the temperature increaseeg thas evidence of some trace hydrogen starting to
appear as product of non-catalytic reactions dweliriert surfaces. Also the carbon conversion 0 ga
seems to become more important as temperatureasese This suggests that at high temperatures
auch as 850°C the compounds could easily reactoutita catalyst, however if a catalyts was
introduced part of the reaction could well be coletl by the thermal effects plus the contributién o
catalytic reactions due to either reforming of oxygtes or the catalytic conversion of the

intermediate generated.
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Table 27 Non catalytic bio-oil analysis producediifferent heating rate

BSG
Bio-oil 50°C/min
BSG BSG +850°C(2™
25°C/min 50°C/min reactor)
C 70.27 62.57 47.9
H 8.64 8.12 8.28
N 4.16 1.41 4.04
S 2.23 2.01 2.27
o) 14.48 25.79 37.32
cl 0.22 0.1 0.19
Water Content:
Organic (wt.%) 3.8 3.8 -
Aqueous (wt.%) 65 65 -
pH:
organic 5.26 5.3 -
aqueous 51 5.1 -
Acid Number -
mgKOH/g 60.19 60.2
HHV 334 28.9

The water content of the bio-oils produced from B&Glifferent heating rates was determined using
a Mettler Toledo V30 Compact Volumetric Karl FiscH&F) titrator in accordance with ASTM
E203. The pH was obtained using the Sartorius master PB-11.

Due to the bio-oil's phase separation the organit ajueous phase were analysed. The organic and
agueous phases were 3.8 wt.% and 65% for bothitheillrespectively. Much of the moisture from
the BSG feedstock was reduced though drying; howthes high water content is due to reaction
water which is produced during pyrolysis followiogmplex thermal degradation reactions. Water
present in bio-oils produced from fast pyrolysimsidered for CHP reduces the heating value, and
increases the ignition delay but improves the \8ggoDue to phase separation of bio-oils the cigan
phase forms a layer which can be easily separated fhe aqueous phase through gravimetric

settling as was described in chapter 7; so mut¢heobrganic phase can be collected and stored.

The pH for bio-oil (top phase) and aqueous (lowsase) was observed to be about 5 and the acidity
number to be 60mg KOH/g. It has been reported tthattypical pH of bio-oils (wood-derived) is
usually between 1-2.5 making them quite acidic @mdosive to materials and equipment if stored for
a period of time [53]. The pH not being as low ysdal bio-oils may be due to the absence of acids

such as carboxylic, acetic and formic acids.

Water, pH and acid number analysis was not ableetaconducted for bio-oil produced with a

secondary reactor at high temperature. The quanitibyganic phase was very low due to the further
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breakdown of organic components at higher tempersturhe appearance of this bio-oil was very

dark and the lower aqueous appeared to have awatioeous phase.

8.4.1.1 GCMS Bio-oil without catalyst at 25°C/mirehting rate

The bio-oil produced at a heating rate of 25°C/mas dissolved in ethanol and was characterised for
its chemical composition using liquid gas chromeaply. The chromatograph for this oil is

presented in Figure 77 and Table 28.

2aoa =z =z = o e

Figure 77 GC/MS analysis of BSG bench scale bi@o#5°C/min (chemical abundant vs. Retention time)

More than 100 peaks were detected correspondindifterent organic compounds. Each peak
identified has an ‘Area%’ given in Table 28 représgy each identified component as a fraction
integrated over the whole mass spectrum. The npgaks detected and identified with the highest
abundance were toluene 11.48%, phenol, 4-meth¥B%, tetradecane 6.76%, carbamic acid, and
methyl- phenyl ester 6.69%. These were the largestponents present. The average molecular

weight of the bio-oil components at the lower hegtiate was determined to be 145.
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Table 28 Composition of BSG bio-oil without catdlyat 25°C/min heating rate

Retention Chemical Group ~ Molecular
Time Chemical Name Formula RMM Area %
6.171 Furan, 2-methyl- Furan CsHeO 82.1 0.77
7.286 1,5-Pentanediol, 3-methyl- Alcohol CeH1 O, 11817  0.84
8.493 2,5-Dimethylfuran (96, 96, RI 0) Furan CeHsO 96.13 1.51
9.654 trans,trans-1,3,5-Heptatriene Isomers C/Hqg 94.15 1.88
10.413 1-Octene, 3,7-dimethyl- Alkene CicHac 140.27 1.2
10.965 Toluene Aromatic CHg 92.14 11.48
11.678 Pyridine (79, 79, RI 0) Pyridines CsH:sN 79.1 0.62
14.564 Cyclopentanone Cyclopentanone CsHgO 84.12 1
15.265 Ethylbenzene Aromatic CeHig 106.17 3.6
15.668 p-Xylene Aromatic CeHig 106.17  1.28
17.139 m-Xylene Aromatic CeHig 106.17  1.32
17.496 Cyclooctatetraene (104, 104, RI 0) Alkene CeHg 104.15  2.05
20.048 Decane, 1-chloro- Alkane/Chlorine CiHaCl 17673 3.53
20.496 2-Ethyltoluene Aromatics CoH1, 120.19  0.96
20.887 2-Cyclopenten-1-one,2-methyl- Cyclopentanone CeHgO 96.13 0.79
21.715 3-Ethyltoluol Aromatics CoHy, 120.19  1.28
25.394 Undecane Alkanes CiiHoa 156.31  2.27
25.613 Benzene, Butyl- Aromatic CicHag 134.22 1.54
26.027 1-Nonyne, 7-methyl- Alcohol CicH1g 138.25  0.67
30.591 Carbamic acid, methyl-, phenyl ester Ester CgHoNO,  151.2 6.69
30.948 Benzene, (3-methylbutyl)- Alkene CuHie 14824  1.86
31.638 Ethanone, 1-(1-cyclohexen-1-yl)- Ketones CgHgF50 178.15 2.14
33.132  2-Methylphenol (108, 108, RI 1260) Phenol C/HgO 108.14  2.38
34.857 Phenol, 4-methyl- Phenol C,HgO 108.14  7.13
35581 Tridecane Alkanes CiaHae 18436  3.07
36.087 Benzene, Hexyl- Alkene CiHis 162.27  1.52
36.283 Octanenitrile Alkyl Nitriles CgH1:N 12521  0.62
36.627 Benzene, (1,3-dimethylbutyl)- Alkene CiHxN, 292 0.98
37.248  2,4-Dimethylphenol Phenol CeH, O 122.16  1.88
39.03 Phenol, 2,3-dimethyl- Phenol CH, O 12216  0.61
39.18 4-Ethylphenol Phenol CeHi O 12216 2.42
40.939  4-Ethylguaiacol Guaicols CH 0, 15219  1.53
41.33 Phenol, 4-ethyl-3-methyl- Phenol CeHi:NO, 157.2 0.62
44.722 Tetradecane Alkane CiH3o 198.39  6.76
48.999 1-Tetradecene Alkene CraHae 196.37 0.6
49.332  2-Methylindole Alcohol CgHgN 131.17  0.68
52.505 7-Tetradecene Alkene CraHae 196.37  0.68
61.129  Thiazolo[5-4-flquinoline Alcohol CiHeN,S 186 0.68
63.428 Pentadecanoic acid, 14-methyl-, methyl ester ESter CisHycO, 2424 2.01
65.394 Pentadecanenitrile Alkyl Nitriles CiHaeN 223 2.64
76.489  Palmitic Acid Organic Acid CiH3,0,  256.4 2.07
81.847 Undec-10-ynoic acid Organic Acid C;HsO,  182.16 0.72




8.4.1.2 GCMS Bio-oil without catalyst at 50°C/mirehting rate

The bio-oil produced at a heating rate of 50°C/mas dissolved in ethanol and was characterised for
its chemical composition using liquid gas chromeaply. The chromatograph for this oil is

presented in Figure 78 and Table 29.

The results show that there was no significanedifice from the Pyroformer oils (see Figure 67 and
Table 20).
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Figure 78 GC/MS analysis of BSG bench scale bi@aob30°C/min (chemical abundant vs. Retention time)

Again more than 100 peaks were detected correspgni different organic compounds being

identified within the spectrum. The major peaksedetd and identified with the highest abundance
was toluene 11.48%, phenol, 4-methyl- 7.13%, tettade 6.76% and carbamic acid, methyl-, phenyl
ester 6.69%, these were the largest componentsrjirdshe average molecular weight of the bio-oil

components at the higher heating rate was detedninbe 142.
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Table 29 Composition of BSG bio-oil without catdatyat 50°C/min heating rate

Retention Chemical Name Chemical Group Molecular formula RMM  &\%
S.Igge 2,5-Dimethylfuran Furan 6850 96.13 1.51
9.654 trans,trans-1,3,5-Heptatriene Isomer HE 94.15 1.88
10.413 1-Octene, 3,7-dimethyl- Alkene 10820 140.27 1.2
10.965 Toluene Aromatic g 92.14 11.48
11.678 Pyridine Pyridine 4ElsN 79.1 0.62
14.564 Cyclopentanone Cyclopentanone sH{ 8412 1
15.265 Ethylbenzene Aromatic sl 106.17 3.6
15.668 p-Xylene Aromatic &l 106.17 1.28
17.139 m-Xylene Aromatic &l 106.17 1.32
17.496 Cyclooctatetraene Alkene gHs 104.15 2.05
20.048 Decane, 1-chloro- Alkane/Chlorine 1¢€,;Cl 176.73 3.53
21.715 3-Ethyltoluol Aromatic & 120 1.28
25.394 Undecane Alkane 1Bl 156.31 2.27
25.613 Benzene, Butyl- Aromatic 18114 134.22 1.54
30.591 Carbamic acid, methyl-, phenyl ester  Ester gHo8O, 151.2 6.69
30.948 Benzene, (3-methylbutyl)- Aromatic 11816 148.24 1.86
31.638 Ethanone, Ketone 181607 298.29 2.14
33.132 2-Methylphenol Phenol -850 108.14 2.38
34.857 Phenol, 4-methyl- Phenol +HzO 108.14 7.13
35.581 Tridecane Alkane 1&g 184.36 3.07
36.087 Benzene, Hexyl- Aromatic 1£E1g 163 1.52
37.248 2,4-Dimethylphenol Phenol gt O 122.16 1.88
39.18 4-Ethylphenol Phenol sB810 122.16 2.42
40.939 4-Ethylguaiacol Guaicol 08150, 152.19 1.53
44,722 Tetradecane Alkane 148830 1984 6.76
65.394 Pentadecanenitrile Alkyl Nitrile 1§E,9N 2234 2.64
76.489 Palmitic Acid Organic Acid 1H3,0, 256.42 2.07
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8.4.1.3 GCMS Bio-oil with the addition of secondargtalytic reactor at 850°C

The bio-oil produced at a heating rate of 50°C/mmémg a secondary reactor without a catalyst at
850°C was dissolved in ethanol and was charactefaeits chemical composition using liquid gas

chromatography. The chromatograph for this oilresspnted in Figure 79 and Table 30.
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Figure 79 GC/MS analysis of BSG bench scale bi@b#0°C/min heating rate with secondary react@58rC

(no catalyst) (chemical abundant vs. Retentiontime

As before, more than 100 peaks were detected pamdgg to different organic compounds being
identified within the spectrum. The major peaksedetd and identified with the highest abundance
was benzene 29.74%, pyridine (79, 79, RI0) 22.238tyene 7.36%, 2-propenenitrile 6.82%,
cyclooctatetraene (104, 104, Rl 0) 5.09%, naphtieae43%, and butanedinitrile 3.01% these were
the largest components present. The effects ofcansary reactor with no catalysts at 850°C had
further cracked the organic components breakingndawch of the phenols, furans, acids and esters.
Toluene had reduced and the presence of benzemasead significantly as well as some polyacyclic

aromatic hydrocarbons.
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Table 30 Composition of BSG bio-oil without catdatyat 50°C/min heating rate with secondary reaator
850°C (no catalyst)

Molecular
Retention Time Chemical Name Chemical Group Formula RMM Area %
5.987 2-Propenenitrile Alkyl Nitriles 1N 53.1 6.82
7.458 Benzene Aromatic 686 78.11 29.74
7.872 Thiophene Alkene 8,S 84.14 0.73
10.884 Toluene Aromatic g 92.14 7.36
11.55 Pyridine (79, 79, RI 0) Pyridines sHGN 79 22.23
14.884 Pyrrol Alcohol GH:N 67 3.26
17.114 Phenylpropiolic acid Organic Acid GO, 146.14 1.07
17.401 Cyclooctatetraene (104, 104, R1 0)  Alkene gHLC 104.15 5.09
26.322 Benzene, 1-ethynyl-4-methyl- Aromatic oHe 116 2.26
32.874 Sulphur dioxide Sulphur 26LS 82.08 0.44
34.702 Napthalene Polyaromatic 1cB8s 128.17 4.43
35.357 Butanedinitrile Alkyl Nitrile CH4N, 80.09 3.01
48.531 Acenapthylene Polyaromatic 165 152- 0.99

Tables 31 and Figure 80 below illustrates the chahgroups for the chemicals detected in the bio-

oils produced at 25°C/min, 50°C/min and at a céialgmperature of 850°C but without catalysts in

comparison to bio-oil produced using the pyroformer

Table 31 Bio-oil chemical groups

BSG
BSG BSG .

_ Pyroformer o5C/min - 50°C/min 50°C/min
Chemical Groups +850C
Alcohols 2.13 2.87 0 3.26
Alkanes 55 15.63 15.63 0
Alkenes 7.67 3.25 3.25 5.82
Alky Nitriles 1.57 0.62 0 9.83
Aromatic Hydrocarbons 22.68 24.54 23.88 39.36
Carboxaldehydes 0 0 0 0
Cyclopentanones 1.39 0.79 0 0
Esters 1.77 8.7 6.69 0
Furans 2.9 2.28 1.51 0
Guaicols 6.08 1.53 1.53 0
Isomers 0 1.88 1.88 0
Ketones 0.89 3.14 3.14 0
Polyaromatic Hydrocarbons 0 0 0 5.42
Phenols 15.27 15.04 13.81 0
Pyridines 0.0 0.0 0.0 0.0
Organic Acids 0 4.07 2.07 1.07
Oxygenates 0.99 0 0 0
Saccharides 0 0 0 0
Sulphurs 0 0 0 0.44
Chlorines 0 0 0 0
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The bio-oils produced at two different heating sahow similarities to oils produced using the
pyroformer with the large portion of chemicals détel as aromatic hydrocarbons 23-25%, phenols

13-15%, alkanes 5-15% and alkenes 6-8%. No polyatiorhydrocarbons were produced in either of

these bio-oils.

The bio-oil produced at a catalytic temperatur8%3°C shows an increase of aromatic hydrocarbons
of 39%, alkyl nitriles 9.8% and an increase of potymatic hydrocarbons of 5.4%. This is due to the
thermal cracking of alkanes, esters, furans, glaieeomers, ketones and phenols which were not

present in the bio-oil.

The decomposition of the phenolic components fetaince (GHsOH) is likely to occur via O-H
bond cleavage rather than C-O bond cleavage. Tdrerétie most likely reaction pathway for phenol

decomposition is as follows:

CeHsOH* [/ CeHsO* |p| CeHs* [ CoHs* [ CeHs* || CeH* |»f CH* [ Ce*

The decomposition of phenol is a continuous enduotlee process leading to products of higher

energies and reduced stabilities.[186]

Bio-oil chemical Groups Without Catalysts
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Figure 80 Chemical groups and the peak areas foicatalytic bench scale intermediate pyrolysisdilo-

177



8.4.2 Char Analysis

The char was the second largest product yieldemtn-catalytic bench scale intermediate pyrolysis
of BSG. The material produced was found to be \adayk, brittle, coarse and very dry. It was
analysed for its heating value, proximate analgsi$ elemental composition. Table 32 & 33 gives the

proximate and elemental analysis of the char.

Table 32 Proximate analysis of char produced usérmrh scale reactor

. mass %
Biochar
Moisture Ash Volatiles Fixed Carbon
Pyroformer Char 3 18 21 57
25 °C/min 3 15 20 62
50 °C/min 2 14 22 62

The results show that the BSG char produced anpeagature of 450°C with heating rate 50°C/min is
quite comparable to char produced from the PyroéorrAll char produced seemed to be unaffected
by heating rate at the same temperature. Moistméent was very low at 3%, ash was high between
14-18%, volatiles between 20-22% and fixed carb@b&%. The char had a quite high energy
content of 28-30 MJ/Kkg.

The ultimate analysis shows the char is rich irbocarat 68%, with a high level of hydrogen 3.5%,
nitrogen 5.53% and sulphur 0.10% and chlorine 0.92% detected. Oxygen 23% was determined by
difference. Char obtained from barley was alsoysm®al and was found to have a high carbon content
of 66%, hydrogen 3.5%, nitrogen 1%and sulphur 0.9 chlorine 1.34% was detected. Table 33

shows the data comparatively.

The proximate and ultimate analysis indicates it chars produced using the bench scale
intermediate pyrolysis unit is consistent with thers obtained from the Pyroformer as described in

chapter 7.

