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ABSTRACT

Presently, sugarcane bagasse (SB) and oat hullsl{@\e a distinctive potential
as a renewable source of biomass, due to its glkalability, which is advantageous
for producing liquid and gaseous fuels by thermaubkeal processes. Thermo-Catalytic
Reforming (TCR) is a pyrolysis based technologydenerating energy vectors (char,
bio-oil and syngas) from biomass wastes. This veomks to study the conversion of SB
and OH into fuels, using TCR in a 2 kg/h continugiist-scale reactor at different
pyrolysis temperatures. The pyrolysis temperatwere studied at 400, 450 and 500
°C, while the subsequent reforming temperature irsgdaconstant at 500 °C. The bio-
oil contained the highest calorific value of 33.4da33.5 MJ/kg for SB and OH,
respectively at 500 °C pyrolysis temperature, whiepresented a notable increase
compared to the raw material calorific value of &Bd OH (16.4 and 16.0 MJ/kg,
respectively), this was the result of deoxygenateactions occurring. Furthermore, the
increment of the pyrolysis temperature improved wager content, total acid number
(TAN), viscosity and density of the bio-oil. Thengyas and the biochar properties did
not change significantly with the increase of tlyeopysis temperature. In order to use
TCR bio-oil as an engine fuel, it is necessaryanmycout some upgrading treatments; or
blend it with fossil fuels if it is to be used adransportation fuel. Overall, TCR is a
promising future route for the valorisation of lmgellulosic residues to produce energy
vectors.

Keywords. Thermo-Catalytic Reforming; pyrolysis; biofuel; gawucane bagasse; oat
hulls.

Abbreviations. TCR, Thermo-Catalytic Reforming; SB, sugarcaneasag; OH, oat

hulls; CHP, combined heat and power; HHV, higheating value; PFD, process path
flow diagram; TGA, thermo-gravimetric analysis; TCihermal conductivity detector;

TAN, total acid number; GC-MS, gas chromatograprassispectrometry.

* Corresponding author: Dr Hessam Jahangiri

Email address: h.jahangiri@bham.ac.uk

1. INTRODUCTION

Concerns over energy demand and security, togstitbrthe impact of CQ@
emissions from fossil fuel usage, contributing tadgaclimate change are driving the
need to find alternative and sustainable low carbemergy sources [1, 2].
Lignocellulosic agricultural waste is considerece arf the most available and cheap
green resources for the bioenergy sector and Bgfureduction [3]. Current methods to
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exploit biomass, like extraction of pure cellulagecombustion to generate electricity,
are harmful to the environment and not attractimethe industry [4]. In this regard,
thermochemical processes (pyrolysis and gasifiocatiare becoming popular in
converting biomass into valuable products [5].

Sugarcane is the most prominent farming harvesthenearth and the main
residue formed (bagasse) results from the millinthe sugarcane to extract its juice for
ethanol or sugar production [6]. Sugarcane bagéSBg¢ is a raw material available
worldwide generated in 115 countries (such as UBdia, Australia, Brazil and others)
and its production is more significant and moreacefht in tropical and sub-tropical
climates [7]. SB components are dispersed in allars&ructure, and their composition
is around 40-50% cellulose, 20-30% hemicelluloe22% lignin and 1.5-3% ash [6].
The SB cellulose contains amorphous and crystallim@ponents which need to be
submitted to physical and thermochemical treatmetuts have access to the
polysaccharides elements [8]. Milling is a suitableample of a physical process to
raise the particle surface area of the SB. Theremaotal treatments such as acid
reagents, ammonia, steam explosion and alkalineokige have been described to
convert SB crystalline components into polysaccleadlements [9-11].

Currently, oat is one of the most produced cerealthe world, and its hulls
(residue from oat milling process) have unique pué¢ as a renewable source of
biomass due to its global and annual availabil@at hulls (OH) can be a promising
feedstock to produce liquid and gaseous fuels tiirothermochemical processes
(pyrolysis and gasification) [12]. The compositiai OH is cellulose (35-45%),
hemicellulose (32-35%) and lignin (17-20%) and hiodl represents between 20% and
35% of the entire grain weight [13]. One of its adiages is the low ash content
(between 4.5% and 5.2%) and the homogenous momkhaknd particle size that does
not need to be milled when treated [13].

Pyrolysis processes are categorised into slowynadiate and fast [14, 15].
Each implements different heating rates, tempeeatand vapour/solid residence times
to the feedstock. However, a standard parametbatsheating of the feedstock always
occurs under starved or oxygen-free atmospheresryEtype of pyrolysis process
produces the same products (bio-oil, biochar amtyay), which are highly variable
depending on the pyrolysis technique applied [$&w pyrolysis involves low heating
rates, long solid residence times and the mainymtos char. Fast pyrolysis applies
high heating rates, short vapour residence timesyalds higher quantities of liquids
(up to 75 wt% on a dry basis) [16]. Intermediateobysis occurs at temperatures
between 400 to 500 °C, solid heating rates (mifi@gssolid residence times (minutes),
with a short vapour residence time (seconds) andymes relatively equal yields of all
products, solids, liquids and gases [17]. Slow artdrmediate pyrolysis is the most
suitable techniques to produce biochar, but intefiate pyrolysis offers shorter solid
residence times [18].

Moreover, slow pyrolysis is a process mostly usadchar formation, and it is
rarely seen to produce a reasonable yield of Hiqroginly tars formed) or to be
associated with combustion to generate heat andep@®®]. The most relevant
variation between fast and intermediate technotogge the solid residence times,
causing a different heat transfer to the biomddeatls to better control of the chemical
reactions and a lower thermal cracking of the loyponents, resulting in less tar
formation and general optimisation of the produotsned [5]. Pyrolysis oil from the
intermediate process contains less viscosity,aatsashes (lower contamination level)
leading to phase separation (organic and aqueasephand it is easier to separate the
organic phase from the aqueous phase, in compaw#bnfast pyrolysis where little
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phase separation occurs [19, 20]. Depending oretb@stock and process parameters
applied, intermediate pyrolysis can yield energgtoes with improved physical and
chemical properties [17]. The intermediate procsssapable of converting large
materials (chips, pellets and briquettes) and &ise particles down to dust (from
shredding, grinding and chopping) with higher maistcontents when compared to
other pyrolysis technologies [18]. Intermediategbysis can process a varied range of
materials such as industrial residues, sewage sjunigganic waste, algae, digestate,
forest residues, grass, de-inking sludge and dgrraliwaste [21, 22].

Thermo-Catalytic Reforming (TCR) technology is antination of intermediate
pyrolysis and post catalytic treatment (reforming)was developed and implemented
by Fraunhofer UMSICHT, and it belongs to a bio-®gttmodel used to provide energy
from renewable materials [17]. This process comstaitermediate pyrolysis section
(biochar is being made by heating the biomasseratisence of oxygen) and reforming
section (biochar is collected which was formed frtime pyrolysis section). In the
reforming section, the catalytic cracking of pyif/vapours using biochar as a catalyst
takes place at high temperatures between 500 to°C0@ promote the formation of
synthesis gas and organic vapours which when csedeyield bio-oil with superior
physicochemical properties [23-25]. The gas exitimg reactor is partially condensed,
generating three different products: an organiedii@6-11%), an aqueous phase (21-
35%) and a syngas fraction (27-44%).

The overall goal of this work was to study ligndgakesic biomass conversion
into upgraded fuels, using TCR technology. Howewercomparison of different
pyrolysis temperatures of SB and OH has never begastigated in the TCR
technology. In this research, we report the impdadifferent pyrolysis temperatures
(400, 450 and 500 °C) at constant reforming tentpegg500 °C) which are proposed to
convert SB and OH into bio-oil, syngas and biochaing a laboratory-scale TCR
reactor (2 kg/h).