Table 33 Ultimate analysis of BSG char

Bench Bench
Biochar Pyroformer Scale Scale
BSG Char (wt. BSG char Barley
%) (Wt.%) Char (wt.%)
C 61.8 68.24 65.93
H 4 3.47 3.51
N 5.2 5.53 1
O 27.1 22.76 28.65
S 1.9 <0.10 0.91
Cl - 0.12 1.34
HHV (MJ/kg) 28 29 29
HHV (MJ/kg) Channiwala 28.7 30.8 29.9
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The TGA and DTG combustion profile of char produesihg the bench scale fixed bed pyrolysis
unit is illustrated in Figure 81 below showing thieight loss. Combustion profiles were carried out i
an air atmosphere. The weight loss can be seetcto between 330°C and 900°C and peaks between
500-600°C. These peaks are largely caused by arganmiponents that may still be present within the

char solids such as cellulose and hemicellulogesdi

Bench scale BSG Char TGA and DTG

Benchscale BSG Char TGA

Benchscale BSG Char DTG
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100 —W 0

80 1
60 \ \ 2
40 \ \ -3

Wt. %

0 ] ] 1 1 -5
0 200 400 600 800 1000

Temperature °C

DTG weight loss rate (Wt. %/min)

Figure 81 BSG char TGA and DTG combustion profiles

8.4.3 Permanent gases

Figure 82 shows that there was no real differenadbé composition of permanent gases produced as
heating rate increased. Ng bt O, was produced in the bench scale experiments whinbrmal for
pyrolysis. CO concentration was about 17 vol%, ,Qdncentration about 10vol% and €O
concentration about 45vol%.
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Yield of Permanent gases at different pyrolysis heating rates at
450°C
70%
60%
s 50%
o
= 20%
10%
0% —
H2 02 N2 co CH4 co2
H 25 C/min 0% 0% 28% 16% 11% 45%
50 C/min 0% 0% 28% 17% 9% 45%
m Pyroformer | 1.60% 0.45% 4.60% 19.74% 9.43% 64.18%
Permanent gas

Figure 82 Comparison of the Permanent gas yietis flifferent pyrolysis heating rates

Figure 83 illustrates the yield of permanent gasesluced with the addition of a secondary catalytic
reactor at different catalytic temperatures, buthewt catalysts. At high temperature thermal
cracking had taken place as vapour was in contdttt guartz wool producing more gases, in
particular it was noted that,hvas present at high temperature increasing tol%weith a decrease
in CO from 17vol% to 11vol%, CHanged between 9 -11vol% and an increase ip f@mn 45vol%

to 69vol%. Figure 83 shows these data comparatively
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Yield of Permanent gases (Vol%), Pyrolysis without catalysts, at different
catalytic temperatures

80%

70%
*® 60%
v 50%
E 40%
G 30%
= 20%

10% I

0% [ ]

H2 02 N2 co CH4 co2

o easone | | o% | asw | um | oow | asw
o eaaoe | | o | a | e% | e | e
Pyrolysis at 450C with
oo 8500 (Repomedy| B | 0% | s% | 1% | 1% | 65

Permanent gases

Figure 83 Comparison of the Permanent gas yietdns fiifferent pyrolysis heating rates and with 2nd
reactor at 500°C and 850°C (no catalyst)

8.4.3.1 Heating Value

The permanent gases were analysed post quenchamsuffine GC-TCD analyser and the results are
given in Table 25 and Figure 84. The permanent gastected were hydrogen, nitrogen, carbon
monoxide, methane and carbon dioxide. The gases m@malised to 100%. The gases produced at
the different heating rates 25°C/min and 50°C/mad ta heating value of 1.12 and 1.16MJ/m
respectively. The gas produced with a secondaghtit reactor without any catalysts at 500°C and
850°C had a heating value of 1.31 and 1.7 M#spectively.

Permanent Gas Heating Value MJ/m3

1.8
1.6
14
1.2

0.8
0.6

0.2

Heating Value (MJ/m3)

450°C 450°C 450°C 450°C

BSG - 25°C/min | BSG - 100°C/min BSG - with 2nd BSG - with 2nd
reactor 500°C (no | reactor 850°C (no
catalysts) catalysts)

Non catalytic Pyrolysis of BSG at 450°C

Figure 84 Permanent gas heating value of non-datgyrolysis experiments
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9 Catalytic Intermediate Pyrolysis Results and
Discussion

9.1 Introduction

The experimental results are discussed for them@diate pyrolysis and catalytic steam reforming of
BSG feedstock. A secondary catalytic reactor wakeddo the bench scale pyrolysis reactor to form a
close-coupled catalytic pyrolysis system to upgrddae generated hot pyrolysis vapours in situ. A
high surface area commercial steam reforming nické&dlyst on an alumina support (Nif8k) was
used as part of the catalytic experiments. Rhodindh platinum on an alumina support (Rh@&
Pt/Al,O3) were also selected and performances comparedatdlysts were prepared and supplied by
Johnson Matthey Ltd[1]. Three catalytic steam nmeiog temperatures were selected and
investigated: 500°C, 750°C and 850°C initially, witit steam and then with the addition of steam.
The initial catalytic experiments without steam madse of the aqueous phase or the water/steam
present in the hot organic pyrolysis vapours tovesghe steam reforming reactions within the
secondary reactor, so as to observe quantity ajesymproduced (in particular,Hontent) and the
catalyst performance utilising the water alreadyspnt in the system. It is anticipated that thesipgs

of hot pyrolysis vapours over a fixed bed of catdywill upgrade and enrich the pyrolysis gas prior
to condensation in terms of heating value, duernongreased yield of methane, and hydrogen
formation. Based on the experimental results obthiffom the 14 runs of catalytic intermediate

pyrolysis steam reforming of BSG were carried out.
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9.2 Catalytic Bench Scale Intermediate Pyrolysis Retor

Catalyst was placed directly in the catalytic reforg reactor supported with quartz wool and the
loaded reactor was then housed inside a furnadbatathe catalyst bed could be heated up. The
pyrolysis reactor was loaded with 100g of BSG aitcbgen purge was set at 50¢min and then
introduced into the reactor. After reaching theirggiscatalytic temperature the catalysts werefteft

30 minutes in a purged environment, afterwardspihrelysis reactor heater was switched on to heat
the pyrolysis reactor to the desired temperatui@@5at a heating rate of 50°C/min. The released
pyrolysis vapours are then transported via nitrogerge to the second stage catalytic reactor where

steam or catalytic reforming of the pyrolysis vafgooccurs.

The initial tests were to see the effect of refagnpyrolysis vapours without steam at the selected
temperatures, as the presence of significant veatetent in the pyrolysis vapours may be sufficient
for the catalytic reforming reactions to proceetie Truns without steam are then replicated using
fresh catalyst samples with the addition of steAnzopper distillation kettle mounted on top of a

heated plate was used to generate steam for sedarmmg experiments.
The steam reforming reaction of any oxygenatedracggompound can be represented as follows:

CnH2n+2 + 2H20 d Cn—lHZn + COZ + 3H2 (1)

Other reactions that may take place are as follows:

CoHp + nH,0 & nCO, + (n+ 2)H, ()
CO, +4H, & CH, + 2H,0 (3)
CO +3H, & CH, + H,0 (Methane steam reformiing 4)
CO +H,0 < CO, + H, (Water gas shift reaction) (5)

These reactions are only a guide, as pyrolysis wapoontain complicated hydrocarbon chains, but

also oxygenated compounds.

The mechanism of steam reforming oxygenated congmwver metal catalysts is proposed to
correspond to a similar bifunctional mechanism fé reforming of hydrocarbons. The organic
molecules activate or adsorb on the metal crystaliites while water molecules are activated on the
support structure. Surface hydroxyl groups are &frfrom water with the surface oxygen on the
support. Hydrogen is produced by dehydrogenationthef organic molecule and reaction of the
hydroxyl groups from the water at the metal/suppuerfaces.[187] A schematic of the mechanism
proposed for conventional steam reforming is itastd in Figure 85 below, however this mechanism

is not very specific and do not describe the actudhce reactions which might occur.[188]
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CH,, CO,, H, €= CH;COOH \ Support reactions
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CO, H, Oligomerization = CH;COCHj,, CO,, H,0
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Figure 85 The bifunctional reaction mechanism, whmgossible side reactions are indicated as wejurei
adapted from [188]

Space velocity is defined as the inverse of residdimer, and is usually defined as the ratio of the
feed gas flow rate to the size of the reactor émiti’). The space velocity can be defined in terms of

gas hourly space velocity (GHSV) and is calculatsidg the following equation.
GHSV = Feed Gas Volumetric Flow Rate/ Reactor (or &alyst) Volume (6)

The amount of catalysts to be used for each expeatiwas calculated based on achieving a space
velocity of approximately 8-10,000" as Nickel catalysts was supplied as pellets and R@tdlysts
was supplied as spheres. Figure 86 & 87 belowtilitss the space velocity versus the catalysts mass
for both Nickel and PGM catalysts. Based on thetshE0g of Nickel was selected and 5g for each of

the PGM catalysts was selected for the catalytiegments.
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Figure 86 Space velocity vs Mass of catalysts fick&l catalysts (supplied as pellets)
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Figure 87 Space velocity vs Mass of catalysts feMPcatalysts (supplied as spheres)

9.3 Mass Balance

The mass balance sheet used for recording datdecound in APPENDIX B. During each catalytic
experiment the reactor transition tubes and coreterare weighed before and after each experiment
as described in the previous chapter. The quartd weed to hold the bed was weighed before and
after. The catalyst was also weighed before arel afich run. For tests conducted with additional
steam the amount of water added was weighed bafmr@fter each test. This allows determination of
the product yields, and the overall mass balanaghVbf the char was retained in the primary quartz
reactor, and the transition tubes and oil-pots aiortl the bio-oils. Prior to weighing, all the
glassware apparatus was thoroughly cleaned and. drteotographs of Condenser 1 before and after

are illustrated in Figure 88. Permanent gases ositipn was normalised and obtained by difference.
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The analysis of the product yields properties basednethods discussed from Chapter 6, and the

mass balance from the catalytic experiments arerguised in Table 34 & 35 and discussed below.

Figure 88 Condenser 1 before and after
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Table 34 Summary of mass balances for catalytieex@nts using commercial nickel catalysts (witd arthout steam)

Catalytic Catalytic
Unit Catalytic Catalytic Catalytic Catalytic reforming at reforming
reforming at reforming at  reforming at reforming at 750°C + at 850°C +
500°C 750°C 850°C 500°C + steam steam steam
Moisture content wt.% 8% 8% 8% 8% 8% 8%
Ash content wt.%, dry basis 45 45 45 45 4.5 45
Pyrolysis temperature °C 450 450 450 450 450 450
Pyrolysis heating rate °C/min 50 50 50 50 50 50
Catalysts Ni/Al ;04 Ni/Al ;05 Ni/Al ;05 Ni/Al ;05 Ni/Al ;05 Ni/Al ;04
Catalytic reforming temperature °C 500 750 850 500 750 850
Steam flow rate ml/s 0.0434 0.0358 0.0408
Biomass feed g, dry basis 100.98 100.5 100.48 B00.2 100.08 100.15
Pyrolysis Yields (as received):
Liquids wt.% 40.50 26.1 21.44 24.20 8.08 11.94
Char wt.% 32.44 32.56 31.30 31.20 32.11 31.23
Permanent gas: wt.% 28.04 41.84 47.26 134.83 119.89 154.98
H, vol% 10% 24% 43% 32% 57% 57%
)} vol% 1% 0% 0% 0% 0% 0%
N, vol% 10% 9% 0% 12% 7% 4%
CcO vol% 17% 17% 15% 10% 25% 26%
CH, vol% 9% 14% 6% 6% 6% 13%
CG, vol% 53% 35% 36% 40% 6% 0%
HHV MJ/kg 2.0 4.8 4.7 10.8 15.7 25.2
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Table 35 Summary of mass balances for catalytieexgnts using PGM catalysts (Platinum and Rhodiwitl) and without steam

Catalytic Catalytic Catalytic
Catalytic Catalytic  Catalytic Catalytic reforming  reforming Catalytic reforming
Unit reforming reforming reforming reformingat at500°C  at850°C reformingat at850°C
at 500°C at 850°C at500°C  850°C with with Pt+ with Pt + 500°C with  with Rh +
with Pt with Pt with Rh Rh steam steam Rh + steam steam
Moisture content wt.% 8% 8% 8% 8% 8% 8% 8% 8%
Ash content wt.%, dry basis 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Pyrolysis temperature °C 450 450 450 450 450 450 0 45 450
Pyrolysis heating rate °C/min 50 50 50 50 50 50 50 50
Catalysts Pt/AIzOg Pt/Aleg Rh/AI203 Rh/AI203 Pt/AIzOg Pt/Aleg Rh/AI203 Rh/AI203
Catalytic reforming temperature °C 500 850 500 850 500 850 500 850
Steam flow rate ml/s 0.0362 0.0434 0.0338 0.0338
Biomass feed g, dry basis 101.19 102.72 101.53 6101. 100.5 102.53 100.34 101.34
Pyrolysis Yields (as received):
Liquids wt.% 51.39 28.46 49.49 35.95 120.07 35.46 27.11 62.42
Char wt.% 32.95 36.35 30.02 31.27 32.33 33.15 33.08 34.61
Permanent gas: wt.% 16.85 37.91 22.02 34.39 23.1 .9283 11.72 76.31
H> vol% 3% 18% 2% 12% 8% 13% 5% 14.68%
0O, vol% 0% 0% 0% 0% 0% 0% 0% 0.00%
N> vol% 13% 1% 10% 4% 27% 1% 33% 1.89%
CO vol% 9% 6% 6% 13% 13% 7% 12% 9.20%
CH, vol% 2% 3% 3% 10% 6% 4% 3% 5.25%
CO, vol% 73% 72% 79% 62% 46% 75% 47% 68.90%
HHV MJ/kg 0.38 1.66 0.53 1.61 1.24 3.54 1.26 4.05
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9.3.1 Pyrolysis and Catalytic Reforming with Commecial Nickel (Ni/Al,O3) Catalyst without
steam

Table 34 and Figure 89, shows the yield of prodfrcis pyrolysis and catalytic steam reforming at
500°C, 750°C and 850°C without the addition of sted@he presence of catalysts led to a significant
change in product distribution. The results indictftat as the reforming temperature increases
permanent gases also increase, reducing the yieldnalensable liquids. In comparison to the non-
catalytic experiments conducted in Chapter 8 tdeg®on in yield for liquids is 7%, 22% and 26% at
500, 750 and 850°C respectively. Char remaineddh®e as pyrolysis conditions remained constant.

Yield of Products (wt. %) Pyrolysis with Ni/Al,O; catalysts (without steam)

wt. %

Liquid Char Permanent Gas

B BSG+10g cat 500°C 40.5 32.44 28.04

B BSG+10g cat 750 °C 26.1 32.56 41.84

M BSG + 10g cat 850 °C 21.44 31.30 47.26
Product

Figure 89 Comparison of the yields of products froeasurements with Ni/AD; catalysts and without steam

9.3.2 Pyrolysis and Catalytic Reforming with Commecial Nickel (Ni/Al,0O3) with Steam

The experimental runs without steam were then ¢afd using fresh Nickel catalyst samples with
the addition of steam. Steam was added to the destage catalytic reactor using a copper distifati
kettle mounted on a heater plate at temperaturtegeba 350-400°C. The amount of additional steam
added for each run ranged between 140-150ml.

As can be seen by Table 34 and Figure 89, the wdxdeesults shows that the presence of additional
steam also has a significant effect on the prodisttibution at all reforming temperatures (500°C,
750°C and 850°C). The results indicate that agef@ming temperature increases with the presence
of catalysts and additional steam the permanemisgalso increase considerably, reducing the yield o
condensable liquids further (24.20%, 8.08% and4eb.@t 500, 750 and 850°C respectively). Char
remained the same as pyrolysis conditions remainadtant.
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Yield of Products (wt. %) Pyrolysis with Ni/Al,O, catalyst (with steam)
180.00
160.00
140.00
120.00
D 100.00
L ~d
3 80.00
60.00
40.00
0.00 1 OO el
Liquid Char Permanent Gas

BSG + 10g cat 500 °C steam 24.20 31.20 134.83

H BSG +10g cat 750 °C steam 8.08 32.11 119.89

B BSG +10g cat 850 °C steam 11.94 31.23 154.98

Product

Figure 90 Comparison of the yields of products frmeasurements with Ni/AD; catalysts and with steam
added

9.3.3 Pyrolysis and Catalytic Reforming with PGM Céalysts (Pt/Al,O3) & (Rh/Al ;03) without
Steam

Initial catalytic experiments using the PGM cattdydescribed earlier were repeated without the
addition of steam at two different reforming tengtares were investigated at 500°C and 850°C. As
observed by Table 35 and Figure 91 the results st@wyield of products from pyrolysis and
catalytic reforming at 500°Cand 850°C without tlleition of steam using both PGM catalysts.

The effect both catalysts have at the lower cdtalgforming temperature (500°C) shows very little
change in the product distribution in comparisorthte non-catalytic experiments. However at the
higher catalytic reforming temperatures of 850°€ plermanent gases increased, reducing the yield of
condensable liquids. In comparison to non-catalgiiperiments the reduction in yield for liquids is
19% and 12% for Pt/AD; and Rh/A}O; catalyst which is less than the 26% reduction ntepio

earlier using the Ni/ADsat the same temperature.
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Yield of Products (wt .%) Pyrolysis with PGM catalysts (without steam)

Catalytic reforming at 500°C with Pt m Catalytic reforming at 500°C with Rh
W BSG + Pt 850 no steam M BSG + Rh 850 no steam
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wt. %

Liquids Char Permanent Gas
Product

Figure 91 Comparison of the yields of products frmeasurements with Pt/&b; & Rh/Al,O;catalysts at low

temperature and without steam

9.3.4 Pyrolysis and Catalytic Reforming with PGM Caalysts (Pt/Al,O3) & (Rh/Al,O3) with
Steam

The experimental runs without steam were then cef@d using fresh catalyst samples with the
addition of steam. Steam was added to the secaw@ statalytic reactor using a copper distillation
kettle mounted on a heater plate at temperaturtegeba 350-400°C. The amount of additional steam
added for each run ranged between 140-150ml.

As can be observed by Table 35, the results shatvtkie presence of additional steam also has a
significant effect on the product distribution athp reforming temperatures (500°C and 850°C).

At the lower catalytic reforming temperature of 300with the presence of catalyst and additional
steam, the condensable liquids yield had incred88d and 80% for both Pt/XD; and Rh/A}O;

which is a significant increase in comparison to-catalytic experiments. The addition of steam at
the lower reforming temperature had very littleeetfin reforming pyrolysis vapours and was found

to have condensed adding to the liquids yield.

At the higher catalytic reforming temperature 85Qh€ liquid yield decreased 12% and permanent
gases increased 62% for PB4, however for Rh/AIO; at the same conditions both liquids and
permanent gas yields increased 15% and 55%. Tiygests that Rh/ADswas less effective in
reducing the condensable liquids yield than B@4dnd Ni/ALOs.
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9.4 Bio-oil Analysis

The properties of the bio-oils produced from thealgdéic reforming experiments was characterized
using various analytical techniques in order tcedeine ultimate (C, H, N, O, and S& CI), water
content, pH, acid number and heating values. Chadngomposition analysis was conducted by
GC/MS.

All the bio-oils produced from catalytic reformimgperiments had separated into an aqueous and an
organic phase except oils produced at the higHerméng temperatures with the addition of steam.
The organic fraction ‘bio-oil’ contains the heavpndensable phase that are mainly organic

components, and the agueous fraction is the lightlensable phase mainly comprising of water.

The liquids collected in the condenser systematdtver reforming temperatures (500°C) contained
a mixture of water (including unreacted condengedrs) and dark brown colored oil for bio-oils. At
the higher catalytic reforming temperatures thaitlgcontent in the condenser system was a mixture
of mostly water and pale yellow colored oil. Thgamic content was reduced in quantity, indicating
an effect of the catalysts on cracking of the pysisl products to form gases. This can be seen in
Figure 92 below comparing non-catalytic oil withadgtic oils produced using Ni/AD; catalyst.

Figure 92 Comparison of Bio-oil samples

(1) at 25°C/min; (2) at 100°C/min; (3) catalytic réorming at 500°C; (4) catalytic reforming at 500°Cwith
steam; (5) catalytic reforming at 750°C; (6) cataliic reforming at 750°C with steam; (7) catalytic
reforming at 850°C; (8) catalytic reforming at 850C with steam

Table 36 shows the compositional analysis of tleedis produced with nickel catalysts (NiA&l;) at
different catalytic reforming temperatures with amthout the addition of steam.
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Table 36 Compositional analysis of Bio-oils prodiiée®m catalytic bench scale pyrolysis/reforming

experiments using Nickel catalysts (Ni@k)

Catalytic Catalytic  Catalytic
reforming reforming reforming
at 500°C at 750°C at 850°C
+steam  +steam  + steam

Catalytic Catalytic  Catalytic
Bio-oil reforming reforming reforming
at 500°C at 750°C at 850°C

C 58.4 47.6 70.4 70.8 68.2 48.1
H 9.3 8.6 7.5 8.9 9.7 8.1
N 3.7 4.1 3.5 5.5 4.8 3.5
S 1.7 0.8 1.3 1.3 0.1 0.1
0] 26.7 38.6 17.2 13.5 17.0 40.1
Cl 0.12 0.31 0.17 0.1 0.18 0.1
Water Content:
Organic (wt.%) 3.2 3.6 66.6 67.0 68.1 45.4
Aqueous (wt.%) 63.9 72 85.2 76.3 80 404
pH:
organic 5.6 8.3 8.8 8.3 N/D N/D
aqueous 5.3 8.28 8.9 8.3 8 8.6
Acid Number mg/g 50.34 N/D N/D 48.81 N/D N/D
HHV 28.7 22.7 31.7 33.9 334 22.2

*N/D (Could not be determined)

The C content in the oils for all experiments WithAI ,O; with and without steam decreased as the
reforming temperature increased, indicating catabdtivity and decarboxylation reactions. Thehhig
C content with catalytic reforming at 850°C maydue to experimental error.

All the oil samples contained S and Cl between 1072% and 0.1-0.18% respectively. Visual
inspection of the catalysts showed very little carlprecipitation, but the declining activity of the
catalysts with time associated with S and Cl pdisgreould not be assessed. However the presence

of these components may lead to catalysts poisamidgeventually deactivation over long periods of
time.

The pH value of all samples for both organic andeags phases was found to be between 5.1 and
8.9. The HHVs obtained for all oils were clearlfated to the O content - the lower the O contdmd, t
higher the HHV.

The acid number of the oils without catalysts wasfl to be 60.2 mg/g, and at low temperature (LT)
reforming with and without steam 50.34mg/g and 488/g respectively, which indicates potential
corrosion problems. However at HT reforming withdawithout the addition of steam the acid

number could not be determined. This may be daeigic components being reformed.
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Table 37 Compositional analysis of Bio-oils frontadgtic bench scale pyrolysis/reforming experimergig
PGM catalysts Platinum (Pt/&Ds;) and Rhodium (Rh/AD5)

Catalytic Catalytic Catalytic Catalytic
Catalytic Catalytic Catalytic Catalytic reformin reformin reformin reformin

Bio Qil reformin reformin  reformin  reformin g at g at g at g at
Fraction g at g at g at g at 500°C 850°C 500°C 850°C
500°C 850°C 500°C 850°C  with Pt+ with Pt+ with Rh  with Rh
with Pt with Pt with Rh  with Rh steam steam  +steam + steam
C 74.29 23.37 74.39 33.48 72.3 29.03 71.05 36.26
H 9.58 9.7 9.32 9.08 9.21 9.37 9.82 9.15
N 3.67 2.87 3.5 3.08 2.15 23 2.96 2.07
S 15 1.02 3.16 1.31 11 1.07 1.7 1.25
o 10.95 62.96 9.55 52.96 15.23 58.19 14.46 51.18
Cl 0.01 0.08 0.08 0.09 0.01 0.04 0.01 0.09
HHV 36.2 131 36.2 17.0 34.6 15.2 35.0 18.2

Table 37 shows the compositional analysis of tleedds produced with PGM catalysts Platinum
(Pt/AlLOs) and Rhodium (Rh/AD3) at two different catalytic reforming temperaturg80°C and
850°C with and without the addition of steam.

The C content in the oils for all experiments WRsM catalysts with and without the addition of
steam decreased as the reforming temperature ssateaindicating catalytic activity and
decarboxylation reactions. However it was obsenved catalytic reforming at 850°C with steam
addition the bio-oil C content was higher than tiks produced at the same temperature without
steam; (Pt/AIO;) at 850°C 23.37 wt.% to 29.03 wt.% with steam./@$0s) at 850°C 33.48 wt.% to
36.26 wt.% with steam.

All the oil samples contained S and CI between -B.A%% and 0.01-0.09% respectively. Due to the
unavailability of equipment water content, pH acdlaaumber for oils produced using PGM catalysts

could not be analysed

Gas chromatography Mass spectrometer (GCMS) asalyas conducted for all the bio-oil samples
obtained with catalysis. This technique was us&sutompare the oils in particular understanding
chemicals that may have been formed or reformdd,tcCO and Cll For most samples more than
100 peaks was detected corresponding to differeganic compounds being identified within the
spectrum. Each peak identified has an ‘Area%’ givepresenting each identified component as a
fraction integrated over the whole mass spectruathEof the components identified consists of it

chemical group, molecular formula and relative raolar mass (RMM).
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9.4.1 GCMS Bio-oil at 500°C with Nickel (Ni/A}O5) catalysts and without steam

Figure 93 shows the GC/MS mass spectrum. The nch@mical components present are illustrated
in Table 38. The bio-oil consists of a number afhptex organic oxygenated compounds. Much of

the abundant components found were aromatic hydyona and alkanes, followed by phenols.

| |
KON, PV 110 0.0 W P Y

=

Figure 93 GC/MS analysis of BSG Intermediate pysislwil after catalytic reforming at 500°C Nickeitalysts

and no steam (Chemical abundant vs. Retention time)

The major peaks detected and identified with tlyhdst abundance was acetic acid 24.26%, toluene
12.05%, pyridine 4.57%, cyclohexene, 3-(bromométR¥yienol 3.08%, 1,2 cyclopentanedione, 3
methyl- 3.32%. These were the largest componerdgsept. The effect of catalysts at 500°C in
comparison to non-catalytic bio-oil shows a decsealsaromatic hydrocarbons, alkanes, esters and
phenols 4%, 14%, 4% and 8%. However there was arease of alcohols, alkyl nitriles,
cyclopentanones, isomers, ketones and organic &$ds 1.7%, 3.87%, 1%, 12.2% and 24%
respectively. The average molecular weight of tleeod components using Nickel catalysts at 500°C
was determined to be 119 which is a 17% decreasennparison to oils produced without catalysts.
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Table 38 Composition of BSG Intermediate Pyrolysisfter catalytic reforming at 500°C Nickel catsil and

no steam
Time  Chemical Name Chemical Group l\?olecular RMM  Area %
ormula

5.126 Benzene, 1,3-bis(3-phenoxyphenoxy)- Aromatic CsoH2204 446 35
5.24  Pseudoephedine, (+)- Oxygenates 10HGNO 165 2.34
6.804 2-Butanone Ketones CHgO 72 3.18
7.23  Propanenitrile Alkyl nitrile ¢HsN 55 1.7
8.368 2,5-Dimethylfuran Furan 6850 96 1.53
9.345 Acetic Acid Organic Acid f1,CIO,S 186 24.26
10.817 Toluene Aromatic GHg 92 12.05
11.541 Pyridine Pyridine GHsN 79 4.57
13.507 Propanoic acid Organic Acid 3HGO, 74 1.93
14.416 Cyclopentanone Cyclopentanone sH{ 84 2.29
14.691 Isooctanol Alcohol GsH1o 106 1.58
15.105 Ethylbenzene Aromatic o 106 2.65
17.324 Styrene Aromatic GHs 104 1.87
17.646 2-Cyclopenten-1-one Cyclopentanone sH{O 82 2.68
19.865 Octane-1-chloro- Alkane/Chlorine  gHG,CL 148 1.64
20.256 2-Propanone, 1-(acetyloxy)- Ketone sHED; 116 2.02
20.544 Butanoic acid, 3-methyl- Organic Acid sHz0, 88 2.43
20.705 2-Cyclopenten-1-one, 3-methyl- Ccylopentanon GC;H; g0 96 1.84
21.498 2-Furyl Methyl Ketone Ketone 1d81,0, 1.42
25.062 2,3-Pentanedione Ketone sHEO, 100 1.66
25.223 1-Pentanol, 2-3thyl-4-methyl- Cyclopentanone CgH;50 1.74
25.787 3-Methyl-2-Cyclopentenone Cyclopentanone ¢HgO 2.03
28.856 1,2-Cyclopentanedione, 3-methyl- Ketone 6HsO, 112 3.32
30.42 Phenol Phenol GHeO0 94 3.08
30.753 7-Norbornadadienyl t-butyl ether Isomer sHEO 2.53
34.686 p-Cresol (107, 108, Rl 1294) Phenol HO 108 2.44
40.135 3,7-Dimethyl-1-octyl methylphosphonofluotiela Alcohol GiH2FOP 2.73
40.388 Cyclohexene, 3-(bromomethyl)- Alkene -HGBR 82 3.53
44504 1-Propanone, 1-(3-cyclohexen-1-yl)-2,2-dhygket Ketone GiH10 166 1.46
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9.4.2 GCMS Bio-oil at 750°C with Nickel (Ni/A}O5) catalysts and without steam

Figure 94 shows the GC/MS mass spectrum. The nch@mical components present are illustrated
in Table 39.

1.00e5
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Figure 94 GC/MS analysis of BSG Intermediate pysislil after catalytic reforming at 750°C Nickeitalysts

and no steam (Chemical abundant vs. Retention time)

The major peaks detected and identified with tlghdst abundance was naphthalene 16.27%, toluene
14%, indene 12.17%, cyclooctatertraene 11.61%, lzamzene 10.01%. These were the largest
components present. Much of the abundant compongetiscted were aromatic hydrocarbons
alkanes, and polyaromatic hydrocarbons followedplyidines and alkyl nitriles. The effect of
catalysts at 750°C in comparison to non-catalyiteddl shows a decrease of alkanes, esters, gsaicol
ketones, phenols and organic acids 15.6%, 6.7%%,135%0, 11.6% and 2.1%. However there was an
increase of alcohols, alkenes, alkyl nitriles, amtim hydrocarbons, carboxaldehydes, isomers,
polyaromatic hydrocarbons and pyridines 3.7%, 8.4B#%, 17.1%, 2.7%, 25% and 1.9%
respectively. The average molecular weight of tileedd components using Nickel catalysts at 750°C

was determined to be 118 which is a 18% decreasenparison to oils produced without catalysts.
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Table 39 Composition of BSG Intermediate Pyrolysisfter catalytic reforming at 750°C Nickel catsil and

no steam

Time  Chemical Name Chemical Group I\/'I:cc))lfrﬁﬂlzr RMM Aor/(:a

7.515 Benzene Aromatic CeHs 78 10.01
10.964 Toluene Aromatic CiHs 92 14

11.573 Pyridine Pyridine CeHsN 79 478
14.356 2-Methylpyridine Pyridine CeH-N 93 155
14.965 Pyrrol Alcohol CHsN 67  3.69
15.264 Ethylbenzene Aromatic CaHio 106  0.68
15.666 m-Xylene Aromatic CgH1o 106 2.3

17.127 p-Xylene Aromatic CaHio 106 2.35
17.494 Cyclooctatetraene Alkene CeHs 104  11.61
19.415 1H-Pyrrole,2-methyl- Carboxaldehydes ¢y N 95  0.56
21.128 Pyridine, 2-ethenyl- Pyridine CHN 105 0.4

23.105 Benzene, 1-ethenyl-2-methyl- Aromatic CoH1o 118 1.17
23.301 Benzene, 1-ethenyl-4-methyl- Aromatic CoH1o 118 0.66
24.209 Benzofuran Furan/Aromatic  cH.0 118  0.97
26.44 Indene Aromatic CoHg 116  12.17
30.579 Phenol Phenol CeHsO 94 216
34.821 Naphthalene Polyaromatic CycHs 128  16.27
38.937 lIsoquinoline Heterocyclic CoH-N 129  1.15
40.271 Naphthahalene, 2-methyl- Polyaromatic CriH1o 142 218
41.168 Naphthahalene, 2-methyl- Polyaromatic CuH1o 142 1.46
44169 Naphthahalene, 2-ethenyl- Polyaromatic CasH1o 142 0.59
45.939 Indole Carboxaldehyde  cyy.N 117 2.12
47.032 Naphthahalene, 2-ethenyl- Polyaromatic CasH1o 154  0.52
48.63 Acenaphthylene Polyaromatic CyHg 152 1.86
54.011 Fluorene Polyaromatic CyaHio 166  0.57
59.575 Propanenitrile, 3,3'-thiobis- Alkyl Nitrile CeHsN,S 140 0.45
62.645 Phenanthrene Polyaromatic CraHic 178  1.29
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9.4.3 GCMS Bio-oil at 850°C with Nickel (Ni/A}O5) catalysts and without steam

Figure 95 shows the GC/MS mass spectrum. The nch@mical components present are illustrated
in Table 40.

Figure 95 GC/MS analysis of BSG Intermediate pysislyil after catalytic reforming at 850°C Nickeitalysts

and no steam (Chemical abundant vs. Retention time)

The major peaks detected and identified with thghést abundance was benzene 25.44%,
naphthalene 17.76%, toluene 15.63%, cyclotatetr&58%, indene 7.05%, and pyridine 6.55%.
These were the largest components present. Muckthefabundant components are aromatic
hydrocarbons and alkanes, followed by phenols. dffect of catalysts at 850°C in comparison to
non-catalytic bio-oil shows a decrease of alkamestgrs, furans, guaicols, isomers, ketones, phenols
and organic acids (15.6%, 6.7%, 1.2%, 1.5%, 1.8%6313.3% and 2.1%). However there was an
increase of alcohols, alkenes, alkyl nitriles, amtimhydrocarbons, and polyaromatic hydrocarbons
(2.4%, 5.6%, 2.9%, 27.5%, and 24.2%) respectivEhe average molecular weight of the bio-oil
components using Nickel catalysts at 850°C wasrhitted to be 121 which is a 16% decrease in

comparison to oils produced without catalysts.
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Table 40 Composition of BSG Intermediate Pyrolysisfter catalytic reforming at 850°C Nickel catsil and

no steam

Time Chemical Name g:gl:];lcal h?g:?;fr RMM Ag/(j a
5.94 2-Propenenitrile Alkyl Nitrile ¢HsN 53 0.68
7.412 Benzene Aromatic 86 78 25.44
7.825 Thiophene Alkene 84S 84 0.32
10.815 Toluene Aromatic g 92 15.63
11.413  Pyridine Pyridine {ElsN 79 6.55
11.723  Pyridine Pyridine 4EIsN 79 0.24
14.804  Pyrrol Alcohol HsN 67 1.29
15.494 m-Xylene Aromatic &l 106 1.11
17.023  Phenylethyne Alcohol s 102 1.15
17.311 Cyclooctatetraene Alkene sHg 104 8.55
22.933 Benzene, l-ethenyl-3-methyl- Aromatic HG 118 0.32
24.025 Benzofuran Aromatic/Furan sHGO 118 0.33
26.244  Indene Aromatic JBlg 116 7.05
30.418 Phenol Phenol 680 94 0.44
34.603  Naphthalene Polyaromatic 10 128 17.76
38.731  Quinoline Heterocyclic 87N 129 1.03
40.064  1H-Indene, 1-ethylidene- Aromatic 111@10 1.28
43.951 Biphenyl- Aromatic GHio 154 0.59
45.733  Phenylacetonitrile Alkyl Nitrile 4EI-N 117 0.96
46.825 Naphthalene, 2-ethenyl- Polyaromatic 12H%0 154 0.26
48.4 Acenaphthylene Polyaromatic 1285 152 2.37
52.597  Naphthalene, 1-isocyano- Polyaromatic 11HEN 153 0.29
53.781  Fluorene Polyaromatic 1810 166 0.59
59.357  Propanenitrile, 3,3'-thiobis- Alkyl Nitrile CgHgN,S 140 1.25
62.404  Phenanthrene Polyaromatic 14FHGo 178 1.86
62.772  Anthracene Polyaromatic 14810 178 0.43
72.89 Pyrene Polyaromatic 1810 202 0.92

9.4.4 GCMS Bio-oil at 500°C with Nickel (Ni/A}O3) catalysts and steam

Oil produced at a catalytic reforming temperatufe500°C without steam was found to contain
12.05% toluene, and a high acetic acid content4d26®6. Much of the complex mixture contained
alkenes from C3-C8 groups such as benzene, etlgdhenand styrene. The presence of chlorine was

detected with octane-1-chloro identified in thelpesnge, see Table 38.