2. MATERIALS AND METHODS
2.1 Raw Materials

SB (6 wt% moisture content) used in the TCR expeninwas supplied from
Cosan Biomassa S/A (Brazil) and OH (14 wt% moistcmatent) was provided by
Miller Ltd (UK). Both feedstocks were received with moisture content <15 wit%.
Therefore, no drying was required before the thérocmmversion. Pelletisation was
performed to ensure consistency homogeneity ofrdine SB and OH throughout the
TCR process remained the same and to facilitate e transport of the material
through the reactoiPelletisation was done using a KKP 300 F (22 kWe}amsed
pelletiser with a total capacity of 300 kg/h thrbpgt (pellets formed were 6 mm
diameter by 23 mm lengthiprior to pelletising, the feedstock was analysedrater to
determine the proximate, ultimate compositions laigtier heating value (HHV).

2.2 TCR Experimental Procedure

The TCR bench-scale reactor was constructed, iedtand commissioned at the
laboratory of Fraunhofer UMSICHT Institute, Germasmigh a capacity to process up to
2 kg/h of biomass. The process flow diagram (PHOhe TCR technology is shown in
Figure 1.

Before the experiment, the auger screw reactor gvadually heated for 80
minutes to 200 °C in heating zone 1 (to evaporget lvolatile compounds) and
between 400 and 500 °C in the second and thirdsz@ioe intermediate pyrolysis
reactions) this occurred before the introductiorfegfdstock into the post reformer. In



149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

172
173

174
175

the post reformer stage, the temperatures rematoedtant at 500 °C. During the
heating process, the rotating screws were als@tuom, and the speeds of the inner and
outer screws were 4 rpm and 1.25 rpm, respectively.

Once the TCR had reached steady-state temper#tarést screw in the auger
reactor was stopped, and the sealed hopper wasdperieed the plant with 3.5 kg of
pelletised biomass (SB or OH). Then, the feed hopyes closed, and the unit was
flushed with N again to decrease the oxygen below to 0.5%. Wher\t flow was
stopped, the first screw in the auger reactor waset on initiating the introduction of
biomass into the TCR unit at a rate of up to 1./Ahkdhe solid residence time was
estimated to be between 5 and 10 minutes.

The post reformer collected the produced char fileerprevious step. In the post
reformer, the catalytic effect which is caused by teactions between the biochar and
the pyrolysis vapours converts the non-condensgages into a syngas rich irp br
CH, and condensable gases into upgraded bio-oil. Duhegreforming process, the
condensable organic vapours were upgraded usittdni@s a catalyst, enhancing their
chemical and physical fuel properties.

Subsequently, upgraded organic vapours were qeenat -5 °C in the
condensing unit to guarantee a complete separagtmeen the pyrolysis liquid and the
gas fraction. The bio-oil formed was collected atored every thirty minutes in an
external vessel. Then, the remaining non-condeasabpours passed through the
filtration unit for aerosols, fine particles anchet contaminants removal. The cleaned
gas was directly measured and analysed via aneogéis analyser/calorimeter.
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Figure 1. TCR (2 kg/h) process path flow diagram (PFD) [23].

2.3 Proximate Analysis
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Total moisture content was determined by dryingdaeple at 105 £ 3°C in a
muffle furnace (Philips K5 94) with an inert atmbspe for 3 h. The percentage of
moisture was calculated based on the amount of lnassaccording to ASTM E1756-
08. The ash content was measured using the sanfee riurhace at 575 + 25 °C, in
which the ash content was determined by the calonldrom the mass of the residue
remaining after the sample was heated in the aewungidly controlled conditions of
time (according to ASTM E1755-01). Volatiles angefil carbon were determined by
thermo-gravimetric analysis (TGA) technique (NETZBCTG 209 F1 IRIS).
Approximately 15 mg of dried feedstock was inseritgi a crucible and pyrolysed
under an inert atmosphere of nitrogen at a flove @it 60 ml/min, to a maximum
temperature of 900 £ 10 °C, with a heating ratd @°C/min and holding time of 15
minutes (according to BS EN 15148:2009).

2.4 Ultimate Analysis

Prepared samples were sent to an external labprétEEDAC Ltd) for CHNS
analysis (with oxygen determined by difference)e T@BHN analysis was carried out
according to ASTM E777 and ASTM E778. The sulphontent was measured
according to ASTM E775. The original analytical hmed (using the Thermo FlashBA
1112 Elemental Analyser) was based on the completkeinstantaneous oxidation of
the sample by “flash combustion” which convertsaatianic and inorganic substances
into combustion products. The resulting combustiases passed through a reduction
furnace and were swept into the chromatographicingol (CHNS/NCS separation
column, 2 m, 8 mm PTFE) by the carrier gas (He). The combustases were
separated and detected by a thermal conductivityctier (automatic EAGER300™),
which gave an output signal proportional to the cemtration of the individual
components of the mixture.

2.5 HHV

The HHV (MJ/kg) was determined using the unifiedrremtion for fuels
developed by Channiwala et al. [26]. The C, H, $,NDand A are carbon weight
fraction, hydrogen, sulphur, oxygen, nitrogen asld, aespectively:

HHV (MJ/kg) = 0.3491 (C) + 1.1783 (H) + 0.1005 (5)0.1034 (O) — 0.0151 (N) -
0.0211 (A). (Equation
1)

2.6 Products Characterisation

After the experiment, the produced liquid was sefgt by gravity (using a
separating funnel) into two phases with differeahslties: an organic oil phase at the
top and an aqueous phase at the bottom. Then,ytioéygis liquid was analysed to
determine the chemical and physical properties.clB&ao and syngas were also
characterised.

2.6.1 Oil and char ultimate analyses

Pyrolysis liquid and char samples were analyse@reatly at MEDAC Ltd,
applying the same method as in section 2.4 fordéermination of the elemental
compositions (C, H, N, O and S). Furthermore, tlkggen was determined by the
difference (100 5. (CHNS + ash)).

2.6.2 Oil and char ash contents
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The ash content of the oil was calculated in acmocd with ASTM D482. The
carbonaceous solid samples produced from the cadsitue test were combusted in a
muffle furnace at 775 °C. The remaining ash wadetbat room temperature and
weighed, then expressed as a mass percentage arfighral oil sample. The ash of the
char was determined in a muffle furnace at 575d%Scribed in section 2.3 according to
ASTM E1755-01.

2.6.3 HHV

The HHV of the bio-oil and char was determined gdine unified correlation

for fuels as described in section 2.5.

2.6.4 Water content

The water content of the bio-oil was determinechgisa Mettler Toledo V30
compact volumetric Karl Fischer titration in accande with ASTM E203-01. The
result was corrected to the weight percent of tie sample.

2.6.5 Total acid number (TAN)

The TAN of the oil was determined with a Mettlerl@@o V20 compact titrator
using the potentiometric titration method in acemcke with ASTM D664. The oil
sample was dissolved in a 50/50 toluene and is@map solution and titrated
potentiometrically with 0.1 N alcoholic potassiunydnoxide using a combination
electrode. Readings were automatically plottedresgahe volume of the titrating KOH
solution used until the titration endpoint was aged.

2.6.6 Viscosity

Viscosity was determined with a Cannon-Fenske Reutylass capillary
viscometer (ASTM D445). Throughout the analysig, ¥iscometer was setting at 40 °C
allowing passage of a specific pyrolysis oil qugntver the capillary. The final
viscosity is the multiplication of the oil traveily time (registered before) and the
viscometer constant.

2.6.7 Density
The pyrolysis oil density was measured at 22 °@guai glass hydrometer in the
range (0.8-1.0 g/cfj) according to ASTM D1298.

2.6.8 Gas chromatography-mass spectrometry (liquid-GC-MS)

The bio-oil sample was analysed with GC-MS apparatuipped with a polar
chromatographic column. The polar analysis wasoperéd with a 7820A Agilent HP
gas chromatograph connected to a 5977E Agilent ii#elrgpole mass spectrometer (El
70 eV, at a frequency of 1.55 scamwhin the 29-300mVz range). Analytes were
separated by a nitroterephthalic acid-modified ptilylene glycol DB-FFAP (30 m,
0.25 mm ID, 0.2um film thickness) column using helium as a carges with the
following thermal program: 50 °C with a hold formiinutes; then ramping up with a
heating rate of 10 °C/min until 250 °C; followed @lumn cleaning at 250 °C for 10
minutes. A sample of bio-oil was dissolved in aoétde solution to a 1% (w/v
concentration), spiked with 0.1 ml internal stamdsolution (1000 mg/l, 2-ethyl butyric
acid in acetonitrile). The compounds were identdifiby library searches (NIST
libraries). The mass spectra evaluation was queattih terms of relative abundance of
peak area (% is the individual peak area to thed tokea).

2.6.9 Gas analysis



276 The produced pyrolysis gas was frequently measanedanalysed using a gas
277  analyser MGA 12, Dr Fodisch Umweltmesstechnik, ediog to EN 15267-3 standard
278  test procedure. The measurement principle of tiseagalyser is based on an infrared
279  photometer (CO, COand CH), an electrochemical cell pand a TCD (K). The
280 heating value of the gas phase was quantified usi@gJnion Instruments CWD2005
281  process gas analyser. The calibration of the gat/sers was performed prior to the
282  experiments.

283 3. RESULTS AND DISCUSSION

284 3.1 Feedstock Characterisation

285 Table 1 shows the proximate and ultimate analyses of tgeotellulosic
286  residues (raw SB and OH). The SB characterisatadueg of the current work do not
287  present a close correlation when compared to teeature [4, 6, 27, 28]. There are
288 more than 500 sugarcane species, and their chemisaposition can be slightly
289  different [28]. Only the ash (3.1 wt%), water (3v#%6) and the elemental composition
290  (44.9 wt% of carbon, 5.9 wt% of hydrogen and 45t8wf oxygen) found in Varma et
291  al. [6] study were similar to this study. Al Arr®2T] investigated bagasse with moisture,
292  ash content and HHV of 8.5, 5.9 wt% and 18.2 MJ/&gpectively.

293 The OH characterisation values are compared wéHitbrature results [29-31].
294  Abedi et al. [29] reported for the same type ofnhéss 41.8, 6.4, 44.7 wt% and 16.8
295 MJ/kg for C, H, O and HHV, respectively. Howevdrgtsame study showed a lower
296 level of moisture (8.5 wt.%) and a higher amountash (5.8 wt.%), which is a
297 disadvantage for char production and their respegiroperties [32]. Zhang et al. [31]
298 calculated the elemental composition (C, H and @) HHV for OH obtaining 43.5,
299 4.7, 45.9 wit% and 16.1 MJ/kg, respectively.

300
301 Table 1.Feedstock characterisation.
SB OH

Ultimate analysis (moisture-free basis)
C (Wt%) 43.7 40.6
H (Wt%) 5.1 6.0
N (Wt%) 0.1 1.1
S (wt%) 0.6 <0.1
O (Wt%) 46.5 49.9
Proximate analysis (dry basis)
Moisture (wt%) 6.0 14.8
Ash (wt%) 4.0 2.4
Fixed carbon (wt%) 17.2 26.4
Volatiles (wt%) 72.8 56.4
HHV (MJ/kg) 16.4 16.0

302

303 3.2 Bio-liquids Analyses

304 Table 2 shows the chemical composition and fuel propeudifethe SB and OH

305 bio-oils applying different pyrolysis temperatuiesthe reactorThe levels of nitrogen
306 and sulphur (<2 wt% and <1.4 wt%, respectively) aceeptable if the purpose of the
307 SB and OH bio-oils is to be burned or combustedh dsel [33]. The sulphur and
308 nitrogen contents should be about 500 and 148 ppndiésel engine fuels [34, 35].
309 Additionally, low NG, and SQ emissions are preferable for environmental reasons
310 [33].
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The ash content revealed was extremely low (<0.QQ%¢bich is positive for
engine applications as this minimises corrosionckihg and deposition of sediments
during its operation [36]. Based on the ash contératll SB and OH oils, it is evident
that TCR technology can produce a bio-oil contajniery low residues of ash which is
attractive as a fuel.

SB and OH oils present lower acidity when subrditte higher pyrolysis
temperatures. The total acid number (TAN) of SB @htldecreased from 32.2 to 25.8
mg KOH/g and from 33.5 to 24.2 mg KOH/g with incseey the pyrolysis temperature
from 400 to 500 °C, respectively. The acid numbehis work is significantly higher in
comparison withdiesel (0.24 mg KOH/g) [37] and biodiesel (0.8 m@HW/g) [38].
However, Asadullah et al. [39] reported that fagtopysis of sugarcane bagasse from
the fixed bed reactor at temperatures of 500 %Cnhach higher acid content (137.35
mg KOH/g in comparison with this study (25.8-32.2 mg KOH/G)ese values are still
high for engines, but it is essential to highligit role of TCR in producing a bio-oil
with lower acidity.

In terms of viscosity, higher pyrolysis temperatirwere more effective in
cracking the organic vapours, thus forming lighteright molecules and reducing the
viscosity of the bio-oil. The viscosity improvedin 47.8 to 23.7 mfs for SB and
from 38.1 to 35.3 mAfs for OH with increasing the pyrolysis temperasur€his is an
advantage to improve the fuel flow of the enginesiiag better combustion, despite the
results are still considered high for engine agians [40].

Higher pyrolysis temperatures were able to prodigtger chemical compounds
which reduced the density of the pyrolysis liquidwer density influences the injection
time and the consumption rate, which improves tiggree performance [41].

Higher pyrolysis temperatures decreased the amainimoisture which
improves the HHV and the properties of the oil emnts of engine performance [22].
The rise in the pyrolysis temperature also helpedhe promotion of dehydration
reactions reducing the percentage of water.

An increment of the pyrolysis temperature led foi@oil with less oxygen and
more carbon for both feedstocks. As a consequenC® bio-oil contained a better
HHV with higher pyrolysis temperatures. It is reasble to conclude that higher
pyrolysis temperatures might stimulate more depelysation and thermal breaking
reactions of hemicellulose and cellulose resulim@ bio-oil with less oxygen, more
carbon and a higher calorific value [42]. Varyihg tpyrolysis temperature resulted in a
bio-oil HHV between 29.1 and 33.5 MJ/kg for botledstocks. The bio-oil contained
the highest calorific value of 33.4 MJ/kg from SBda33.5 MJ/kg from OH at 500 °C
pyrolysis temperature. The SB and OH experimeradymed a pyrolysis oil with better
energy density attributed to the higher carbonlangr oxygen content.

Varma et al. [6] and Treedet et al. [43] conver&tl through fast pyrolysis at
500 °C using a semi-batch and fluidised bed resctespectively. In both cases, the
HHV of the bio-oil (27.7 and 18.4 MJ/kg) was lowaympared to the SB runs of the
present work. Treedet et al. [43] also produced [BBolysis oil with a higher
percentage of water (38.9 wt%) and higher densi59 kg/ni) than this set of
experiments.

Results show an improvement of the bio-oil HHV whecreased the pyrolysis
temperature. Surprisingly, Henkel et al. [44] haelcjsely the opposite trend processing
SB in an intermediate pyrolysis batch reactor. Heve this study changed the
pyrolysis temperatures from 500 to 700 °C and rettvben 400 and 500 °C, which
might be the main cause for the decrease of tlwiftalvalue of the bio-oil. It is well
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known that cellulose and hemicellulose depolymédnsareactions are more active
between 400 and 500 °C, influencing the charatiesisef the pyrolysis oil [45].

The SB oil at 400 °C of the present work revedleter results than Ahmad et
al. [46] with the same biomass and experimentaditimms. The difference between
both studies can be explained by the existenceanfyrspecies of SB which might have
diverse chemical compositions. Ahmad et al. [46ddpiced a bio-oil with higher
oxygen content (35.2 wt%) and water (25.6 wt%), weer carbon value (53.7 wt%)
and HHV (24.3 MJ/kg).