201



Figure 96 GC/MS analysis of BSG Intermediate pysislyil after catalytic reforming at 500°C Nickeitalysts

with steam (Chemical abundant vs. Retention time)

The peaks for LT reforming with and without the didth of steam (see Figure 93 & 96) are quite
similar, however with the addition of steam the possition of the oils had altered. With the addition
of steam at LT reforming (500°C) an increase difizeme, toluene, pyridine, cycloctateraene and
naphthalene (25.44%, 15.63%, 6.55%, 8.55% and % ré@pectively). This may have been due to
the further cracking of phenolic components with éiddition of steam. Thiophene and propanenitrile,
3,3'-thiobis- are components that contain S whigh poison catalysts. Cl was not identified in the
peaks, see Table 41. Formation of polycyclic arariaydrocarbons (PAH'’s) were formed such as
anthracene, acenapthylene, fluorene, naphthalérenapthrene and pyrene. These are cause for
concern due to their carcinogenic characteristidthe average molecular weight of the bio-oil
components using Nickel catalysts at 500°C witlarstavas determined to be 128 which is an 11%

decrease in comparison to oils produced withouwtlgsts.
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Table 41 Composition of BSG Intermediate Pyrolysisafter catalytic reforming at 500°C with steam

Time Chemical Name Chemical Group Molecular formulaRMM Area %
7.412 Benzene Aromatic GHs 78 25.44
7.825  Thiophene Alkene CH.S 84 0.32
10.815  Toluene Aromatic GHs 92 15.63
11.413  Pyridine Pyridine GH:N 79 6.55
14.804  Pyrrol Alcohol CiHsN 67 1.29
15.494  m-Xylene Aromatic GH1o 106 1.11
17.023  Phenylethyne Alcohol GeHs 102 1.15
17.311  Cyclooctatetraene Alkene GHs 104 8.55
26.244  Indene Aromatic GHs 116 7.05
30.418 Phenol Phenol GHsO 94 0.44
34.603  Naphthalene Polyaromatic GoHs 128 17.76
38.731  Quinoline Heterocyclic GH/N 129 1.03
45.733  Phenylacetonitrile Alkylnitriles CgH/N 117 0.96
46.825  Naphthalene, 2-ethenyl- Polyaromatic @Hio 154 0.26
48.4 Acenaphthylene Polyaromatic GHs 152 2.37
52.597  Naphthalene, 1-isocyano-  Polyaromatic GH/N 153 0.29
53.781  Fluorene Polyaromatic GeHio 166 0.59
59.357  Propanenitrile, 3,3"-thiobis-  Alkyl propanitrile GHsN2S 140 1.25
62.404  Phenanthrene Polyaromatic GH1o 178 1.86
62.772  Anthracene :Polyaromatc GHo 178 0.43
72.89  Pyrene Polyaromatic GeHio 202 0.4
74.683  Pyrene Polyaromatc GHa0 202 0.52

9.4.5 GCMS Bio-oil at 750°C with Nickel (Ni/A}O) catalysts and steam

Figure 97 shows the GC/MS mass spectrum. The nch@mical components present are illustrated
in Table 42.
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Figure 97 GC/MS analysis of BSG Intermediate pysiwil after catalytic reforming at 750°C (Chenthica

abundant vs. Retention time)

Oil produced at HT (750°C) reforming with the adlit of steam was found to have an increase in
C5-C8 alkene components. The peaks when reformi@@@C with and without the addition of the

steam are similar; however with the addition ofasiethe peaks are smaller indicating catalytic
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activity (see Figure 97). The identified componearts given in Table 42. The peaks indicate cracking
of phenolic components to lighter hydrocarbons,hwidin increase in naphthalene. The average
molecular weight of the bio-oil components usingckdl catalysts at 750°C with steam was

determined to be 128 which is an 11% decreasenpadson to oils produced without catalysts.

Table 42 Composition of BSG Intermediate Pyrolysisfter catalytic reforming at 750°C with steam

Time Chemical Name Chemical Group l\?olecular RMM Area %
ormula
5.124 Benzene, 1,3-bis(3-phenoxyphenoxy)- Aromatic CseH2,04 446 5.16
5.986 2-Propenitrile Alkyl Nitrile GHsN 53 1.11
9.274  Acetic Acid Organic Acid fE,CIO,S 34.56
11.516 Pyridine Pyridine 4ElsN 186 7.48
14.828 Pyrrol Alcohol C,HsN 67 2.72
17.84 Butanoic Acid Organic Acid 850, 88 1.99
20.53 Methanimine, N-Methoxy-N-nitriso- Oxygenates CgHgN 1.71
20.783 2-Cyclopenten-1-one, 2-methyl- Cyclopentanon GHsO 96 1.01
25.842 2-Cyclopenten-1-one, 3-methyl- Cyclopentanon GHsO 96 1.24
26.314 Benzene, 1-ethynyl-4-methyl- Aromatic oHe 116 151
30.476 Phenol Phenol 680 94 3.16
34.684 Naphthalene Polyaromatic 10l 128 3.94
35.04 Piperidine-2,5-dione Ketone sHGNO, 113 4.49
40.145 2,5-Pyrrolidinedione Ketone JHENO, 99 3.69
40.364 4(1H)-Pyridinone Ketone 5i@sNO 95 4.19
41.582 2-Propanol, 1-chloro- Alcohol/Chlorine sHGCIO 95 0.47
41.95 1,4,3,6-Dianhydro-d-glucopyranose Saccharides CeHgO4 144 2.02
50.55 2,5-Imidazolidinedione, 1-(hydroxymethyl) Akl - 4.29
69.59 N-Morpholinomethyl-isopropyl-sulfide Sulphur CgHsNOS 2.08

9.4.6 GCMS Bio-oil at 850°C with Nickel (Ni/A}O3) catalysts and steam

Bio-oil produced at (850°C) HT reforming with thddition of steam showed significant cracking of
most PAH’s and alkene groups in particular benzame toluene, and the formation of a significant
guantity of pyridine as seen in Table 43. Figureil@&trates the main peak of pyridine and the
significant cracking and reduction of other compusesuch as phenols, furans and some oxygenated

compounds that may have been present in oils aeforming.

204



hl "h'!_ nl — - - _._._.......II'.-—-.

Figure 98 GC/MS analysis of BSG Intermediate pysi@wil after catalytic reforming at 850°C with ate

(Chemical abundant vs. Retention time)

The presence of 2-propanol, 1-chloro and proparnileni3,3’-thiobis- indicate potential Cl and S
poisoning of catalysts.

Table 43 Composition of BSG Intermediate Pyrolysisafter catalytic reforming at 850°C with steam

Time Chemical Name Chemical Group  MoleculdRMM  Area %
formula

6.01 2-Propenenitrile Alkyl Nitriles £EsN 53 1.49
7.413 Benzene Aromatic sBe 78 1.17
10.839  Toluene Aromatic g 92 1.11
11.426  Pyridine Pyridine {ElsN 79 84.52
14.829  Pyrrol Alcohol HsN 67 2.76
50.46 2-Propanol, 1-chloro- Alcohol/Chlorine ;HGCIO 95 0.91
59.416  Propanenitrile, 3,3'-thiobis- Alkylnitriles CsHgN,S 140 6.32

In comparing the GC/MS chromatograms obtained #¢rént reforming temperatures there was a
large decrease in the number of compounds at 850°€mparison to those reforming temperatures
500°C and 750°C during the analysis of bio-oilsisTivas also observed similarly by Gilbert et
al[189].

It can be seen that at the three different refogmi@mperatures (without steam) much of the
oxygenated components in the bio-oils were nottified in the GC/MS peaks indicating these
components were reformed completely. At reformiamperatures 500°C and 750°C the organic
composition contain some polycyclic aromatic hydrbons (PAH). At LT reforming 500°C the

PAH compounds identified were anthracene, fluorenaphthalene and pyrene, while at HT
reforming 750°C the quantity of PAH had decreasét some naphthalene identified. However at
HT reforming 850°C PAH compounds in the bio-oil ot identified but showed some presence of

benzene, toluene, pyrrol and a large fraction efdoye. The average molecular weight of the bio-oil
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components using Nickel catalysts at 850°C witarstadded rate was determined to be 86 which is a

40% decrease in comparison to oils produced withatalysts.

The PAH’s cause concern due to their carcinogenit mutagenic characteristics and have been
classified by the Environmental Protection AgenEPAQ) as priority pollutants. By using a Ni&8;
catalysts bed and steam reforming at high temperatose coupled to a pyrolysis unit, (PAH) 3 and
4 ring compounds such as phenanthrene, pyrenethad BAH compounds are reformed into single
and two ring aromatic compounds of lower molecwaights such as benzene, toluene and styrene.
This reduction could be due to higher molecularghthydrocarbons being thermally degraded into
lighter hydrocarbons[116]. This confirms the effaft the catalyst and the cracking of higher
compounds and the increase of hydrogen in the syriggures 99 & 100 illustrate effects of

Ni/Al ,O5 catalysts with and without steam for the chemicathponents detected in the bio-oils.

Effects of Ni/Al203 catalysts without addition of steam
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Figure 99 Effects of Nickel catalysts without steam
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Effect of Ni/Al203 catalyst with the addition of steam
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Figure 100 Effects of Nickel catalyst with the adzh of steam

9.4.7 GCMS Bio-Oil at 500°C with Platinum (Pt/ALOs) catalyst and without steam

Figure 101 shows the GC/MS mass spectrum. The rohgmical components present are illustrated

in Table 44. The bio-oil consists of a number ahpéex organic oxygenated compounds.
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Figure 101 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 500°C with Platim
and no steam (Chemical abundant vs. Retention time)

The major peaks detected and identified with thghést abundance was toluene 10.49%, 1-
tetradecene 4.55%, decane 1-chloro- 3.08% pentaede:&6%, carbamic acid, methyl-, phenyl ester
3.96%, hexadecanenitrile 2.77%, furan, 2-methyb3%, ethylbenzene 2.44% . These were the
largest components present. The average molecelightvof the bio-oil components using Platinum

catalysts at 500°C was no different in comparisoails produced without catalysts.
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Table 44 Composition of BSG Intermediate Pyrolysisfter catalytic reforming 500°C with Platinumadano

steam
Time  Chemical Name Chemical Group '\I/Iz(:)lfrﬁld:gr RMM Area %

6.01 Furan, 2-methyl- Furan CsHeO 82 2.53
6.482  1,3-Cyclopentadiene, 1-methyl- Alcohol CeHs 80 1.02
7.114  1-Heptene Alkene CiHug 98 1.99
8.321 2,5-Dimethylfuran Furan CeHgO 96 2.04
10.206  Octane, 4-chloro- Alkane/Chlorine  c.H,.c| 149 2.13
10.758  Toluene Aromatic CHg 92 10.49
15.034  Ethylbenzene Aromatics CaHio 106 2.44
19.793  Decane, 1-chloro- Alkane/Chlorine ¢, H,.C| 176 3.08
21.437  Mesitylene Alkene CoHio 120 1.08
25.322  Benzene, butyl- Aromatic CicHia 134 1.48
25518  2-Cyclopenten-1-one, 2,3-dimethyl- ~ Cyclopentanone ¢ . o 110 0.25
30.311  Carbamic acid, methyl-, phenyl ester ESter CsHgNO, 151 3.96
30.633  Benzene, pentyl- Aromatic CiHis 148 1.84
31.358  Benzene, 1-methyl-4-(2-methylpropyl)-Aromatic CuHag 148 1.23
32.829  Phenol, 3-methyl- Phenol CiHgO 108 1.5
33.668  Phenol, 2,5-dimethyl- Phenol CeHyO 122 0.36
34.542  Phenol, 3-methyl- Phenol CiHgO 108 2.92
35.772  Benzene, hexyl- Aromatic CyHis 162 1
38.864  Phenol, 4-ethyl- Phenol CaH1cO 122 1.38
40.037  1-Tetradecene Alkene CraHos 196 455
44.416 Pentadecane Alkene CieHao 212 3.76
63.108 Hexadecanoic acid, methyl ester Ester C17H340, 270 1.07
63.361  2-Nonadecanone Ketone CicH3:O 282 0.74
65.062 Hexadecanenitrile Alkyl Nitrile CyeHaN 237 2.77
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9.4.8 GCMS Bio-Oil at 850°C with Platinum (Pt/ALOs) catalyst and without steam

Figure 102 shows the GC/MS mass spectrum. The rohgmical components present are illustrated
in Table 45.
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Figure 102 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 850°C with Platim

and no steam (Chemical abundant vs. Retention time)

The major peaks detected and identified with tlylhést abundance was naphthalene 28.97%, indene
15.33%, styrene 10.62%, toluene 9.05%, benzen&d}.@8enapthylene 4.35%, pyridine (79, 79, R
10) 3.55%. These were the largest components prefha average molecular weight of the bio-oil
components using Platinum catalysts at 850°C wesdeed to be 104 which is a 27% decrease in

comparison to oils produced without catalysts.
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Table 45 Composition of BSG Intermediate Pyrolysisfter catalytic reforming 850°C with Platinumadano

steam
Time Chemical Name Chemical Group I\/II:(())Iren?]lJ:gr RMM  Area %
7.366 Benzene Aromatic 6Bs 78 4.69
10.769 Toluene Aromatic g 92 9.05
11.62 Pyridine Pyridine 4ElsN 79 3.55
14.769  Pyrrol Alcohol GHsN 67 1.6
15.448 p-Xylene Aromatic &l 106 1.29
16.976  Phenylethyne Alcohol s 102 2.69
17.252  Styrene Aromatic Hsg 104 10.62
26.15 Indene Aromatic dElg 116 15.33
30.334 Phenol Phenol 680 94 1.12
32702 Dloyololz.2 1nept-5-ene-2- Alkyl nitrile CoHoN 119 301
34.507 Naphthalene Polyaromatic 10l 128 28.97
38.749  2-Propenenitrile, 3-phenyl-, (E)- Alkylniéri CoH-N - 1.61
39.979 1H-Indene, 1-ethylidene- Aromatic 111&10 - 1.89
40.875 Naphthalene, 2-methyl- Polyaromatic 11HGBR - 1.49
45.669 Indole Carboxaldehyde gHGN 117 2.27
48.324  Acenapthylene Polyaromatic 1l 152 4.35
62.36 9H-Fluorene, 9-methylene- Polyaromatic 14HZo - 1.87

9.4.9 GCMS Bio-Oil at 500°C with Rhodium (Rh/A}O3) catalyst and without steam

Figure 103 shows the GC/MS mass spectrum. The rohgmical components present are illustrated

in Table 46.

!

Mu«.mwm—»q_ﬂ_uw‘w

10.00 20,00 20,00

4000 20.00

20.00

70,00

Figure 103 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 500°C with Rhadi

and no steam (Chemical abundant vs. Retention time)
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The major peaks detected and identified with tlghést abundance was toluene 15.45%, furan, 2-
methyl- 5.83%, 1-heptene 4.4%,2,5-dimethylfuran8®5 1-tetradecene 2.86%, phenol, 4-methyl-

2.82%, benzene 2.16% ethylbenzene 2.06%. Thesethetargest components present. The average
molecular weight of the bio-oil components using&ilom catalysts at 500°C rate was determined to

be 137 which is a 5% decrease in comparison t@oilduced without catalysts.

Table 46 Composition of BSG Intermediate Pyrolysigfter catalytic reforming 500°C with Rhodiumadano

steam

Time Chemical Name Chemical Group I\/II:c(;IremcEIIzr RMM Ag/fa
6.068 Furan, 2-methyl- Furan 50 82 5.83
6.689 1,3-Cyclopentadiene, 1-methyl- Alcohol sHe 80 0.98
7.045 2,4-Hexadiene Isomer stGio 82 0.37
7.172  1-Heptene Alkene 7B1a 98 4.4
7.413 Benzene Aromatic sB6 78 2.16
8.367  2,5-Dimethylfuran Furan 6850 96 3.58
10.275 1-Octene Alkene sB16 112 2.86
10.815 Toluene Aromatic g 92 15.45
14.401 Cyclopentanone Cyclopentanone sHO 84 0.2
14.7 1-Nonene Alcohol &l 126 2.06
15.102 Ethylbenzene Aromatic sl@io 106 2.62
15.344 3-Nonene Alcohol JBig 126 0.21
15.493 p-Xylene Aromatic &l 106 1.05
16.953 m-Xylene Aromatic &l 106 1.26
17.32 Bicyclo[4.2.0] octa-1,3,5-triene Isomer oHO, 104 1.62
19.86 Hexadecane, 1-chloro- Alkane/Chlorine  1gHZCL 261 2.56
25.205 1-Dodecanol, 2-methyl- (S)- Alcohol 138,50 - 1.37
25.4 Benzene, butyl- Aromatic 18814 134 1.05
30.411 4-Trifluoroacetoxytetradecane Alkane 16HGoF30, 310 2.03
30.722 Benzene, pentyl Aromatic 11816 148 1.36
34.606 Phenol, 4-methyl- Phenol HgO 108 2.82
35.399 1-Pentadecene Alkene 1550 210 1.47
38.939 Phenol, 4-ethyl- Phenol sHG O 122 1.39
40.123 1-Tetradecene Alkene 14858 196 2.86
44502 Pentadecane Alkane 1585 212 1.75
65.144 Hexadecanenitrile Alkylnitriles 16E13:N 237 1.81
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9.4.10 GCMS Bio-Oil at 850°C with Rhodium (Rh/AJO5) catalyst and without steam

Figure 104 shows the GC/MS mass spectrum. The rohgmical components present are illustrated
in Table 47.

Jk i A.MULJJJLA\LA.L 1l I ;,Jw

Figure 104 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 850°C with Rhadi

and no steam (Chemical abundant vs. Retention time)

The major peaks detected and identified with thghést abundance was naphthalene 27.53%,
benzene 13.28%, indene 11.9%, toluene 10.59%, eewbpthylene 5.04%. These were the largest
components present. The average molecular weighth@fbio-oil components using Rhodium
catalysts at 850°C was determined to be 123 wisiehl5% decrease in comparison to oils produced
without catalysts.
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Table 47 Composition of BSG Intermediate Pyrolysisfter catalytic reforming 850°C with Rhodiumadano

steam
Time Chemical Name Chemical Group Nll:(())lrerﬁﬂ:gr RMM  Area %
7.436 Benzene Aromatic eBs 78 13.28
10.861 Toluene Aromatic g 92 10.59
11.632  Pyridine Pyridines 585N 79 1.54
17.092  Phenylethyne Alcohol e85 102 2.7
17.391 Cyclooctatetraene Alkenes sHe 104 10.22
26.288 Indene Aromatic oElg 116 11.9
30.45 Phenol Phenol 6860 94 0.77
34.657 Naphthalene Polyaromatic 105 128 27.53
38.807 2-Propenenitrile, 3-phenyl-, (E)- Alkynigril GH-N 129- 1.46
40.129  1H-Indene, 1-ethylidene- Aromatic 111&10 142- 2.57
44.014 Biphenyl Aromatic GHio 154 1.06
45.796 Indole Carboxaldehyde sHGN 117 1.89
48.486  Acenapthylene Polyaromatic 1215 152 5.04
62.51 9H-Fluorene, 9-methylene- Polyaromatic 14HZo 178 2.94
72.971 1,9-Dihydropyrene Polyaromatic 16812 204 1.06

9.4.11 GCMS Bio-Oil at 500°C with Platinum (Pt/A}Os) catalyst and steam

Figure 105 shows the GC/MS mass spectrum. The rohgmical components present are illustrated
in Table 48.