The heating value of TCR bio-oil from SB and OH .8%nd 33.5 MJ/K,
respectively) at 500 °C pyrolysis temperature $lygtifferent from biodiesel heating
value (37.10 MJ/kg) [47] and they are lower thassibbased diesel (42 MJ/kg) [48].
The difference between diesel and pyrolysis oiklated to the high oxygen content of
biomass-derived fuels due to the presence of comptenpounds such as ethers,
ketones, aldehydes, acids and carbolic groups [A#83.oxygen content of SB and OH
at 500 °C pyrolysis temperature was approximatBlyirhes higher than the diesel (1.0
wit%) [48].

The Van Krevelen diagram is shownFkigure 2, which represents the O/C and
H/C ratios for different technologies. The TCR Hesare selected at 400 °C reactor and
500 °C reforming temperatures which contain thénésf) oxygen content for SB and
OH bio-oils. The O/C ratios of SB and OH bio-oilene 0.32 and 0.18, respectively.
The H/C ratios of SB and OH bio-oils were 1.57 amb, respectively. However, the
bio-oil from fast pyrolysis of lignocellulosic biaamss has much higher values of O/C
(0.76) and H/C (1.72) [50] than the results fromRra@f SB and OH. Moreover, the O/C
and H/C ratios of TCR of OH result is slightly difent from hydrotreated bio-oil from
switchgrass [51]. Therefore, the molar ratio of Gdtd H/C of SB and OH shows
significant improvement in bio-oil stability and nf@mance characteristics in
comparison to other technologies. The TCR bio-b6B and OH have higher calorific
value, lower oxygen and viscosity contents at 500 @yrolysis temperature in
comparison with othgoyrolysis temperatures (400 °C and 45 °C) in ttudys

The aqueous phase fraction of TCR contained higlggex content in
comparison with TCR bio-oil [24, 52]. The aqueobsge of sugarcane bagasse showed
lower oxygen content in the absence of the refogmumit in TCR process, thus
suggesting the probability of higher energy contarthe aqueous phase fraction [46].
The aqueous phase of TCR contains a mixture of engigd compounds including
water, carboxylic acids, ketones, phenols, aldefiydeigars and furans [52]. The
application of the aqueous phase from TCR prockssil@ be considered since the
aqueous phase accounts for 25-35 wt% of overalsrhaknce. The hydrogen content
can be increased by the injection of steam/aqupbase of TCR into the process that
enhances water gas shift reaction [23, 53]. TCRgs® separated the bio-oil and the
aqueous phase. However, the fast pyrolysis unidymed a mixture of bio-oil and the
agueous phase thus requires an external sourcgdodden to upgrade the bio-oil [54,
55]. Tsai et al. reported that fast pyrolysis ofjacane bagasse at 500 °C produced
between 23-47 wt% of total liquids which is a mretwf both (water phase and organic
phase liquids) with the calorific value of 5.12 kJ/[56]. Furthermore, promising
research have studied that the bio-oil aqueousepbtas be applied in a wide range of
applications such as composting, crop pest contp growth promotion, feed
additives, deodorising, coagulating and antifuraggnts [57, 58].

In conclusion, the bio-oil of SB and OH from TCRopess have superior
physical and chemical fuel properties comparedtb@rotechnologies. The bio-oil can
be separated easily from the aqueous phase in T@éegs, which is opposite of fast



410  pyrolysis bio-oil [16, 17]. Th&CR crude-oil from SB and OH showed some positive
411 aspects to be used as fuel for engines when coohpa@her pyrolysis technologies. It
412 is demonstrated sufficient quality to be burned@¢ambustors, boilers and CHP engines
413  or similar applications [17]. In order to use th€R bio-oil in an engine fuel, it is
414  necessary to blend it with fossil fuels or carry bydrotreatment upgrading. There is no
415 need for an external source of hydrogen as it @aprbduced from the TCR unit and
416  can be improved by injection of TCR aqueous phagethe system. Therefore, further
417  study engine tests need to be done to use TCRiki@foSB and OH as transportation
418  fuels.

419
420
421
422 Table 2.SB and OH bio-oil characterisation at differentqdysis temperatures
423 (reforming temperature = 500 °C).
SB OH
Pyrolysis
Temperature (°C) 400 450 500 400 450 500
Ultimate analysis
C (wt%) 63.4 71.3 72.2 70.7 72.2 72.8
H (wt%) 8.3 7.1 8.6 8.6 8.2 8.3
N (wt%) 0.4 0.7 0.7 1.8 1.9 1.8
S (wt%) 04 0.1 0.3 1.3 0.7 0.7
O (wt%) 27.5 20.8 18.2 17.6 17.0 16.4
Fuel properties
HHV (MJ/kg) 29.1 31.1 33.4 33.1 33.2 33.5
Ash (wt%) <0.001 <0.001 <0.001 <0.001 <0.001 <0.00
Water (wt%) 9.9 4.7 4.2 7.8 4.8 4.4
TAN (mg KOH/g) 32.2 27.7 25.8 335 30.5 24.2
Viscosity (mnf/s) 47.8 24.9 23.7 38.1 36.5 35.3
Density (kg/n) 1077 1062 1061 1078 1074 1072
424
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Figure 2. The Van Krevelen diagram of TCR of SB and OH hilgiat 400 °C reactor
temperature and 500 °C reforming temperature) astoofyrolysis bio-oil from
lignocellulosic biomass [50], as well as, hydrotegbbio-oil from switchgrass [51].

3.3 GC-MS Analysis of Bio-oil

The 14 most relevant and frequent peaks were ftlhtias shown irFigures
S1 and S2. The GC-MS results are representedTiable 3 for SB and OH bio-oil
(organic fraction) at different pyrolysis tempera Phenols, aromatics and furans are
the most common chemical compounds present in Biarl OH bio-oils. For both
feedstocks, phenols represent the main group ibitieil, which is responsible for the
high acidity found inTable 2[19].

Phenols and aromatics were the highest fractiorts-ofi, but furans were the
less abundant compound. Furans are derived fromck#atose, while phenols are
formed from lignin, and their presence in TCR lagishowed that both fractions were
thermally degraded during the process efficienth,[ 60]. When the pyrolysis
temperature was at 500 °C, the benzene and tolielus were higher in comparison
with other pyrolysis temperatures. High pyrolygmperatures have a significant effect
on the stimulation of deoxygenation reactions iasneg the level of aromatics present
in the pyrolysis liquid [61].

Table 3. Compounds detected and identified by GC-MS ofSBeand OH bio-oil at
different pyrolysis temperatures (reforming tempena= 500 °C).

SB OH
Pyrolysis Temperature (°C) 400 450 500 400 450 500
#  Group Chemical compound Conc. (%) Conc. (%)
1 Aromatic Benzene 477 576 5.29 5.88 571 6.51
2  Aromatic Toluene 563 7.06 6.99 8.38 7.98 9.61
3 Furan Furfural 6.73 6.56 5.29 5.48 571 4.4
4 Furan 2-Furanmethanol 470 455 3.78 5.58 598 4.74
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5 Aromatic Ethylbenzene 471 5.00 4.11 6.28 542 6.31
6 Aromatic Benzene, 1,3-dimethyl- 4.91 5.16 4.69 5.11 549 521
7 Aromatic  1,3,5,7-Cyclooctatetraene 4.95 5.66 549 758 598 821
8
9

Phenol Phenol 10.33 10.26 11.79| 10.28 10.48 10.31

Phenol Phenol, 2-methyl- 6.83 7.46 8.09 7.68 7.78 8.01
10 Phenol Phenol, 3-methyl- 9.83 9.76 11.49 8.98 9.48 10.21
11 Phenol Phenol, 2,4-dimethyl- 5.43 5.46 4.79 5.00 5.88 5.41
12 Phenol Phenol, 4-ethyl- 17.73 11.96 11.39| 8.98 10.98 8.41
13 Aromatic Naphthalene 521 6.25 6.49 8.38 6.18 6.31

14 Furan Benzofuran, 2,3-dihydro- 8.24 9.10 10.32 641 6.95 6.35

3.4 Gas Analysis

The gas composition g1 CH;, CO, CQ and GHy) of the SB and OH
experiments at different pyrolysis temperatures stnewn in Table 4. The non-
detectable volume in the syngas might be the exgst®f hydrocarbons like ethylene
and propane not detected by the gas analyser. iygp#00 and 450 °C as pyrolysis
temperature, COwas the main gas in SB and OH syngas. Low pyrmeli@nperatures
stimulate the degradation of hemicellulose andutedk, which is linked to the cracking
of carboxyl and carbonyl compounds, increasingdhmation of CQ [62].

When the pyrolysis temperature is raised, the velwhCQ decreased for the
reasons mentioned previously, related to the deositipn of cellulose and
hemicellulose. Methane yields were also reduced lite increment of pyrolysis
temperature due to lignin deformation at differ@ytolysis temperatures [45]. It is
reported that lignin deformation and cracking reésh much more Hand CH in
comparison with cellulose and hemicellulose in ekpd bed system [45]. The reason is
that cellulose appeared more OH and C-O compoundshamicellulose contained
higher C=0 organic compounds, while lignin had kiglaromatic rings and O-GH
functional groups [45]. The gas analysis reveal€@lt@ be the main compound present
in both pyrolysis gases at 500 °C (32.6 and 291%Vor SB and OH, respectively).
The reason might be the decarbonylation and dexwglidtamn reactions, increasing the
amount of CO [63]. SB at 450 °C and OH at 500 °Gegeted the syngas with better
calorific values (15.9 and 17.3 MJ/kg) due to higHgvolume (25.7 and 23.1 vol%).

Al Arni [27] used a batch reactor to process SBG@ °C through two pyrolysis
regimes (fast and slow). For both types of fast slod/ pyrolysis, the KHvolumes (8.7
and 9.6 vol%, respectively) were approximately lss half of the TCR SB run with
the same pyrolysis temperature (500 °C). The rafgmnit containing biochar as a
catalyst could favour deoxygenation reactions tasplin the production of pHand
improving the HHV of the pyrolysis gas [44].

Ahmad et al. [46] obtained a syngas with the s&h®/ (13.8 MJ/kg) with
similar experimental conditions (TCR of SB at 408da500 °C as pyrolysis and
reforming temperatures). Despif@ble 4 showing a higher Hyield (21.5 to 12.1
vol%), the lower percentage of GKL9.5 to 15.6 vol%) and CO (32.8 to 21.2 vol%)
found in his work might justify the same calorifialue between both studies. The
different gas composition among both works may cdroen the use of diverse SB
species with different chemical natures. The qtyaoficombustible gases and the HHV
of these experiments are sufficient to be utilissda fuel for production of heat and
power via CHP engines.
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Table 4.SB and OH permanent gas composition at differgralpsis temperatures
(reforming temperature = 500 °C).

SB OH
Pyrolysis Temperature (°C) 400 450 500 400 450 500
Component
H, (vol%) 215 257  19.9 16.5 158 231
CH, (vol%) 15.6 135 109 11.6 7.0 6.4
CO (vol%) 21.2 20.2 32.6 26.5 25.5 29.5
CO;, (vol%) 30.5 28.8 23.6 30.1 25.6 21.2
CxHy (voI%) 25 2.3 2.7 3.0 2.7 3.4
Non-detectable (vol%) 8.7 9.5 10.3 12.3 23.4 16.4
HHV (MJ/kg) 13.8 159 134 16.2 153 173
Density (kg/m) 0.90 0.89 0.98 0.91 1.2 085
3.5 Char Analysis

Table 5indicates the ultimate analysis of the biochal, @entent and its HHV.
Biochar is mainly composed of fixed carbon and ashmentioned before. SB biochar
suffered a fluctuation in terms of carbon and ewecgntent when the pyrolysis
temperature was increased. The biochar from SB umexdt at 450, and 500 °C
(pyrolysis and reforming temperatures) was the amlg out of this context having a
substantially lower carbon value and energy contempared to the rest of the trials.
For OH runs, the biochar presented similar chengoahposition and calorific value
between different pyrolysis temperatures.

The SB biochar at 400 °C contains the highest ifgloralue (29.7 MJ/kg)
attributed to the highest carbon content (79.6 wits)ersely, SB biochar at 450 °C is
the less energetic (24.9 MJ/kg) having the lowesban value (70.3 wt%). Fixed
carbon is the combustible compound of the pyrolydar raising the HHV [64].
Generally, for the same pyrolysis temperatures, dbbr presented less ash and more
carbon than the SB char leading to a better HHMs T& a result of the chemical
composition of both raw feedstocks, where the Ortaias more fixed carbon and less
ash compared to SH #@ble 1). The existence of ash reduces the energy coontehe
biochar [65].

The present work produced SB biochar (500 °C) withHHV between Varma
et al. [6] and Lee et al. [66] studies. The fingtheor used fast pyrolysis to process SB at
500 °C obtaining a char with lower carbon cont&& g wt%) and subsequently lower
energy density (24.3 MJ/kg). However, the seconth@auconverted SB via slow
pyrolysis at 500 °C producing biochar with a higbarbon value (85.6 wt%) and HHV
(32.8 MJ/kg). Slow pyrolysis involves slower hegtirates and longer residence times
which promotes aromatisation reactions increadiegd-C bonds and the percentage of
fixed carbon in the biochar [67].

Henkel et al. [44] processed SB via intermediatelygis (batch reactor), and
the same fluctuation of the SB HHV (frofrable 5 was observed when the pyrolysis
temperature was increased. In the same study,dlbbdy at 500 °C demonstrated lower
carbon content (71.9 wt%), and calorific value 8MJ/kg) compared to the SB run for
the present work at the same pyrolysis temperafline. reforming unit of the TCR
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enables a longer residence time of the char causagking reactions resulting in final
biochar richer in fixed carbon.

In relation to TCR results from the literature e~ Ahmad et al. [46] produced
SB char at 400 and 500 °C (pyrolysis and reforntemgperature) with higher ash
content (30.5 wt%) and lower carbon value (67.9 wt#d energy density (24.0
MJ/kg). The variance between these results dable 5 (for the same parameters)
might be due to the different chemical compositidrthe SB applied. All the biochars
from this section contained similar carbon valud anergy content when likened to the
classic sub-bituminous coal (73.9% carbon and 2M0&g energy content) [68]. The
only exception is the SB char produced at 450 °@e biochar from this set of
experiments is energetically interesting to prodheat and power through boilers,
gasifiers and furnaces. Moreover, it can also [dsed as a fertiliser, activated carbon
and for catalytic upgrading [65, 66, 68-70].

Table 5.SB and OH biochar characterisation at differemb|ygis temperatures
(reforming temperature = 500 °C).

SB OH

Pyrolysis Temperature (°C) 400 450 500 400 450 500
Ultimate analysis

C (wt%) 79.6 70.3 77.1 78.2 79.3 79.0
H (wt%) 2.2 1.6 15 2.7 2.0 2.3

N (wt%) 0.44 0.39 0.47 14 1.1 1.3
S (wt%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
O (wt%) 2.76 11.61 2.73 2.2 5.8 1.3
Ash (wt%) 15.0 16.1 18.2 155 11.8 16.1
HHV (MJ/kg) 29.7 24.9 28.1 29.3 29.2 29.3

3.6 Mass Balance and Energy Yield

The mass balance and the energy yield for the SB@H experiments are
demonstrated irFigures 3 and 4. When the pyrolysis temperatures were lower, the
production of pyrolysis liquid (bio-oil and aqueopisase/water) and biochar increased.
The formation of pyrolysis oil comes from the brdawn of cellulose and
hemicellulose at lower temperatures through dewisiaion and depolymerisation
reactions [45]. Biochar production is also favouatdow pyrolysis temperatures where
charring and cross-linking reactions occur with enamtensity [71, 72]. The lowest
pyrolysis temperature (400 °C) resulted in the rsagiificant yields of SB and OH bio-
oil and biochar.