Figure 105 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 500°C with Platim

e0.00

and with steam (Chemical abundant vs. Retentioa)tim
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The major peaks detected and identified with thghést abundance was toluene 9.58%, phenol, 3-
methyl- 7.66%, carbamic acid, methyl-, phenyl e$t®&5%, 7-tetradecene 4.65%, decane, 1-chloro-
4.22%, benzene, pentyl- 3.5%, benzene, butyl-9%,28idecane 3.14%, ethylbenzene 3.06%,
benzene, 1-methyl-4-(2-methylpropyl)- 2.85%, anchifi) 2-methyl- 2.56%. The average molecular
weight of the bio-oil components using Platinumagadts at 500°C with steam was determined to be

131 which is a 8.5% decrease in comparison tgpodduced without catalysts.

Table 48 Composition of BSG Intermediate Pyrolysisafter catalytic reforming 500°C with Platinumad

with steam

Time Chemical Name Chemical Group I\/'I:cc))lfrﬁﬂlgr RMM  Area %
6.045 Furan, 2-methyl- Furan 50 82 2.56
8.355 2,5-Dimethylfuran Furan 484NO, 96 1.34
10.792  Toluene Aromatic g 92 9.58
15.067  Ethylbenzene Aromatic sl 106 3.06
15.469 p-Xylene Aromatic &l 106 1.07
16.918 m-Xylene Aromatic &l 106 1.6
17.297 Cyclooctatetraene Alkene gHg 104 2.85
17.849  Pentanenitrile, 4-methyl- Alkylnitrile 611N 97 0.66
19.814 Decane, 1-chloro- Alkane/Chlorine  1p»:CL 176 4.22
20.676  Cyclopentane, ethylidene- Alkane HG 96 0.78
21.469 Mesitylene Alkene Bl 120 1.08
25.342  Benzene, butyl- Aromatic 1dEl14 134 3.22
26.112 Benzene, (1-methylpropyl)- Aromatic 106814 134 0.71
26.193  1H-Indene, 1-chloro-2,3-dihydro- Alkene/Chie GH.CL - 0.89
30.33 Carbamic acid, methyl-, phenyl ester Ester sHgBO, 151 6.95
30.652 Benzene, pentyl- Aromatic 11816 148 35
31.365 Benzene, 1-methyl-4-(2-methylpropyl)- Aroimat CiiHie - 2.85
32.847  Phenol, 3-methyl- Phenol HzO 108 2.03
34.56 Phenol, 3-methyl- Phenol HzO 108 7.66
35.307 Tridecane Alkane 1o 184 3.14
35.456  1H-Pyrrole, 1-(2-furanylmethyl)- Carboxalgidbs GHgNO 147 1.12
35.79 Benzene, hexyl- Aromatic 14El1g 162 1.29
36.341 Benzene, (1,3-dimethylbutyl)- Aromatic 1ls 162 0.91
36.985  Phenol, 2,4-dimethyl- Phenol gHz O 122 1
38.881  Phenol, 4-ethyl- Phenol sfG O 122 2.53
40.054 7-Tetradecene Alkane 14828 196 4.65
40.617  Phenol, 4-ethyl-2-methoxy- Phenol oHGO, 152 2.99
41.122  Benzene, (1-methylhexyl)- Aromatic 13650 - 0.8
43.226  2-Methoxy-4-vinylphenol Phenol o0, 150 1.61
44.433 Tetradecane Alkane 148830 198 4.5
45.662 Indole Alcohol GH-N 117 1.19
63.121 Pentadecanoic acid, 14-methyl-, methyl est&ister G7H3.0, - 1.95
65.063  Pentadecaneitrile Alkylnitrile CisHaoN 1.17
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100.876  Androstan-17-one,3,11-bis(formyloxy) Oxyafes

4.25

9.4.12 GCMS Bio-Oil at 850°C with Platinum (Pt/A}O3) catalyst and steam

Figure 106 shows the GC/MS mass spectrum. The rohgmical components present are illustrated

in Table 49.
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Figure 106 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 850°C with Platim
and with steam (Chemical abundant vs. Retentioa)tim

The major peaks detected and identified with tlggadst abundance was napthalene 28.75%, benzene
15.17%, indene 12.48%, cyclooctatetraene 12.01%Mere 10.3%, pyridine (79, 79, RI0) 5.96%,
acenapthylene 4.51%. The average molecular weifilthe bio-oil components using Platinum

catalysts at 850°C with steam was determined ®7bwhich is a 32% decrease in comparison to oils

produced without catalysts.

Table 49 Composition of BSG Intermediate Pyrolysisafter catalytic reforming 850°C with Platinuma

with steam

Time Chemical Name Chemical Group I\/II:%Irerﬁﬂllzr RMM  Area %
6.048 2-Propenenitrile Alkylnitrile {HsN 53 0.96
7.45 Benzene Aromatic e 78 15.17
10.876  Toluene Aromatic g 92 10.3
11.565  Pyridine Pyridine {ElsN 79 5.96
14.887  Pyrrol Alcohol HsN 67 1.04
15.589 p-Xylene Aromatic &l 106 0.99
17.095 Phenyleythyne Alcohol oBs -102 2.3
17.393  Cyclooctatetraene Alkene gHg 104 12.01
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26.291 Indene Aromatic JBlg 116 12.48

34.648 Naphthalene Polyaromatic 10 128 28.75
38.809  2-Propenenitrile, 3-phenyl-,(E)-  Alkylnitil GH-N 129 1.22
40.131  1H-Indene, 1l-ethylidene- Aromatic 11&10 142 1.14
41.017  Naphthalene, 2-methyl- Polyaromatic 11HGo 142 0.9

44.017  Biphenyl Aromatic GHio 154 1.09
45.799  5H-1-Pyrindine Pyridine s8N 117 1.19
48.477  Acenapthylene Polyaromatic 1l 152 451

9.4.13 GCMS Bio-Oil at 500°C with Rhodium (Rh/AJO3) catalyst and steam

Figure 107 shows the GC/MS mass spectrum. The rohgmical components present are illustrated
in Table 50
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Figure 107 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 500°C with Rhadi

and with steam (Chemical abundant vs. Retentioa)tim

The major peaks detected and identified with thghést abundance was toluene 8.66%, phenol, 4-
methyl- 7.44%, carbamic acid, methyl-, phenyl es®R1%, furan, 2-methyl- 5.85%, pentadecane
5.53%, l-pentadecene 4.63%, decane, 1-chloro- 4.@3B&none, 1-(1-cyclohexen-1-yl)- 3.64%,
benzene, pentyl- 3.54% o-xylene 2.88%, benzerigl-I186%, tridecane 2.79%, acetic acid (60, 60,
Rl 0) 2.79%, cyclooctatetraene 2.62% and phenethyll- 2.59%. The average molecular weight of
the bio-oil components using Rhodium catalysts08°6 with steam added was determined to be 134

which is a 6.5% decrease in comparison to oilsyred without catalysts.
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Table 50 Composition of BSG Intermediate Pyrolysisfter catalytic reforming 500°C with Rhodiumdan

with steam
Time  Chemical Name Chemical Group '\I/Iz(;lfrﬁld:gr RMM  Area %
6.038  Furan, 2-methyl- Furan 50 81 5.85
6.808  1-Propene, 2-methyl-3-(1-methylethoxy)- Algen GH1,0 114 1.84
8.107  Butanol, 2-methyl- Alcohol 8,0 88 1.62
8.348  2,5-Dimethylfuran (96, 96, RI 0) Furan sHaO 96 1.81
9.497  Acetic Acid (60, 60, RI 0) Organic Acid HNO; 189 2.79
10.784 Toluene Aromatic Mg 92 8.66
14.393 Cyclopentanone Aromatic sHEO 84 1.16
14.658 4-Tridecene, (2)- Alkene 1426 182 1.65
15.06 O-Xylene Aromatic §Hqo 106 2.88
15.474 m-Xylene Aromatic &l 106 1.01
16.91 p-Xylene Aromatic §Hqo 106 1.35
17.29 Cyclooctatetraene (104, 104, RI 0) Alkene gHLC 104 2.62
19.807 Decane, 1-chloro- Alkane/Chlorine  1gl»,CL 176 4.09
20.669 2-Cyclopenten-1-one, 2-methyl- Cyclopentanon GHgO 96 1.52
21.462 Mesitylene Alkene B 120 1.34
25.335 Benzene, butyl- Aromatic 1dEl14 134 2.86
26.186 Benzene, 1,2-propadienyl- Aromatic 1HG ijg 1.11
30.335 Carbamic acid, methyl-, phenyl ester Ester gHoRO, 151 7.21
30.656 Benzene, pentyl- Aromatic 11816 148 3.54
31.369 Ethanone, 1-(1-cyclohexen-1-yl)- Ketone gHEE-O 178 3.64
32.875 Phenol, 2-methyl- Phenol HgO 108 1.91
34.564 Phenol, 4-methyl- Phenol HzO 108 7.44
35.311 Tridecane Alkane 1o 184 2.79
35.782 Benzene, hexyl- Aromatic 1818 162 1.26
37.001 Phenol, 2,4-dimethyl- Phenol sHzO 122 1.11
38.897 Phenol, 4-ethyl- Phenol gt O 122 2.59
40.046 1-Pentadecene Alkene 15150 210 4.63
40.633  Phenol, 4-ethyl-2-methoxy- Phenol oHGO, 152 3.16
43.242  2-Methoxy-4-vinylphenol Phenol o O, 150 1.66
44.425 Pentadecane Alkane 151850 212 5.53
63.125 Pentadecanoic acid, 14-methyl-, methyl estéister - 1.42
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9.4.14 GCMS Bio-Oil at 850°C with Rhodium (Rh/AJO5) catalyst and steam

Figure 108 shows the GC/MS mass spectrum. The rohgmical components present are illustrated

in Table 51.
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Figure 108 GC/MS analysis of BSG Intermediate pysisl oil after catalytic reforming 850°C with Rhadi

and with steam (Chemical abundant vs. Retentioa)tim

The major peaks detected and identified with thghést abundance was naphthalene 29.21%,
cyclooctatetraene (104, 104, RI 0) 19.72%, indeB®20, benzene 8.32%, toluene 7.93%, pyrrol
7%, 2-propenenitrile 7.74%, acenapthylene 2.9484mnethylpyridine 2.1%. The average molecular
weight of the bio-oil components using Rhodium besta at 850°C with steam determined to be 106

which is a 26% decrease in comparison to oils predwvithout catalysts.

Table 51 Composition of BSG Intermediate Pyrolysisfter catalytic reforming 850°C with Rhodiumadan

with steam

Time Chemical Name glgl;r;lcal '\I/Iz(;lfrﬁld:gr RMM Area %
5.977 2-Propenenitrile Alkylnitrile N 53 7.74
7.345 Benzene Aromatic sB6 78 8.32
10.759  Toluene Aromatic g 92 7.93
14.392  2-Methylpyridine Pyridine 7N 93 2.1
14.737  Pyrrol Alcohol HsN 67 7
17.231  Cyclooctatetraene (104, 104, RI 0) Alkene gHLC 104 19.72
26.14 Indene Aromatic dElg 116 13.02
34.509 Naphthalene Polyaromatic 10l 128 29.21
48.349  Acenaphthylene Polyaromatic 1,y 152 2.94
62.385 9H-Fluorene, 9-methylene- Polyaromatic  14Hg, 178 2.02
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Figures 109 & 110 illustrate effects of Py@kand Rh/A}O; catalysts with and without steam for the

chemical components detected in the bio-oils.

Effect of Pt/Al203 and Rh/AI203 catalysts without addition of steam
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Figure 109 Effect of bio-oil chemical groups uskigtinum and Rhodium Catalysts catalyst withoutiste
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Effect of Pt/Al203 and Rh/AI203 catalysts with the addition of steam
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Figure 110 Effect of bio-oil chemical groups witlathum and Rhodium catalysts with the additiorsteam

9.5 Permanent gases

The effect of catalysts had a significant changeéhim permanent gases. Figure 111 illustrates the
comparison of permanent gas yield composition preduat the three different reforming
temperatures using Ni/XDscatalysts without steam. As much as 43 vol% of bgdn was produced

at 850°C, 24 vol% at 750°C and 10% at 500°C, mughér values than without catalytic reforming.
A CO, concentration was 35-53 vol%, CO concentrationr§ 1501% and Cld9-14vol%.
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Figure 111 Comparison of the yields of Permaneségg@roduced from measurements with NiDAlcatalyst

and without steam

It appears that the soluble water fraction pregerhe pyrolysis vapours released via dehydration
reaction during pyrolysis can act as a hydrogemcgoduring catalytic reforming.

Figure 112 illustrates the composition of permargades at the three different catalytic reforming
temperatures with the presence of additional staadhNi/ALO; catalysts. As much as 57vol% of
hydrogen was produced at reforming temperaturg$0fC and 850°C which is an increase of about
14% in comparison to reforming at the same tempegatwithout steam. The increase was 22% at
500°C. CO concentration also increased by 9% @t@%ut had decreased by 7% at 500°C. This
may be attributed to CHoncentration reduced by 6-8% at 500°C and 75080@ever increased by
7% at 850°C.

CO, concentration decreased by 13% at 500°C and by&IP60°C and was not found at 850°C. The
reduction of CQ with catalyst shows evidence of decarboxylatioactens occurring and the
promotion of both methane reforming reaction (riesctt) and the water gas shift reaction (reaction
5). The addition of steam had increasedrtthe product gas and this can be due to the gtiomof

water-gas shift reaction (reaction 5) shifted ta¥gai production in the presence of Nij8k

catalysts
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Yield of Permanent Gases (Vol%) Pyrolysis with catalysts (with steam)
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Figure 112 Comparison of the yields of Permaneségg@roduced from measurements with NiDAlcatalyst

and with steam added

The effect of both PGM (Pt/AD; and Rh/A}O) catalysts also had a significant change in tioelyrct
gases. Figure 113 illustrates the comparison ahpeent gas yield composition produced at the two
different catalytic reforming temperatures withateam. At lower reforming temperature of 500°C
3vol% and 2vol% of hydrogen was produced for Bt2Aland Rh/AJO slightly higher values than
without catalytic reforming but considerably le$srn what was reported using Nif®. A CO,

concentration was 73-79vol%, CO concentrations @%wand CH2-3vol%.

At the higher catalytic reforming temperature of085 18vol% and 12vol% of hydrogen was
produced for Pt/AID; and Rh/A}O respectively. This confirms that at low catalytieforming
temperatures of 500°C without the presence of stbath Pt/A}O; and Rh/A}O; catalysts are
partially active in producing small quantities gidnogen but ineffective in reducing the liquidslgiie
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Figure 113 Comparison of the yields of permanesegaroduced from measurements with BOAK

Rh/AlLQO; catalyst at low temperature and without steam

Figure 114 illustrates the comparison of permargas yield composition produced at the two
different catalytic reforming temperatures with theesence of additional steam using both PGM
catalysts. The presence of additional steam ahitjeer reforming temperatures had a significant
change in the product gases.

At lower reforming temperature of 500°C 8vol% anal$6 of hydrogen was produced for PYB
and Rh/A}O slightly higher values than without catalyticaehing but considerably less than what
was reported using Ni/ADs.A CO, concentration was 46-47vol%, CO concentrationd 3w1% and
CH, 6-3vol% for Pt/AbO; and Rh/A}O.

At the higher catalytic reforming temperature oD85 and with the presence of additional steam
18vol% and 12vol% of hydrogen was produced for B@A and Rh/A}O respectively. A C®O
concentration was 75-69vol%, CO concentrations al9v and CH4-5vol% for Pt/AO; and
Rh/ALLO.

This confirms that at low catalytic reforming temgieires of 500°C even with the presence of steam
both Pt/ALO; and Rh/AjOscatalysts are partially active and ineffective nogucing hydrogen and
reducing condensable liquids yield in comparisomNiAl ,O; catalysts. This is likely to be that at
lower reforming temperature both PGM catalystspaome to coke formation at the catalysts surface

resulting in less active site for catalysts to taKect.

There are a number of factors such that may atffiecperformance of catalysts they could be precious
metal loading content, surface area, attritiondeactivation by k5 or coke/ash formation. These

parameters were not able to be investigated attithes but would lead to better understanding and
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evaluation of catalyst performance if a catalystwested over a longer period of time. This study
however focused only on the effect and performasfceach of the catalysts to produce a quality

product gas rich in hydrogen and energy contentrtizybe suitable for engine applications.

Yield of Permanent Gases (Vol%) with PGM catalysts (With Steam)

Catalytic reforming at 500°C with Pt+ steam M Catalytic reforming at 500°C with Rh + steam
B Catalytic reforming at 850°C with Pt + steam M Catalytic reforming at 850°C with Rh + steam
80%

60%
40%
20% I
0% __‘ : : : H : D i
02 N2 co CH4 Cco2

H2

Vol %

Gas Composition

Figure 114 Comparison of the yields of Permaneségdrom measurements withi@k & Rh/Al,O; catalysts

at low temperature and with steam

All experimental results using catalysts resultedaisignificant influence on the gas compositions.

For maximum hydrogen production, temperatures hidfiien 500°C are suggested with addition of
steam.

9.5.1 Heating Value

The increase of reforming temperature and the iadditf steam gives an increase in the heating value
of the gases see Figure 115. Pyrolysis withouthdatareforming produced a gas with a typical
heating value of 1 MJ/mBest results obtained were with Nip®ks catalysts and with steam added: at
500°C the heating value was 10.80 MJ/at 750°C heating value was 15.66 MJand at 850°C
heating value was 25.21 MJImFor reforming without steam using Nis8); catalysts at 500°C, the
heating value was about 2MJ/rand at 750°C and 850°C the heating value wasta&bbld/n?.
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Figure 115 Comparison of permanent gas heatinggevafibbench scale pyrolysis/reforming experiment wi

Both PGM catalysts Pt/AD; and Rh/A}O; did not perform as well as the NitQ; catalyst. Again
best results were with steam added at high refart@mperatures 850°C for platinum 3.54M3Jand

catalysts and without steam

for rhodium 4.05MJ/rhwhich is similar to heating value performance ggaifier.

Without steam added at lower reforming temperattinesheating values was low for PY@% at
0.38MJ/nT and Rh/A}O; at 0.53MJ/m with the addition of steam at the same temperahge/alues
were 1.24MJ/rfand 1.26MJ/rrespectively. This suggests that the PGM catalyste not as active

as the commercial Ni/AD; reforming catalysts, and may be the active siteb ltecome blocked at

these temperatures when running the experiments.
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Figure 116 Comparison of permanent gas heatinggevafibbench scale pyrolysis/reforming experiment wi

catalysts and with steam
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10 Implications, Conclusions and Recommendations

10.1 Implications

This section aims to discuss some of the implicatiof the research work conducted. The original
focus of this work was to investigate thermal pesieg of BSG using fluidised bed gasification

followed by catalytic steam reforming. Unfortungtelue to unforeseen circumstances a fluidised bed
gasifier along with a catalytic steam reformingatea was not available and the EBRI labs and

equipment at various stages of this project was @i available.

From the review of the literature it highlighted ethopportunity to explore the advanced
thermochemical conversion of BSG further. There Ibegih some studies that have explored both the
pyrolysis and gasification of BSG however the qugnof searchable work was very limited.

Furthermore there has been limited literature éxatores intermediate pyrolysis systems.

As found by this study one of the major issues al@aining a supply of spent grain that was dry. The
BSG obtained for this study was fresh off the psscand containing high moisture (67-81%) making
the material difficult to handle and transport. Daéts high protein and fibre content, if left tedted

at room temperature, within 3 days the material ld/anicrobiologically degrade releasing heat and
strong odours that could potentially be hazardégsa result care was given to the pre-treatment of
BSG in that quantities was obtained, frozen and taeer dried in preparation for experimental work.
For this work a dry and densified (in the form ellets) feedstock was required not only to prevent
degradation but also to prepare the fuel so thatgtitable for thermochemical processing. Tinas t
moisture content was required to be reduced tooappately 8 wt.% using an oven. This required the
frozen feedstock left to thaw for several hours emthen manually break up the partially frozenecak
material from larger lumps into smaller ones. Byndothis ensured that the broken cake material
(approximately 50-100mm in size) was evenly disiiéll across the oven trays so that they can be

dried consistently.

Initial tests had revealed that by not breakinglénger lumps before drying would prolong the dgyin
process, and although the material would appelbe try on the outer side however would still retain
a lot of the inner bound moisture which would swjsmtly still lead the material to degrade
overtime. Evidence of this would appear as bladkspnd the release of strong odours. Breaking the
cake material into smaller lumps aided the dryingcpss ensuring most of the moisture from the

material could be removed.
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When dry, the spent grain was then grinded to &urteduce the size of the material using a cutting

mill with a 1mm sieve in preparation for pelletigin

For the pelleting process some moisture was redjuimebe added to the fuel in order to aid the
binding of the pellets during pelletizing; subsetleits moisture was increased to a final moisture
content of approximately 10-12 wt.%. The preparetlets samples were then stored in closed

container for allowing no exchange of moisture vetmospheric air.

The feedstock pre-treatment was a necessary bettydime consuming and labour intensive process
to produce significant quantity for processing ither the Pyroformer or Gasifier both having an

operating capacity of 20kg/hr.

Although there are many drying technologies avélathat may be suitable for drying BSG

efficiently and economically both the operating aagbital cost for implementing and integrating the
technologies within a system would need to be a#yefconsidered as well as the technology
performance. The amount of total energy requiredifging spent grain in a rotary drum dryer from
an initial moisture content of 70% to a final margt content of 10% are described in APPENDIX C.

BSG pellets approximately 10-21mm in length and 5diameter were processed in a fixed bed
downdraft gasifier, and were found to have produgzamod quality syngas in terms of CQ, &hd

heating value which were comparable with those fwarod chips, wood pellets and hazelnut shells.

One of the problems discovered within this study Wa presence of fines due to pellets crumbling
within the screw feeder which over time may resttie gasifier throat preventing air entering and
gasification reactions from occurring. It was cledter the study that the operation of this type of
gasifier is very sensitive to feedstock size analigu Upon inspection of the gasifier chamber bg t
removal of the gasifier top plate there was somerasessed BSG in the middle of the gasifier bed
mainly fines. Fines may have resulted in the abrasif the surface of the pellets and overtime the
fines will build up and may block the throat thaindead to obstruction of gases. Erlich & Fransson
[120] reported that many gasifiers similar of thygpe have grid/bed shaking devices to avoid
problems such as bridging and fouling. However aksty device may form more fines due to
abrasion and breakdown of BSG pellets that maykbtbe constricted throat. Literature does not
report how to overcome breakdown of pellets in tiyjge of gasifier and dealing with fines and

therefore this work could be repeated.

To overcome limitations of the fuel properties fbis type of gasifier, stronger pellets would be

required or better suited to reduce the formatibfines in the feed system. The pellets strengtly ma
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be increased by adding or blending it with a bigdimaterial such as wood to increase the mechanical
strength of the pellet.

Another proposed solution is to produce cubes mubttes instead of pellets with an approximate
size of approximately 1 iného ensure uniform size distribution, density anechanical strength of
the fuel. Cubes would allow better feeding inte gasifier and would encourage bridging of the fuel

which is required within a downdraft gasifer.

The mass balance closed at 95%. The source ofrtbereay have been due to a number of factors
including the amount of BSG fines and the inabittymeasure the residual char in the gasifier. A
more accurate method ensuring the mass balancarelass obtained would have been by placing
the gasifier on a weighing scale to measure ttad mass before and after each experiment however

due to the size of the unit it was impracticalrtpiement this strategy.

A slight decrease in the airflow rate to the gasifvas observed indicating some restriction withia
gasifier. In order to alleviate this problem thé gsate was agitated in order to distribute theaash
allow for better distribution of the air flow to mméain gasification reactions. Therefore an ash
removal system would benefit the gasification psscensuring the continual removal of ash and to

keep the incoming air flow rate necessary for thsifgcation.

A downdraft gasifier with a capacity of 250 kW igitable to run a combined heat and power plant,
however before the gas can be used in an engimest be cleaned. In this work tar removal was
achieved using a carbon absorption filter, butldaels downstream of the filter were not measured.
The tar content in the product syngas was detedriode 1.87 g/Nf a figure which is similar to
that of wood chips (2 g/NH [173]which in comparison to other types of gasifion is fairly low,
but still much too high for an engine and will seisly limit the life of the engine components.
Therefore the tar content would need to be redtceatceptable levels (approximately 100gANm
however this can be difficult and expensive. Thaeawcontent of the product gas was 15.52 g/Nm
High amount of water vapour in the product gas ceduts calorific value; therefore it is importaot
reduce the level if possible. This can be achielgdurther evaporative drying of the feedstock
before gasification, although it is important thia water content is not too low as some water wapo
is required for the important water gas shift reat occurring to produce hydrogen. Tar appeared to

form a dark highly viscous layer on the flask soefa
In order to achieve a product gas with acceptadlel$ of tar to combust in an engine for CHP a

gasifier will require additional process equipmedotvnstream in terms of gas cleaning and cooling

systems, comprising mainly of cyclone separatoidiréct gas coolers, water separator (scrubber) and
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a bag filter. The cooling of the product gas cdmetplace in a heat exchanger which can be used to

preheat the incoming air required for gasificatidrile cooling down the product gas.

BSG pellets was initially used during the pyrofornbests, however they were also prone to break
down and crumble within the screw feeder which lteduin the fuel being fed as fines into the feed
inlet. This did not affect the processing of BSGlemnpyrolysis conditions but had an impact on

reducing the fuel feed rate from 10kg/hr to S5kg/hr.

Attempts were made to feed the fines into the myroér at higher feed rates of up to 10kg/hr, but
this resulted in the feed inlet pipe to the pyrafer to become blocked. BSG fines were fed through
the feed inlet pipe and towards the exit of theepipto the pyroformer the feed material would
partially pyrolyse and stick to the surface wallsuiting in a bottle neck. The partially decomposed
sticky material would then cause the fresh feecenstto stick to the already formed sticky matkeria
restricting the feed path into the reactor furtfidrerefore a slower feed rate was selected to psoce

BSG, and a stronger pellet would be required togarecrumbling in the feed system.

It was found that the intermediate pyrolysis of B&ig the Pyroformer reactor yielded 52% of bio-
oil liquid. However the fuel characteristics of thie-oil were too poor to be considered as a p@knt
fuel for an engine, as there was a significant tityaof water present, bituminous solids and viscou
compounds which could polymerize with age if staaédoom temperature. The oily organic fraction
was of more interest in this study and when visualbserved appeared very viscous due to the

presence of solids.

The moisture content of the organic fraction howavas reported to be 6.5% ten times lower than
the aqueous phase at 62%. The poor flow charatitersf the organic fraction was confirmed by the
carbon residue and viscosity tests which were 1.8886222Cst and therefore would cause problems
and result in blocking engine components suchjastors if used as a fuel in an engine for CHP.
Compositional analysis of the organic fraction @snd to contain a complex mixture organic and
aromatic compounds ranging from-C,o. Alkenes in the form of benzene, toluene and »ggemwere
largely present and some phenolics. Alkyl Nitrilempounds were also detected which are highly

toxic and therefore direct contact with skin waeided.

Much of the energy potential however was found ¢oskored within the char fraction (30 wt.%)
having a high carbon content and high heating vé&8eviJ/kg) which can be very valuable. The char
produced was very dry 3% moisture, brittle and dobé useful for combustion in boilers and
furnaces to provide heat for the drying of BSG eathfor the pyrolysis process. As the char has been

devolatised it may give less smoke emissions whambeasted. As discussed earlier prolonged
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residence time within the pyroformer promotes sdeoy cracking reactions and leads to coke
formation, leading to a high fraction of carbontlie char product. This study was impacted due to
insufficient quantity of feedstock which resulted ihe inability to repeat experiments and to
investigate the impact varying the solids residetice within the screws has on char yield and
composition.

The pyroformer as a standalone operating unitgesiog BSG would be best suited to producing
chars as much of the energy in the original feettstemains in the char product. By enhancing the
cracking effect of the char by varying the solidsidence time within the reactor (varying inner and
outer screw speeds) of the char/biomass mixingo,rathay improve this however further

investigations are required.

The pyrolysis permanent gases produced have dastdiy/ content of combustible fractions and
energy contents and could be potential as gaseaaeis Wnlike in the case of other pyrolysis
technologies such as slow pyrolysis or torrefactibe Pyroformer was able to generate permanent
gases namely H CO, CH, CO, and N. A high concentration of CH9.43% and a small
concentration of b11.6% were detected resulting in a heating valué.®fJ/ni. The heating value
was largely due to the presence of methane comtaking the product gas comparable to the heating
value of gasification product gas from the gasifoa test conducted in this study earlier (4.96
MJ/n). As reported in literature earlier if air is usas the gasification medium, the combustible
components in the fuel gas are diluted with nitrogéhich significantly lowers the gas HHV (4-7
MJ/Nm®). Oxygen blown or steam gasification producesritssis gas with a medium heating value
(10-18 MJI/Nm)[50].

Although having a similar content of gas, the fatiora of the pyrolysis gas is significantly diffeten
to that of gasification product gas. The permamases produced under pyrolysis conditions occurs
when the feedstock is decomposed in the abseraie @f oxygen, therefore there is no reducing zone
or oxidation taking place. The permanent gasesfam®ed by the decomposition of cellulose,

hemicellulose and secondary cracking reactiong@iated reforming reactions.

Generally H is not expected in pyrolysis gas since there isreduction process for hydrogen
formation to occur. In the pyroformer hot char égycled all the time, therefore contact with water
vapour can lead to reaction to form CO andirHa heated environment. The energy balance for th
pyroformer can be found in APPENDIX D.

A catalytic steam reforming reactor was considei@de placed downstream of the Pyroformer
reactor. Coupling a catalytic reactor downstrearthefPyroformer, gives the opportunity to produce

a high quality hydrogen rich product gas as wellngsease the permanent gas heating value. The
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agueous phase or water/steam present in the hahiorgyrolysis vapours would serve the steam

reforming reactions within the catalytic reactor.

The intermediate pyrolysis step within a pyro-reforg setup would act more as a pre-conditioner
step for BSG prior to downstream catalytic steaforming. The bio-oils produced in this study were
poor and found to have heavy viscous fractionsrghwoics. This can cause potential storage and
handling problems over time as well as operatignablems if used directly in a catalytic reforming

reactor or combusted in an engine.

Steam reforming of condensed bio-oil and its fawiinto a catalytic steam reforming reactor would
be problematic and a very difficult task. It candm totally vaporised as significant amount of
residual solids can often block the feeding lind #re reactor [118]. Bio-0il's tested in enginesave
found to achieve thermal efficiencies similar toemhoperating on diesel however ignition delay is
longer when bio-oil is used due to poor atomisatemd vaporisation of the bio-oil in the
cylinder[190]. By upgrading the pyrolysis vapounssitu would alleviate the problem of reheating

and vaporising the condensed bio-oil.

Due to unforeseen circumstances a catalytic stedfonnning reactor was unavailable to be coupled
directly to the Pyroformer. The Pyroformer wouldjugre extensive modification and the installation
of additional equipment in parallel to existing gmuent such as; product gas bypass, high
temperature shut off valve, steam generator, ditadteam reforming reactor, reactor heaters, keate
line’s, differential pressure indicators, water leabcondenser, and an electrostatic precipitatw, a
online gas measurement equipment. The setup wondpare the pyrolysis with and without
catalytic steam reforming by means of gas analjsigjetermination of gas composition for instance
hydrogen as well as heating value on a continuasshb

Additional gas lines are required to the catalygiactor to enable the pre-reduction of the metaleox
catalysts. Once the catalysts are placed insidecttalytic reactor, it is indirectly heated at
temperature to approximately 600°C before a mixtuwé pre-reduction gas (15-40%)
hydrogen/nitrogen is introduced for a couple ofrisdo activate the catalysts before experimentation
The oxygen is removed from the catalyst and cateis water. Nitrogen would also be required as a
purge to ensure the catalysts remain in an oxyges Zone in the event of shutdown and reactor

cooled down.

In order to prevent coking of the catalysts durfygroformer start up a heated bypass stream is
required with a shut off valve to divert the genedahot pyrolysis vapours initially to protect the
catalysts until Pyroformer steady state has bebieaed (approximately 30-45 minutes). Steady state

is achieved when hot pyrolysis vapours are quenetmedbio-oil is collected downstream. The shut

233



off valve is then opened allowing the flow of thet Ipyrolysis vapours to the catalytic reactor. The
timing for the introduction of steam to the cat#édyshould only occur during the introduction of
pyrolysis vapours, otherwise the catalyst actiiessimay be consumed by oxygen partially de-

activating the catalysts ultimately reducing thmgrformance.

Due to this as well as time constraints of the guhja bench scale fixed bed pyrolysis reactor was
constructed to simulate the Pyroformer and to cauty steam reforming experiments by adding a
catalytic reactor downstream of the pyrolysis syst€he Pyroformer operates continuously with char
re-circulation, this was difficult to simulate infxed bed reactor, however the fixed bed reactor
would contain a fixed portion of char which woulave contact with the generated pyrolysis vapours
however both the operating temperature and theingeaate were found to be more the critical

parameters.

The results from initial bench scale pyrolysis stadat different heating rates showed similar et

the Pyroformer at a heating rate of 50°C/min. Tholysis tests at different heating rates to see th
effect on product yield and composition changes wasgreement with what was reported in
literature. Tests at a high heating rate resuheghiincrease in liquid yield and reduced gas yield

The bio-oils produced when observed had phase aepaand also contained very similar chemical
groups and characteristics as bio-oil produced ftben Pyroformer. The bio-oils produced at two
different heating rates show similarities to oiteguced using the Pyroformer with the large portion
of chemicals detected as aromatic hydrocarbonss28-phenols 13-15%, alkanes 5-15% and alkenes

6-8%. No polyaromatic hydrocarbons were produceaitirer of these bio-oils.

The chars were found to be brittle and dry withhhgg@rbon content and a high heating value also
similar to the chars produced within the Pyroform&he main difference observed was in the

permanent gases where no hydrogen was detecthd latch fixed bed pyrolysis experiments at the
low or high heating rate (25°C/min and 50°C/mim)like the Pyroformer whereby a small quantity of

hydrogen 1.6vol% was detected as was the amoutdrbbn monoxide. This therefore also resulted
in the permanent gases having a low heating valuk.i® and 1.16 MJ/fmuch lower than the

heating value produced from the Pyroformer of 6 Jrivl

As mentioned earlier this was perhaps due to tfeetelfiot char being continuously recycled all the
time within the Pyroformer making contact with wat@pour in a hot environment forming CO and
H,. Therefore the effect of recycle char was unabldé simulated in all the fixed bed reactor

experiments.
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By adding a catalytic reactor downstream of theclpdixed bed pyrolysis reactor made catalysts
screening tests easier, in order to understanceffieet of potential catalysts operating at varying
operating conditions downstream of intermediatelygis conditions. This offered the opportunity to
carry out tests at varying catalytic reforming temgiures and provided the ability to add additional
steam to the process mixing steam with pyrolysigouas prior to entering into the catalytic reactor.
The limitation of this setup was the inability tarry out continuous experiments over long durations
(several of hours) to understand the long termgperénce of the catalysts as each experiment lasted

approximately 40-50mins.

Initial studies carried out using the catalyticatea coupled to pyrolysis reactor were as a benckma
initially at catalysts reforming temperatures 0030 and then at 850°C but with quartz wool in place
of catalysts inside the catalytic reactor. The gamluced with a secondary catalytic reactor without
any catalysts at 500°C and 850°C had a high heagihge of 1.31 and 1.7 MJfrespectively.