At the same time, the gas fraction was maximised wuthe degradation of
biochar into lighter compounds when submitted ghbr temperatures in the pyrolysis
reactor. The increment of temperature also promaotb@r decomposition reactions
resulting in less bio-oil and more syngas [44]. Thhe of SB and OH at 500 °C
(pyrolysis temperature) produced the highest symgasion (36.8 wt% and 33.7 wt%,
respectively). The gas yields observed in this riegare higher for SB than OH
experiments due to the higher water content prase®H feedstock {able 1). More
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moisture means less gas produced, which is attxbtdg the higher removal of water-
soluble compounds present in the pyrolysis gas [73]

TCR technology presented a high efficiency in teroismass balance. The
conversion of biomass into valuable products wawden 92.8 and 96.8 wt%. In the
best experiment, only 3.2 wt% was losses (OH at 45@yrolysis temperature). The
losses might be explained due to errors measurgighis, non-detectable gases by the
gas analyser and the remained bio-oil in the cleasection.

100 BE ® fg @ ®2 pp | =losses
90 Gas
~ Char
& 80 26.7 331
% o 316 363 4g 33.7 Water
\w’ = Bjo-Oll
60
% %8s |
D 4 ° 26.1
7
s 30
s cZ I
20 266 254 232 °
10
0
400 450 500 400 450 500
SB OH

Figure 3. Mass balance of SB and OH trials at different ppgie temperatures
(reforming temperature = 500 °C).

It is observed that the OH energy yields for bibase higher than SB for any
single pyrolysis temperaturd-igure 4). This can be explained by the better energy
value, and higher oil production found in OH rufial§le 2 andFigure 3). Biochar had
the highest energy fraction in all experiments. blest biochar results were achieved
with the lowest reforming temperatures for bothnligsses, where SB and OH at 400 °C
obtained 49.4 and 45.3%, respectively. Despitethsent runs producing more syngas
than char, the calorific value of biochar (24.972MJ/kg) is significantly higher
compared to the pyrolysis gas (13.4-17.3 MJ/kg)cwhtan justify the results from
Figure 4.

The energy losses were from 7.7 to 11.4%, wher®©tHdrial at 500 °C was the
most efficient one converting 92.3% of the energynt the feedstock into TCR
products. In general, SB experiments presented mmoeegy losses than OH, which can
be associated with more mass losses demonstratédyume 3. Furthermore, some
pyrolysis liquid could not be extracted from thexdensing unit due to the difficulty of
collecting all the liquid produced. For that reassome bio-oil energy was lost and not
considered for the energy yields affecting thecefficy of the process.

To sum up, various feedstock (wood, sewage slupggper sludge, de-inking
sludge, food/market waste and digestate) were psece through TCR plants
successfully, and the results have already beelisped [74]. The TCR produces high-
guality products from a wide range of biomass kind@lke energy losses can be
minimised by applying efficient isolation and inasing the reactor scale. The last
achievement is the commercial TCR system with a 896 capacity at UMSICHT,
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which is the future work of this study [74]. TCRchmology proved its efficiency in
terms of mass balance and energy yield in thisystud
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Figure 4. Energy yield of SB and OH trials at different piys temperatures
(reforming temperature = 500 °C).

4. CONCLUSIONS

In this study, SB and OH were successfully proatssing TCR technology in
a 2 kg/h continuous pilot-scale reactor. The pyslyiquid, char and gas fraction were
produced and characterised. Increasing the pysolgsnperature reduced the oxygen
value of the bio-oil and raised its carbon contemd the HHV. The total acid number
(TAN) of the oils was improved from 32.2 to 25.8 id@H/g for SB and from 33.5 to
24.2 mg KOH/g for OH with increasing the pyrolysesnperatures. The increment of
pyrolysis temperature improved the viscosity from84to 23.7 mrfis for SB and from
38.1 to 35.3 mfis for OH. The TCR oil would require further upgrags (blending or
hydrotreatment) before its application in vehictegi@ees. The aqueous phase of TCR
liquid can be used to improve the TCR hydrogen eantfor the hydrotreatment
process. The HHV of SB and OH biogas did not chasigeificantly with increasing
the pyrolysis temperatures. The OH biochar presgesimilar carbon content and
calorific value, but SB biochar did not behave &amy with increasing the pyrolysis
temperatures. The highest energy density of thgasi@and biochar was 17.3 and 29.7
MJ/Kg respectively, which indicates the potentiat fjeneration of heat and power
through CHP engines. For the mass balance, theaserof pyrolysis temperature
produced more syngas and less bio-oil and chatF8@.8 to 96.8 wt% of the
feedstock was converted into valuable TCR produtke energy losses represented
between 7.7 and 11.4% of the total energy yield #rebe can be minimised by
applying efficient isolation and increasing theatea scale. TCR technology proved its
efficiency in terms of mass balance and energyyielthis study. Overall, TCR was
shown to be a promising future route for the valation of lignocellulosic biomass in
order to produce energy vectors.

ACKNOWLEDGEMENTS

The authors would like to acknowledge and thank EHRSRC (EP/N021746/1) for
financial support.

16



622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670

REFERENCES

[1] M.Z. Jacobson, Review of solutions to globalrmvang, air pollution, and energy
security, Energy & Environmental Science, 2 (20083-173.

[2] H. Jahangiri, A. Osatiashtiani, M. Ouadi, A. tHang, A.F. Lee, K. Wilson,
Ga/HZSM-5 Catalysed Acetic Acid Ketonisation for gdading of Biomass Pyrolysis
Vapours, 9 (2019) 841.

[3] A. Chareonlimkun, V. Champreda, A. Shotipruk, Naosiripojana, Catalytic
conversion of sugarcane bagasse, rice husk andatoin the presence of TiO2, ZrO2
and mixed-oxide TiO2-ZrO2 under hot compressed mwdateCW) condition,
Bioresource Technology, 101 (2010) 4179-4186.

[4] H. Boussarsar, B. Roge, M. Mathlouthi, Optintiaza of sugarcane bagasse
conversion by hydrothermal treatment for the recpvef Xxylose, Bioresource
Technology, 100 (2009) 6537-6542.

[5] V. Dhyani, T. Bhaskar, A comprehensive reviewtbe pyrolysis of lignocellulosic
biomass, Renewable Energy, 129 (2018) 695-716.

[6] A.K. Varma, P. Mondal, Pyrolysis of sugarcanaghsse in semi batch reactor:
Effects of process parameters on product yields ematacterization of products,
Industrial Crops and Products, 95 (2017) 704-717.

[7] M.K. Chauhan, Varun, S. Chaudhary, S. Kumam&a Life cycle assessment of
sugar industry: A review, Renewable and Sustainghlergy Reviews, 15 (2011) 3445-
3453.

[8] A. Jain, Y.Z. Wei, A. Tietje, Biochemical comgon of sugarcane bagasse into
bioproducts, Biomass & Bioenergy, 93 (2016) 227-242

[9] A.K. Chandel, F.A.F. Antunes, W.L.C. FreitasSSda Silva, Sequential Acid-Base
Pretreatment of Sugarcane Bagasse: A Facile Mefihrothe Sugars Recovery After
Enzymatic Hydrolysis, Journal of Bioprocess Engimegand Biorefinery, 2 (2013) 11-
19.

[10] R. Maryana, K. Oktaviani, K. Tanifuji, H. OhComparison between acid sulfite
and soda-AQ delignification methods for effectivéo-bthanol production from
sugarcane bagasse and oil palm empty fruit bun@b4 an Pac. Conf. TAPPI; May
28; Taiwan, (2014) E46-E52.

[11] L.P. Ramos, L. da Silva, A.C. Ballem, A.P. &é¢lo, L.M. Chiarello, M.H.L.
Silveira, Enzymatic hydrolysis of steam-explodediagane bagasse using high total
solids and low enzyme loadings, Bioresource Teaqyl175 (2015) 195-202.

[12] Z. Qazanfarzadeh, M. Kadivar, Properties oewlprotein isolate nanocomposite
films reinforced with nanocellulose isolated fromat dwusk, International Journal of
Biological Macromolecules, 91 (2016) 1134-1140.

[13] E.A. Skiba, V.V. Budaeva, O.V. Baibakova, V.Molotukhin, G.V. Sakovich,
Dilute nitric-acid pretreatment of oat hulls forhahol production, Biochemical
Engineering Journal, 126 (2017) 118-125.