The quartz wool was found to serve two functioirstlf it will support the catalysts as a packed be
therefore preventing the catalysts from falling attondly functions as a hot vapour filtration by
capturing any char fines that can otherwise coatalgsts surface leading to catalyst deactivation.
The use of quartz wool can also reduce the sobidsent of the bio-oil. This implies that the quartz
wool would be useful for hot vapour filtration agji as a guard bed to the catalyst and reduce the

amount of solids present in the bio-oils.

It appears that the presence of the secondaryoreaith quartz wool at 850°C led to a reduction of
liquid yields, with an increase in char and gaddgeThis was due to thermal secondary reaction of

pyrolysis vapours when exposed to high secondaay. he

The bio-oil produced at a catalytic temperatur8%°C shows an increase of aromatic hydrocarbons
of 39%, alkyl nitriles 9.8% and an increase of pobmatic hydrocarbons of 5.4%. This is due to the
thermal cracking of alkanes, esters, furans, glaieceomers, ketones and phenols which were not

present in the bio-oil.

Three different metal oxide catalysts Nickel, Flath and Rhodium all supported on an alumina
support were produced and supplied by Johnson Blaftic and were tested within this study. All
catalysts were pre-reduced at Johnson Mattheyl@mrdpassivated. It was unknown what proportion
of metal loading was applied to the catalyst suppnd as a result it was unclear to understand the
effect metal loading has at different steam refagriemperatures.

Initial catalytic experiments were conducted uditigkel at three different reforming temperatures of
500°C, 750°C and finally at 850°C without the aitditsteam, but by making use of the water
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generated within the hot pyrolysis vapours as #ferming agent. The tests were then repeated by
adding additional steam using fresh catalysts.sTestre conducted to see which catalysts increased
the heating value of the permanent gases as wath@®ving the composition of the gases in terms
of hydrogen production.

The results indicated that the commercial nickehlysts performed the best out of the three csialy
producing a Hrich product gas at low and high reforming tempees (500 and 850°C) with and
without the present of steam producing a heatimgevhetween 11-25 MJ/fin

Both precious group metal (PGM) catalysts PAland Rh/A}O; did not perform as well as the
Ni/Al ;05 catalysts. Again best results were with steam @ddenigh reforming temperatures 850°C
for Platinum 3.54MJ/fhand for Rhodium 4.05MJ/hwhich is similar to heating value performance

of a fixed bed downdraft gasifier processing thees&SG feedstock.

At low catalytic reforming temperatures of 500°Qlamith the presence of steam both PiAland

Rh/AlL,O; catalysts were partially active and ineffective pnoducing hydrogen and reducing
condensable liquids yield in comparison to Ny@J catalysts. This is likely to be that at lower
reforming temperature both PGM catalysts are pruneoke formation at the catalysts surface

resulting in less active site for catalysts to taKect.

All experimental results using catalysts resultedaisignificant influence on the gas compositions.

For maximum hydrogen production, temperatures hi¢fiien 500°C are suggested with addition of

steam. From an energetic point of view a catalsteam reforming unit operating at 500°C with a

commercial steam reforming catalyst after a pyislgsep is better suited producing a combustible
gas for a CHP in comparison to gasification whieguires an operating temperature between 800°C-
1000°C.

Nickel catalysts have frequently been investigdtedjasification of biomass and bio-oil because of
their comparatively low price and high activity. Bgplatinum and rhodium performed better only at
high reforming temperatures producing a gas wtadimilar in heating value to that from a fixed bed

downdraft gasifier processing the same BSG feeklstoc

All the catalysts tested were capable of refornpgpplysis vapours; however a limitation of catadyti
reforming tests in this work using a batch benchlespyrolysis unit was the ability to assess the
performance of catalysts in terms of longevity lesytare prone to deactivation over time. Catalysts
are prone to either coking due to carbon precipitatestricting the active sites or poisoning doe t

H,S being present within the gas stream leading aotdetion.
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Initial catalytic tests revealed that the Nicketatgsts performed better than the three catalysts i
terms of improving the heating value of the gase @omposition in terms of hydrogen. However
over time they are more prone to deactivation duél,S poisoning reducing the life span of the
catalysts than the PGM catalysts. This may be &ise for Nickel catalysts tested over longer periods
to that of Rhodium catalysts, for instance as regbiin literature earlier Rhodium catalysts in
particular are recognised for its sulphur toleramsevell as resistance to carbon precipitation.

It would be of greater interest for this work tettéhese catalysts continuously and over severasho
Other than comparing the product gas over 40-50inwould be interesting to compare the effects a
gas containing sulphur, chlorine and carbon hashencatalysts, the product gas composition and
heating value over several hours. This would giveter representation of which catalysts performs

better over longer periods as well as revealing bfien catalysts will require to be replaced.

Among the most important parameters found with rateaforming are catalyst bed temperature,
steam/carbon ratio (S/C), gas hourly space velauily residence time. Temperature was found to
have the most profound effect on steam reformiragtiens within this work with results at high

temperature of 850°C showing most promise. Incngpttie pyrolysis temperature from 450°C to a
catalyst temperature of 850°C would require appnately 4-5% of the total gas chemical energy
content, and this energy can be partly recuperdteechstream. However, further testing would be
required to show the effects of varying the resigetime and increasing the S/C on hydrogen

production.

Therefore, BSG was successfully demonstrated astengial energy feedstock for thermochemical
conversion and has the potential to produce a is@abduct gas with a high heating value enabling
application in engines for power generation. Howermich further work needs to be conducted with
BSG in terms of pre-treatment and thermochemicalersion processing in order to determine the

optimal process route.
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10.2 Conclusion

This work has investigated the fixed bed downdgafification, the intermediate pyrolysis followed
by the intermediate pyrolysis/reforming of Brew&ggent Grain (BSG), and the effects of tar cracking
using different catalysts to attain a tar free piciefuel gas that can be suitable to run an engjas,
turbine or a combined heat and power plant. Ovehallmain objectives of this project have been

satisfied by the following points:

* Results from pre-treatment and characterisatiomwghat BSG can be successfully dried to a

moisture content of 8% suitable for both pyrolyamsl gasification.

* BSG pellets were successfully prepared by ovenndryfollowed by grinding and then

pelletising using the roller shaft pellet mill debed earlier.

» Proximate, ultimate, chemical composition, inorgagiement, ash fusion and heating value
analysis were conducted. BSG has a high volatiteert (78% dry basis) and contains 46.6%
carbon, 6.85% hydrogen, 42.26% oxygen, 3.54% retnp@.74% sulphur and 0.1% chlorine.
Chemical compositional analysis has revealed ti#6 Bs composed of 18.98% cellulose,
33.59% hemicelluloses, 12.61% lignin and 34.82%dfactives. The analysis of inorganic
elements for BSG shows mainly magnesium (Mg), ahantAl), silica (Si), phosphorous (P),
potassium (K), and calcium (Ca). BSG has an asfalinieformation temperature of 1090°C,
an ash softening temperature 1140°C, an ash heemisphtemperature 1180°C and an ash
flow temperature of 1230°C. The heating value of3BS approximately 18 MJ/kg on a dry

basis.

» Characterisation of barley straw and wheat stravewarried as potential substitute feedstock
for thermochemical processing as they were botimdoww be comparable to BSG. Barley
straw was found to be more representative asalsis the raw material used in the brewing

process.

» The fixed bed downdraft gasification of BSG pelletas successfully demonstrated in a 2
hour test at a feed rate of 4.2 kg/hr. For evelggkam of biomass fed, 2.0kg of product gas

was formed.

« The product gas composition had a heating valué.96 MJ/ni similar to that from other
biomass feedstocks and has a compositiodh6% H, 20.1% CO, 2.0% CK 13.2% CQ
and 53.2% d(dry basis).
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The low concentration of Htontent detected is low enough not to presentbinggroblems

within an engine.[191]

The tar content in the product syngas was 1.87 gAMnich in comparison to other types of
gasification processes is fairly low, but still rhutoo high for an engine and will seriously
limit the life of the engine components. The tantemt would need to be reduced to
acceptable levels (approximately 100gA\nfor use in an engine, however tar clean up can
be difficult and expensive.

Intermediate pyrolysis products bio-oil 52%, ch@f®and permanent gas 21% of BSG have

been produced using the Pyroformer reactor.

The condensed bio-oil produced was found to havergainic and an aqueous phase. The two

phases were separated easily using a gravimettierse

The organic phase was very dark in appearanceiaodus with a strong smell of carbonised
organic material. The aqueous phase was red inaggpee and contained some evidence of

solid particles.

The calorific value of the bio-oil (organic phaseas 20 MJ/kg, which is about half the
energy content of fossil diesel. The low energytenonis associated with the high oxygen

content of the oil.

Due to the high moisture, solids content and puoysical properties of the bio-oil, it is
unsuitable as a fuel source in an engine withograging. Upon visual inspection is liquid
but not homogeneous as it contained many bitumisolids and viscous compounds which

overtime could polymerize with age if stored atmo@mperature.

The carbon residue and ash for the bio-oil was %.9$d 0.44% respectively which in
contrast to diesel and biodiesel are relativelyhhémd could indicate potential blockage
problems in engine applications such as cloggirigctors and coke formation in the

combustion chamber.

Viscosity was very high at 222 cSt; this may be tuthe amount of solids present in the bio-

oil and would make atomisation difficult.

239



The major components detected in the bio-oils veemenatic hydrocarbons at 23% in the
form of benzene, toluene and xylenes. The otheomgijoup found was phenols 15.3%,

alkenes 8%, alkanes 5.5%, and Guaicol 6.1%.

The biochar was found to be very dry with a mosstaontent of 3% and containing a high
ash content of 18%. The heating value for the ees found to be 26-28 MJ/kg which has

higher energy content than the original feedstock.

The biochar has high carbon content (approximatid$o higher than in the original
feedstock) with oxygen determined by differencénigh level of hydrogen 4% nitrogen 5.2%

and sulphur 1.9% was detected.

The O/C ratio of the char was 0.43 and at 450°fickeer in oxygen content and may have
retained the oxygen from the bio-oils, and wouldelpected to have mean residence time
(stability) of 100-1000 years in soils.

Hydrogen of about 1-2vol% was produced; this maybe to cracking reforming reactions
taking place between hot char and pyrolysis vapddiiser species that were formed included

methane and carbon monoxide.

The heating value of the gas was 6.7M)largely due to the high methane content. The gas
can be combusted along with some char to meet dermtands of the Pyroformer or a
feedstock dryer. Carbon dioxide was relatively hagh64vol% and is likely to be due to

decarboxylation reactions taking place.

Non-catalytic bench scale intermediate pyrolysiB&G at 50°C/min heating rate yielded

similar product distribution as the pyroformer.

Non-catalytic bench scale intermediate pyrolysi88/G showed an increase in liquid yield
and a reduction in gas yield with increasing heptiates, although, char yield remained

unchanged and no differences were noted in theprbduct composition.

Two pyrolysis experiments were conducted as améaseeference point without catalysts
prior to catalytic experiments. Quartz wool wascpthinside the secondary reactor and was
tested initially at 500°C and then at 850°Cdurihg pyrolysis runs. The quartz wool was

effective in capturing some char fines which otheevmay cover the catalysts surfaces
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leading to catalysts deactivation. The wool cordisondensed pyrolysis vapours at 500°C
guartz wool contained far more char fines and cogseé pyrolysis vapours than that wool
which was at 850°C.This implies that the quartz Wwaould be useful for hot vapour

filtration reducing the amount of solids presenthia bio-oils.

The presence of the secondary reactor with quastd at 850°C led to a reduction of liquid
yields, with an increase in char and gas yieldss Was due to thermal secondary reaction of

pyrolysis vapours when exposed to high secondaay. he

The major peaks detected and identified with thghést abundance was benzene 29.74%,
pyridine (79, 79, RI0) 22.23%, toluene 7.36%, 2pmenitrile 6.82%, cyclooctatetraene
(104, 104, RI 0) 5.09%, naphthalene 4.43%, andnedkaitrile 3.01% these were the largest
components present. The effects of a secondaryoreaith no catalysts at 850°C had further
cracked the organic components breaking down mbtheghenols, furans, acids and esters.
Toluene had reduced and the presence of benzereased significantly as well as some

polycyclic aromatic hydrocarbons.

The amount of catalysts to be used for each expatinvas calculated based on achieving a

space velocity of approximately 8-10,00b

The effect of increasing the catalytic reformingnpeerature using a Nickel (Ni/ADs)
catalyst without the addition of steam increasedyiield of permanent gases 47wt.%, whilst

reducing the yields of the liquids (bio-oils).

The effect of PGM catalysts Platinum and Rhodiumtlet lower catalytic reforming
temperature (500°C) shows very little change ingiraluct distribution in comparison to the

non-catalytic experiments without the addition tefasn.

At higher catalytic reforming temperatures of 850W@thout the addition of steam the
permanent gases increased, reducing the yieldrafecsable liquids. In comparison to non-
catalytic experiments the reduction in yield faguiids is 19% and 12% for Pt/&; and
Rh/Al,O; catalyst which is less than the 26% reduction neyloearlier using the Ni/ADs;

catalyst at the same temperature.

All the bio-oils produced from catalytic reformirgxperiments had phase separated into an

agueous and an organic phase except oils prodaickd higher reforming temperatures with
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the addition of steam. The organic fraction ‘bit-cbntains the heavy condensable phase
that are mainly organic components, and the aquiaason is the light condensable phase

mainly comprising of water.

All the liquids collected in the condenser systdrtha lower reforming temperatures (500°C)
contained a mixture of water (including unreacteddensed steam) and dark brown colored
oil for bio-oils. At the higher catalytic reformingemperatures the liquid content in the
condenser system was a mixture of mostly water e yellow colored oil. The organic
content was reduced in quantity, indicating an atfigf the catalysts on cracking of the

pyrolysis products to form gases.

Liquid yields decreased significantly as reformitgmperature increased using Nickel
(Ni/Al,05) catalyst in comparison to non-catalytic experitaethe reduction in yield for
liquids was 7%, 22% and 26% at 500, 750 and 85@%pactively, and decreased further with
the addition of steam using Nickel (NiA8;) catalyst (24.20%, 8.08% and 11.94% at 500,
750 and 850°C respectively).

With the addition of steam and at the lower catalygforming temperature of 500°C the
condensable liquids yield had increased 73% and f@d%oth Pt/A}O; and Rh/A}O; which
is a significant increase in comparison to nonigttaexperiments. Steam addition had very

little effect and was found to have condensed agittirthe liquid yields.

The addition of steam at the lower reforming terapge using PGM catalysts had very little
effect in reforming pyrolysis vapours in comparist;m what was reported with Nickel

catalysts under similar process conditions.

At the higher catalytic reforming temperature 850t liquid yield decreased 12% and
permanent gases increased 62% for RO4lhowever for Rh/AIO; at the same conditions
both liquids and permanent gas vyields increased XB% 55%. This suggests that
Rh/Al,Oswas less effective in reducing the condensableidigyield than Pt/AlOsand
Ni/Al ,0s.

At the three different reforming temperatures (withsteam) using the Nickel catalysts much
of the oxygenated components in the bio-oils weoe identified in the GC/MS peaks

indicating these components were reformed completel
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At reforming temperatures 500°C and 750°C the dmazomposition contain some
polycyclic aromatic hydrocarbons (PAH). The PAH&Ise concern due to their carcinogenic
and mutagenic characteristics and have been ctbdily the Environmental Protection
Agency (EPA) as priority pollutants. PAH collectad liquids can be problematic when

handling and any contact with human skin and irtiraiaof the fumes should be avoided.

At the lower reforming temperature of 500°C the PAddmpounds identified were
anthracene, fluorene, naphthalene and pyrene, \&hiléT reforming 750°C the quantity of

PAH had decreased with some naphthalene identified.

However at HT reforming 850°C PAH compounds in tie-oil were not identified but

showed some presence of benzene, toluene, pydal &arge fraction of pyridine.

Using a Ni/ALO; catalysts bed and steam reforming at high temper&50°C close coupled
to a pyrolysis unit, (PAH) 3 and 4 ring compoundshsas phenanthrene, pyrene and other
PAH compounds are reformed into single and two ramgmatic compounds of lower

molecular weights such as benzene, toluene anengtyr

Both PGM catalysts Platinum and Rhodium at higlonmefng temperatures of 850°C with
and without the addition of steam was found to hageeased the aromatic hydrocarbon and

polycyclic aromatic hydrocarbons within the liquigelds.

The C content in the oils for all experiments WiiAl ,0;, Pt/AlL,O; and Rh/AJO; catalysts
with and without steam decreased as the reforngimgpérature increased, indicating catalytic

activity and decarboxylation reactions occurring.

The higher heating value values (HHVs) obtained dbiroils produced using Ni/ADs,
Pt/Al,O; and Rh/A}O; with and without steam ranged between 18 - 36M3kg were
clearly related to the O content - the lower thed@tent, the higher the HHV.

All the oil samples contained S and Cl between1072 and 0.1-0.18% respectively. The
presence of S and CI could lead to catalyst paigpand therefore lifetime limitation of the
catalysts although this could not be assessedhétutest would be required over longer

periods to assess this.
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The effect of catalyst, steam and increasing reffagntemperature shows a reduction in the
molecular weight of the bio-oil. Non catalytic tesit differing heating rate indicates a MW of
145, at low temperature reforming (500°C) with steasing a Ni/AJO; catalyst the

molecular weight decreased 128 and at high refaremperature (850°C) the molecular

weight decreased to 86.

The comparison of permanent gas yield compositrodyced at the three different reforming
temperatures using Ni/ADscatalysts without steam as much as 43 vol% of hyahmowas
produced at 850°C, 24 vol% at 750°C and 10% at GP@fuch higher values than without
catalytic reforming. A C® concentration was 35-53 vol%, CO concentrationd 1%01%
and CH 9-14vol%.

Catalytic reforming of the pyrolysis vapours usiNgckel (Ni/Al,O3) catalyst with the
addition of steam produced a significant increas@armanent gases mainly ,(lind CO)

with H, content exceeding 50 vol % at higher reforminggeratures.

At lower reforming temperature of 500°C 3vol% anai2 of hydrogen was produced for
Pt/AlL,O; and Rh/A}JO slightly higher values than without catalytic aehing but
considerably less than what was reported using IMVAA CO, concentration was 73-
79vol%, CO concentrations 6-9vol% and £2-Bvol%.