[14] M. Ouadi, A. Fivga, H. Jahangiri, M. Saghir, Alornung, A Review of the
Valorization of Paper Industry Wastes by ThermodeamConversion, Industrial &
Engineering Chemistry Research, 58 (2019) 159142959

[15] H. Jahangiri, A. Osatiashtiani, J.A. Benndt,A. Isaacs, S. Gu, A.F. Lee, K.
Wilson, Zirconia catalysed acetic acid ketonisatfon pre-treatment of biomass fast
pyrolysis vapours, Catalysis Science & Technol@(2018) 1134-1141.

[16] A.V. Bridgwater, Review of fast pyrolysis ofidmass and product upgrading,
Biomass and Bioenergy, 38 (2012) 68-94.

17



671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719

[17] J. Neumann, J. Meyer, M. Ouadi, A. Apfelbach®r Binder, A. Hornung, The
conversion of anaerobic digestion waste into bilsfuga a novel Thermo-Catalytic
Reforming process, Waste Management, 47 (20161281 -

[18] A. Hornung, Intermediate pyrolysis of bioma&ipmass Combustion Science,
Technology and Engineering, (2013) 172-186.

[19] Y. Yang, J.G. Brammer, A.S.N. Mahmood, A. Hong, Intermediate pyrolysis of
biomass energy pellets for producing sustainaldeidi gaseous and solid fuels,
Bioresource Technology, 169 (2014) 794-799.

[20] Q. Zhang, J. Chang, T.J. Wang, Y. Xu, Revidwiomass pyrolysis oil properties
and upgrading research, Energy Conversion and Manaugt, 48 (2007) 87-92.

[21] A.S.N. Mahmood, J.G. Brammer, A. Hornung, Ate€e, S. Poulston, The
intermediate pyrolysis and catalytic steam refogroh Brewers spent grain, Journal of
Analytical and Applied Pyrolysis, 103 (2013) 328234

[22] M. OQuadi, J.G. Brammer, Y. Yang, A. Hornung,. May, The intermediate
pyrolysis of de-inking sludge to produce a sustaimdiquid fuel, Journal of Analytical
and Applied Pyrolysis, 102 (2013) 24-32.

[23] J. Santos, M. Ouadi, H. Jahangiri, A. Hornulrgegrated intermediate catalytic
pyrolysis of wheat husk, Food and Bioproducts Pssicey, 114 (2019) 23-30.

[24] M. Ouadi, M.A. Bashir, L.G. Speranza, H. Jafian A. Hornung, Food and
Market Waste—A Pathway to Sustainable Fuels andtéVealorization, Energy &
Fuels, 33 (2019) 9843-9850.

[25] J. Santos, M. Ouadi, H. Jahangiri, A. Hornuiigermochemical conversion of
agricultural wastes applying different reformingmigeratures, Fuel Processing
Technology, 203 (2020) 106402.

[26] S.A. Channiwala, P.P. Parikh, A unified coatedn for estimating HHV of solid,
liquid and gaseous fuels, Fuel, 81 (2002) 1051-1063

[27] S. Al Arni, Comparison of slow and fast pyrsiy for converting biomass into fuel,
Renewable Energy, 124 (2018) 197-201.

[28] G.J.D. Rocha, V.M. Nascimento, A.R. Goncalv&sF.N. Silva, C. Martin,
Influence of mixed sugarcane bagasse samples ¢edlly elemental and physical-
chemical composition, Industrial Crops and ProdugAs(2015) 52-58.

[29] A. Abedi, A.K. Dalai, Study on the quality afat hull fuel pellets using bio-
additives, Biomass & Bioenergy, 106 (2017) 166-175.

[30] F. Valdebenito, M. Pereira, G. Ciudad, L. AanodR. Briones, G. Chinga-Carrasco,
On the nanofibrillation of corn husks and oat htilses, Industrial Crops and Products,
95 (2017) 528-534.

[31] X.H. Zhang, M. Ghamari, A. Ratner, Numericabaeling of co-firing a light
density biomass, oat (Auena sativa) hulls, and khcwal in fluidized bed boiler,
Biomass & Bioenergy, 56 (2013) 239-246.

[32] Z.A. Mayer, A. Apfelbacher, A. Hornung, A commative study on the pyrolysis of
metal- and ash-enriched wood and the combustigmepties of the gained char, Journal
of Analytical and Applied Pyrolysis, 96 (2012) 1262.

[33] A.K. Hossain, M. Ouadi, S.U. Siddiqui, Y. Yand. Brammer, A. Hornung, M.
Kay, P.A. Davies, Experimental investigation offpemance, emission and combustion
characteristics of an indirect injection multi-aydier Cl engine fuelled by blends of de-
inking sludge pyrolysis oil with biodiesel, FueQ3.(2013) 135-142.

[34] S. Kalligeros, F. Zannikos, S. Stournas, Eisl.&. Anastopoulos, A survey of the
automotive diesel quality in the Athens area, imional Journal of Energy Research,
25 (2001) 1381-1390.

18



720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767

[35] M. Mufioz, F. Moreno, C. Monné, J. Morea, Jrradillos, Biodiesel improves
lubricity of new low sulphur diesel fuels, RenewaBinergy, 36 (2011) 2918-2924.

[36] G.W. Huber, S. Iborra, A. Corma, Synthesidrahsportation fuels from biomass:
Chemistry, catalysts, and engineering, Chemicaid¥ey; 106 (2006) 4044-4098.

[37] M.H.m. Yasin, R. Mamat, A.F. Yusop, R. Rahif, Aziz, L.A. Shah, Fuel
Physical Characteristics of Biodiesel Blend Fueighvilcohol as Additives, Procedia
Engineering, 53 (2013) 701-706.

[38] D. Kumar, G. Kumar, Poonam, C.P. Singh, Faasy ethanolysis of coconut oil for
biodiesel production assisted by ultrasonicatioliraldonics Sonochemistry, 17 (2010)
555-559.

[39] M. Asadullah, M.A. Rahman, M.M. Ali, M.S. Ralan, M.A. Motin, M.B. Sultan,
M.R. Alam, Production of bio-oil from fixed bed mjysis of bagasse, Fuel, 86 (2007)
2514-2520.

[40] Q.C. Zhang, G.S. Chen, Z.Q. Zheng, H.F. LiuxXd, M.F. Yao, Combustion and
emissions of 2,5-dimethylfuran addition on a diesaeline with low temperature
combustion, Fuel, 103 (2013) 730-735.

[41] K. Yamane, A. Ueta, Y. Shimamoto, Influencepbiysical and chemical properties
of biodiesel fuels on injection, combustin and axMtaemission characteristics in a
direct injection compression ignition engine, 2{2P249-261.

[42] J. Lede, J.P. Diebold, G.V.C. Peacocke, Jkd?is The Nature and Properties of
Intermediate and Unvaporized Biomass Pyrolysis Kkt in: A.V. Bridgwater,
D.G.B. Boocock (Eds.) Developments in ThermochemiBéomass Conversion:
Volume 1/ Volume 2, Springer Netherlands, DordtetB97, pp. 27-42.

[43] W. Treedet, S. Taechajedcadarungsri, R. Sardkorn, Fast Pyrolysis of
Sugarcane Bagasse in Circulating Fluidized Bed f®eadart B: Modelling of Bio-Oil
Production, Energy Procedia, 138 (2017) 806-810.

[44] C. Henkel, P.D. Muley, K.K. Abdollahi, C. Marescu, D. Boldor, Pyrolysis of
energy cane bagasse and invasive Chinese tallew(Treadica sebifera L.) biomass in
an inductively heated reactor, Energy Conversioth lflanagement, 109 (2016) 175-
183.

[45] H.P. Yang, R. Yan, H.P. Chen, D.H. Lee, C.Che#g, Characteristics of
hemicellulose, cellulose and lignin pyrolysis, F88 (2007) 1781-1788.

[46] E. Ahmad, N. Jager, A. Apfelbacher, R. Daschn® Hornung, K.K. Pant,
Integrated thermo-catalytic reforming of residuab@cane bagasse in a laboratory
scale reactor, Fuel Processing Technology, 17182P17-286.

[47] W.F. Fassinou, A. Sako, A. Fofana, K.B. KoGa,Toure, Fatty acids composition
as a means to estimate the high heating value (H¥\Wegetable oils and biodiesel
fuels, Energy, 35 (2010) 4949-4954.

[48] T. Rout, D. Pradhan, R.K. Singh, N. Kumari, Haxstive study of products
obtained from coconut shell pyrolysis, Journal offEonmental Chemical Engineering,
4 (2016) 3696-3705.

[49] C. Liu, H. Wang, A.M. Karim, J. Sun, Y. Wan@atalytic fast pyrolysis of
lignocellulosic biomass, Chemical Society Revied&(2014) 7594-7623.

[50] A.V. Bridgwater, D. Meier, D. Radlein, An oweew of fast pyrolysis of biomass,
Organic Geochemistry, 30 (1999) 1479-1493.

[51] Y. Elkasabi, C.A. Mullen, A.LM.T. Pighinelli, A.A. Boateng,
Hydrodeoxygenation of fast-pyrolysis bio-oils fromrious feedstocks using carbon-
supported catalysts, Fuel Processing Technolod/(2@14) 11-18.

19



768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

[52] A. Fivga, H. Jahangiri, M.A. Bashir, A.J. Majski, A. Hornung, M. Ouadi,
Demonstration of catalytic properties of de-inkistydge char as a carbon based
sacrificial catalyst, Journal of Analytical and Al Pyrolysis, 146 (2020) 104773.

[53] M. Ouadi, N. Jaeger, C. Greenhalf, J. SanRsConti, A. Hornung, Thermo-
Catalytic Reforming of municipal solid waste, Watanagement, 68 (2017) 198-206.
[54] F. de Miguel Mercader, M.J. Groeneveld, S.RKersten, N.W.J. Way, C.J.
Schaverien, J.A. Hogendoorn, Production of advanbeduels: Co-processing of
upgraded pyrolysis oil in standard refinery un&pplied Catalysis B: Environmental,
96 (2010) 57-66.

[55] C. Guo, K.T.V. Rao, Z. Yuan, S. He, S. Roha®di,Xu, Hydrodeoxygenation of
fast pyrolysis oil with novel activated carbon-sagpd NiP and CoP catalysts, Chem
Eng Sci, 178 (2018) 248-259.

[56] W.T. Tsai, M.K. Lee, Y.M. Chang, Fast pyrolysf rice straw, sugarcane bagasse
and coconut shell in an induction-heating reacioyrnal of Analytical and Applied
Pyrolysis, 76 (2006) 230-237.

[57] Z. Rui, D. Wei, Y. Zhibin, Z. Chao, A.J.J.CR Xiaojuan, Effects of wood vinegar
on the soil microbial characteristics, Chemical &ithrmaceutical Research, 6 (2014)
1254-1260.

[58] Y. Baimark, N. Niamsa, Study on wood vineg&os use as coagulating and
antifungal agents on the production of natural erldheets, Biomass and Bioenergy, 33
(2009) 994-998.

[59] R. Yin, R. Liu, Y. Mei, W. Fei, X. Sun, Charaeization of bio-oil and bio-char
obtained from sweet sorghum bagasse fast pyrolysis fractional condensers, Fuel,
112 (2013) 96-104.

[60] D.J. Nowakowski, J.M. Jones, R.M.D. BrydsonBARoss, Potassium catalysis in
the pyrolysis behaviour of short rotation willowpgoce, Fuel, 86 (2007) 2389-2402.
[61] S. Vecino Mantilla, P. Gauthier-Maradei, Pvatez Gil, S. Tarazona Céardenas,
Comparative study of bio-oil production from sugare bagasse and palm empty fruit
bunch: Yield optimization and bio-oil characteripat Journal of Analytical and
Applied Pyrolysis, 108 (2014) 284-294.

[62] M.N. Uddin, W.M.A\W. Daud, H.F. Abbas, Effectd pyrolysis parameters on
hydrogen formations from biomass: a review, Rscakabes, 4 (2014) 10467-10490.
[63] M. He, B. Xiao, S. Liu, Z. Hu, X. Guo, S. Lub, Yang, Syngas production from
pyrolysis of municipal solid waste (MSW) with doldm as downstream catalysts,
Journal of Analytical and Applied Pyrolysis, 87 (2) 181-187.

[64] P. McKendry, Energy production from biomassrfpl): overview of biomass,
Bioresource Technology, 83 (2002) 37-46.

[65] D.A. Laird, The charcoal vision: A win-win-wirscenario for simultaneously
producing bioenergy, permanently sequestering canvbile improving soil and water
quality, Agronomy Journal, 100 (2008) 178-181.

[66] Y. Lee, J. Park, C. Ryu, K.S. Gang, W. Yang;KY Park, J. Jung, S. Hyun,
Comparison of biochar properties from biomass ressdoroduced by slow pyrolysis at
500°C, Bioresource Technology, 148 (2013) 196-201.

[67] P.T. Williams, S. Besler, The influence of feanature and heating rate on the slow
pyrolysis of biomass, Renewable Energy, 7 (1998)250.

[68] A. Ahmed, M.S. Abu Bakar, A.K. Azad, R.S. SyKN. Phusunti, Intermediate
pyrolysis of Acacia cincinnata and Acacia holosesicspecies for bio-oil and biochar
production, Energy Conversion and Management, 2068) 393-408.

20



816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834

835

[69] T. Purakayastha, S. Kumari, S. Sasmal, H. &atBiochar carbon sequestration in
soil-A myth or reality?, International Journal ofbBresource and Stress Management, 6
(2015) 623-630.

[70] K. Kebelmann, A. Hornung, U. Karsten, G. Gtfis, Thermo-chemical behaviour
and chemical product formation from Polar seawedulsng intermediate pyrolysis,
Journal of Analytical and Applied Pyrolysis, 100{3) 131-138.

[71] C.E. Greenhalf, D.J. Nowakowski, A.B. HarmsDJTitiloye, A.V. Bridgwater,
Sequential pyrolysis of willow SRC at low and higkating rates - Implications for
selective pyrolysis, Fuel, 93 (2012) 692-702.

[72] M. Van de Velden, J. Baeyens, A. Brems, B.s3ans, R. Dewil, Fundamentals,
kinetics and endothermicity of the biomass pyr@ysaction, Renewable Energy, 35
(2010) 232-242.

[73] S. Dasappa, P.J. Paul, H.S. Mukunda, N.K.SarRaG. Sridhar, H.V. Sridhar,
Biomass gasification technology - a route to mewdrgy needs, Current Science, 87
(2004) 908-916.

[74] N. Schmitt, A. Apfelbacher, N. Jager, R. Daseh F. Stenzel, A. Hornung,
Thermo-chemical conversion of biomass and upgradmgbiofuel: The Thermo-
Catalytic Reforming process — A review, Biofueldpfdoducts and Biorefining, 13
(2019) 822-837.

21



Valorisation of lignocellulosic biomass
Investigating different pyrolysistemperatures

Jodo SantdsMiloud Ouadf, Hessam Jahandirj Andreas Hornurf§®

&University of Birmingham, School of Chemical Enginieg, Edgbaston, Birmingham, B15
2TT, UK.

® Fraunhofer UMSICHT, Fraunhofer Institute for Envimental, Safety and Energy
Technology, An der Maxhtte 1, 92237 Sulzbach-Rbeey Germany.

¢ Friedrich-Alexander University Erlangen-Nurembe®ghlossplatz 4, 91054 Erlangen,
Germany.

Highlights:

» Sugarcane bagasse (SB) and oat hulls (OH) weressfodly converted into valuable
products (bio-liquid, syngas, and biochar) usirg TICR reactor.

* The fuel properties of the TCR oil improved withetincrement of the pyrolysis
temperature (higher HHV and lower water, aciditgcesity and density content).

* TCR technology proved its efficiency in terms ofssdalance and energy yield.

* The chemical properties of the TCR products shoted potential to be used as
energy vectors.