The permanent gas yield composition produced at datalytic reforming temperatures
500°C without steam for PGM catalysts show thatl@v and 2vol% of hydrogen was
produced for Pt/AlO; and Rh/AJO slightly higher values than without catalyticawehing
but considerably less than what was reported usingl ,O;. A CO, concentration was 73-
79vol%, CO concentrations 6-9vol% and £2-Bvol%.

At the higher catalytic reforming temperature o085 and with the presence of additional
steam 18vol% and 12vol% of hydrogen was produce®\l,0; and Rh/A}O respectively.
A CO, concentration was 75-69vol%, CO concentrationsral?® and CH 4-5vol% for
Pt/Al,O3; and Rh/A}O.

This confirms that at low catalytic reforming temgierres of 500°C even with the presence of
steam both Pt/AD; and Rh/A}Oscatalysts are partially active and ineffective nogucing

hydrogen and reducing condensable liquids yieldoimparison to Ni/AlOscatalysts. This is

244



likely to be that at lower reforming temperaturetto®GM catalysts are prone to coke

formation at the catalysts surface resulting i lective site for catalysts to take effect.

Both PGM catalysts Pt/AD; and Rh/A}O; did not perform as well as the Ni/&); catalysts

in terms of reducing liquid yields, increasing pamant gases and the heating value.

Pyrolysis without catalytic reforming produced & geth a typical heating value of 1 MJm
Best results obtained were with Nij8k catalysts and with steam added: at 500°C the hggatin
value was 10.80 MJ/inat 750°C heating value was 15.66 MJAnd at 850°C heating value
was 25.21 MJ/fh For reforming without steam using NiA8scatalysts at 500°C, the heating
value was about 2MJAnand at 750°C and 850°C the heating value wastdbbli/n?.

Without steam added at lower reforming temperatutes heating values was low for
Pt/Al,O; at 0.38MJ/m and Rh/A}JO; at 0.53MJ/m with the addition of steam at the same
temperature the values were 1.24M#nd 1.26MJ/mrespectively. This suggests that the
PGM catalysts were not as active as the commektial ,O; reforming catalysts, and may

be the active sites had become blocked at thegeetatares when running the experiments.

Best results were with steam added at high refaym@émperatures 850°C for Platinum
3.54MJ/nt and for Rhodium 4.05 MJ/hwhich is similar to heating value performance of a

fixed bed downdraft gasifier.
All experimental results using catalysts resulted a significant influence on the gas

compositions. For maximum hydrogen production, terapres higher than 500°C are

suggested with addition of steam.
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10.3 Recommendation

The following work is recommended to take this poojfurther:

Obtaining and conducting the pre-treatment of B8&ds§tock for this study was extremely
difficult and labour intensive. High moisture andcrobial degradation made the feedstock
extremely difficult to transport and store. As auié this limited the amount of BSG available
to conduct further pilot scale experiments. Dryinlarge bulk of BSG in a rotary drum dryer
would be recommended focusing on removing the laggantity of moisture and the

breakdown of the material within the rotary drurtoifines.

BSG pellets were likely to breakdown within feedisygstem and therefore a stronger pellet
would be recommended to improve its mechanicaingtre by either blending BSG with

either wood, adding a binding agent during pakeitisy or to produce cubes. This would
focus on extending trials to improve the feedingrelteristics of BSG or to optimise a feed

system.

Downdraft gasification tests should be repeatedh it increased duration of experiment.
However stronger BSG pellets are required thatccqdrhaps be bounded together with
starch as a binding agent, so that the pelletstheid form during the feeding process and do
not crumble. BSG cubes could also be investigase@ubes would allow better feeding into
the gasifier and would encourage bridging of thel fuhich is required within a downdraft

gasifer.

Gasification of BSG should be attempted using fhéd bed systems, both bubbling or
circulating configurations and further couplingtbése reactors to steam reforming reactors
to crack tars and reform methane into CO angidducing a gas that could be combusted in

an engine for heat and power.

Further Intermediate pyrolysis experiments sho@dérried out using the Pyroformer under
a range of operating conditions focusing on boéhyields of the pyrolysis products, and the
guality of the bio-oil portion of the liquid producThe area of interest would be to vary the
speeds of both the inner twin coaxial screws toteesffects of char recycle in the reactor.
Bio-oils should be investigated further lookingftwther improve its characteristics as a fuel
for engines focusing on reducing its viscosity ltefing out the solids and blending it with

either bio-diesel or adding surfactants
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A catalytic steam reforming reactor should be ipooated downstream of the Pyroformer to
conduct continuous catalytic pyrolysis experiments on-line gas measurement. Further
experiments at longer residence time’s maybe (@Dtsours) timescale should be performed
to test for catalysts durability and longevity aslivas to replicate studies with the use of

Nickel, Rhodium and Platinum catalysts.

The lifetime and longevity of the catalysts and tteuses for deactivation should be
investigated, considering effects such as tar @mg¢lcoking (carbon precipitation), poisoning

by sulphur and chlorine and the impact on the gasposition and heating value.

To expand research on investigating pyro-steantmefiy and coupling the reactor to a CHP
engine to understand the use of product gas aslatifie engine performance as well as the
emissions. The research should also aim to reeieihe waste heat from the exhaust gases
for reuse in the process as drying medium or agadirig medium for the reactors. Char
should be investigated as a potential fuel to baleted to raise heat for the drying process

or to raise process steam.

To expand research on investigating different geibn regimes coupled with gas clean up
technologies such as scrubbers, bag filters, aalytat reforming reactors to reduce tar
formation. The work should then follow testing thas in a CHP engine to understand the
performance of the gas, the engine performanceeagthe emissions. The research should
also aim to recirculate the waste heat from theaeghgases for reuse in the process as drying

medium or as a heating medium for the reactors.

An economic and environmental evaluation for edcthe processes should be carried out to
determine the feasibility of implementing eitherqlysis or gasification technologies. This
would be to estimate the total plant capital cagpgrating costs and payback time of either of

the technologies.
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Appendix A: Published Work

Publication made during the course of this studisied below:

1. A.S.N. Mahmood, J.G. Brammer, A. Hornung, A. Ste8lePoulston. The intermediate
pyrolysis and catalytic steam reforming of Brewspent Grain. Journal of Analytical and
Applied Pyrolysis , Volume 103, September 2013,eRe828-342 (Article accepted)
http://dx.doi.org/10.1016/j.jaap.2012.09.009

2. Y. Yang, J.G. Brammer, A.S.N. Mahmood, A. Hornufrgermediate pyrolysis of biomass

energy pellets for producing sustainable liquidsegaus and solid fuels. Bio resource
Technology — (Accepted 9 July 2014)
http://dx.doi.org/10.1016/j.biortech.2014.07.044
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Appendix B: Mass Balance Sheets

Run: 1 2|3
Date: Moisture Content
Sample: Ash Content
Pyrolysis rig Notes:
Component Weight before (g) | Weight after (g) Difference | Nature
Feed

Quartz reactor tube 1

Quartz reactor tube 2

Quartz wool 1

Quartz wool 2

Receiver bend 1

Glass tube

Dry ice condenser 1

Oil pot connector 1

Oil pot 1

Tube to 2nd condenser

Dry ice condenser 2

Oil pot connector 2

Oil pot 2

Tube to cotton wool filter

Cotton wool filter

Tube to Quencher

Quencher

Liquids collected

Char collected

Small quartz tube

Catalyst
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Yields (as received) Weight (g) Weight (%)

Total Liquid

Char

Gas (by difference)

Liquids (phase separation) | Weight (g) Weight (%)

Aqueous phase

Oil phase

Liquids Aqueous yield Organic Liquid

Water (KF titration)

Yields (dry basis) Weight (g) Weight (%) Feed (dry)

Total Liquid

Char

Gas (by difference)

Secondary Catalytic Reactor

TIME CARBOLITE REACTOR CATALYST BED N2 FLOWRATE
(min) TEMPERATURE (°C) TEMPERATURE (°C) (cm3/min)
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Appendix C: Energy Required for Drying Spent
Grains

ASSUMPTIONS:
1 Year is equal to 8000 Hours

Spent grain available on Brewery site 100,000 #yitg a moisture content of 70% at a temperature
of 20°C

Final moisture content required is 10% using a Bdbaum Dryer operating at 100°C

To dry the total available spent grain of 100,0@0 year which contains 70% moisture content to a
10% moisture content required for thermochemicalveesion (either pyrolysis or gasification) will
be carried out using a rotary drum dryer.

100,000t/y at 70% is equal to 12.5t/hr of speningraaterial of which 8.75t/hr is water and the
remaining 3.75t/hr is the amount of solids.

When the spent grain is dried to 10% moisture cantéere are 3.75t/hr of dry solids and 0.375t/hr
of water.

The amount of water to be evaporated is therefi#(— 0.375) = 8.375 t/hr = 2.326 kg/s
Therefore the remaining water is 0.104kg/s andZk@4 of dry solids.

The temperature at the exit of the dryer is 1007k energy required in the dryer is to evaporage th
water (2.592) plus that to raise the remainingewab 100°C (0.335MJ/kg) plus to heat the solas t
100°C (assuming a Cp value of 1.3KJ/kgC)[192].

Therefore the Total Energy = (2.326*2.592) + (0*00835) + (1.042 * 0.0013 *80) 8.03 MW
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Appendix D: Proformer Mass & Energy Balance

Basis: Assumed 100,000 t/yr of spent grain with 70%noisture dried to 10%.

A mass and energy balance was performed aroundeheintermediate pyrolysis ‘Pyroformer’
reactor based on the processing of BSG as a fekddto order to obtain the energy balance the
following equation is used:

Q = mCpAT (18)
Where:
Q = Energy (MJ)
m = mass feedrate (kg/hr.)
Cp = specific heat capacity (MJ/kg)
AT = temperature difference (°C)
BSG INPUT:

BSG is dried to a moisture content of 10%; the krkrs the reactor at an operating temperature of
450°C.

Heating value of BSG as measured at Aston Uniyeisit8MJ/kg at an ambient temperature of 20°C
BSG chemical energy in to reactor = (1.042 + 0.34086.146kg/s * 18MJ/kg 20.628 MW

PRODUCT OUTPUTS:

Condensable Organic Vapours (Volatiles)

1.146kg/s of BSG yields 50 wt.% of condensed omaapours or 0.573kg/s of which comprises of
20.85 wt.% (0.119kg/s) organic vapours and 79.1%0w0.45kg/s) aqueous phase. The energy found
in the organic phase was28.39 MJ/kg (see section 7.3.1)

Chemical energy in organic vapours/volatiles = 8.520.39 =11.68MW
Sensible heat of major volatiles at 508K:XpsCp AT

Toluene = 1.887 KJ/kg K

Ethylbenzene = 1.976 KJ/kg K

Phenol = 1.742 KJ/kg K

Average = 1.87KJ/Kg K = 0.00187 MJ/kg K

Sensible heat of volatiles = 0.537 * 0.00187 * (48) =0.43MW

Total energy of condensable volatiles = 0.43 +8£&2.11 MW
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Total water vapour produced = 0.79 * 1.146 = 0.9k

Sensible heat of water vapour at Cp= 1.98 KJ/kgK395 * 0.00198 * 430 £.77MW
Char (Solid Residue)

30 wt.% of the BSG feed entering the reactor isdefchar (solid residues)
Amount of char leaving the reactor is (1.146 * 3:3).344kg/s

HHYV of char measured at Aston University = 28 MJ/kg

Chemical energy in Char = 0.334 * 2835MW

Permanent Gases

The amount of permanent gases produced was obtayndifference at 20 wt.%
Amount of gas leaving the reactor = 1.146 * 0.22292 kg/s

Composition of gas obtained discounting N

H2 = 1.6 vol% (HHV = 13.2 MJ/Nm?3)

CO =19.74 vol% (HHV = 13.1 MJ/Nm3)

CH4 =9.43 vol% (HHV = 41.2 MJ/Nm3)

Total HHV of Gas = (0.016 * 13.2) + (0.1974 * 13:2]0.0943 * 41.2) = 6.7 MJ/Nm3
Average density of gas at STP = 1.61 kgfNm

Total Volume of Gas produced = 0.2292 /1.61 = 031M&T/s

Chemical energy in gas = 0.1423 * 6.0.85MW

Sensible heat of permanent gases:

Gas densities at 450°C

CO = 0.47kg/M, mass in 1rh= 0.1974 * 0.47 = 0.093 kg

CH4 = 0.27kg./my mass in 1rh= 0.094 * 0.27 = 0.025 kg

CO2 = 0.47 kg/r) mass in 1fh= 0.642 * 0.47 = 0.302 kg

Total mass in 1+ 0.419 kg/m

Mass fractions: CO =19.7%, CH4 = 9.4%, CO2 = 644t H2 = 1.6%
Average Cp Values

CO= 1.064 KJ/kg K, CH4= 0.74KJ/kg K, CO2 = 1.014IK

Average Cp= (1.064 * 0.197) + (0.74* 0.094) + (K010.642) = 0.93 KJ/kg K
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Sensible energy of gas = 0.2292 * 0.00093 * (45D=20.092MW
Total Energy of Gas = 0.95 + 0.009D:9852MW

The energy required for heating the pyrolysis unjas determined by Aston University) is
approximately 10% of chemical energy of the fe€ti:0 * 11.68 =1.168MW

Pyro — Steam Reformer — Pilot Scale Test

Mass and Energy Balance (Pyroformer reactor):
Basis 1 hour:

Fuel input at 5kg/hr with a 10 wt.% moisture comteras added to the pyroformer (operating at
450°C and at atmospheric conditions) had a heatihge of 18MJ/Kkg.

Therefore (5*18) 90MJ/kg

Three product streams were available in the forma eblid, liquid and gas in fractions 30 wt.%, 50
wt.% and 20 wt.%.

Liquids:

The bio-oil fraction was approximately 50 wt.% (which 20% organic fraction, 80% aqueous —
mainly water) of the overall products yielded aradi la heating value of 20MJ/kg. The assumed Cp
value of the organics in the liquid phase is 1.8gK.

Therefore (5*0.5* 20) 50MJ/kg
Solids/Char:

The char fraction was approximately 30 wt.% of dherall products yielded and had a heating value
of 28MJ/kg. The assumed Cp value of the char IKXkgK[192]

Therefore (5*0.3*28) 42MJ/kg

Permanent Gases:

The permanent gas yields was measured to havdiadealue of6.7 MJ/Nm®
Therefore (5*0.2*6.7) 6.7MJ/kg

Energy available in three product streams in one:ho

Char: 5*0.3*0.0014 * (450-20) = 0.MJ

Bio-oil: 5*0.5*0.0018 * (450-20) 4.9 MJ

Permanent Gas: 5*0.2*0.0012 * (450-20) 9.2 MJ
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Case 1 — Pyro-steam reforming at 500°C

The potential energy sent to the catalytic reagpmrating at 500°C
Oil/Pyrolysis vapour (5*0.5*0.0018) *(500 - 450) = 0.225MJ
Permanent gases: (5*0.2*0.0012) %(500-450) = 0.06 MJ
Total Energy 0.285 MJ

Total Energy required to heat up the catalytic teaitom gases generated 450°C to 500°C is
therefore =

[0.285 / (6.7 + 50) * 100] 9.5%

Case 2 — Pyro-Steam Reforming at 750°C

The potential energy sent to the catalytic reagpmrating at 750°C:
Oil/Pyrolysis vapour (5*0.5*0.0018) *(750 - 450) = 1.35MJ
Permanent gases: (5*0.2*0.0012) %(750-450) = 0.36 MJ
Total Energy =1.71 MJ

Total Energy required to heat up the catalytic teaitom gases generated 450°C to 750°C is
therefore =

[1.71/ (6.7 + 50) * 100] 3.01%

Case 3 — Pyro-Steam Reforming at 850°C

The potential energy sent to the catalytic reagpmrating at 850°C:

Oil/Pyrolysis vapour (5*0.5*0.0018) *(850 - 450) = 1.8MJ
Permanent gases: (5*0.2*0.0012) %(850-450) = 0.48 MJ
Total Energy =2.28 MJ

Total Energy required to heat up the catalytic teaitom gases generated 450°C to 850°C is
therefore =

[2.28/ (6.7 + 50) * 100] #.01%

A recuperated heat exchanger can be added to thigtmareactor to partly recover the heat
downstream.
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Appendix E: GEK Downdraft Gasifier Energy
Balance

Based on the assumption:
All reactions reach equilibrium, therefore theradsresidual solid carbon.

Gasifier walls are heavily lagged using rock wdatrefore wall heat losses to the surroundings by
conduction are considered negligible.

All streams entering at ambient conditions arewdated at a reference temperature of 20°C.
All operating conditions as per laboratory scalkess stated.
Sensible heat from the system is not recovered.

GEK Gasification test:

Basis 2 hour trial run

Fuel Input into the gasifier = 9kg/hr, 0.0025 kg/s
Average HHYV of feedstock = 18MJ/kg
Chemical energy into the gasifier = 0.045 MJ

From lab scale energy balance calculations 1kged fyields approximately 2.76Nrof product gas

with an average calorific value of 4.96 MJ/Nm3
Volumetric flow rate of product gas out of gasifie0.365* 2.76 = 1.01 Nm3/s

Chemical energy of product gas out of gasifierG1%* 4.96 = 5.01 MJ

Commercial Case — Downdraft Gasification

Assumption based on 100,000 t/y of spent grainiavia at 70% moisture content dried to 10%.
Drying of BSG energy requirements to 10% moistunetent is 6MW.

Once feed has been dried to 10 wt.% moisture the isopelletised and enters the gasifier at a flow
rate of 1.146kg/s.

Average HHYV of feedstock = 18 MJ/kg

The chemical energy of feedstock into the gasHigil.042 + 0.104) = 1.146kg/s, (1.146 * 18) =
20.628 MW
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From lab scale energy balance calculations 1kged fyields approximately 2.76Nrof product gas

with an average calorific value of 4.96 MJ/Nm3
Volumetric flow rate of product gas out of gasifie0.365* 2.76 = 1.01 Nm3/s
Chemical energy of product gas from gasifier = ¥.@196 =5.01MW

No further heat recovery from sensible heat, waterdensate or the ash will be recovered by the
system and therefore are not considered in thisggnealance. The net available energy from the

product gas would therefore BeO1MWth.
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