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THESIS SUMMARY

Jatropha oil is an inedible vegetable oil obtained from the Jatropha Curcas plant. It
comprises triglyceride molecules consisting of glycerol and fatty acids, including oleic
acid, which makes up 46 wt.% of jatropha oil. When subjected to pyrolysis, Jatropha
oil components can yield high-value products such as biofuels and aromatic
compounds such as benzene, toluene, or xylenes (BTX). BTX are used to manufacture
a range of everyday products (i.e., paints, solvents, etc.), and its current production
relies on processing finite fossil fuel-based feedstocks. Therefore, a renewable and
sustainable feedstock to produce these chemicals is required in the near future.

This work considers the non-catalytic and catalytic pyrolysis of the inedible feedstock
jatropha oil to high-value products or aromatics, particularly BTX. Oleic acid was also
used as a feedstock and a fatty acid model compound to better understand the jatropha
oil decomposition pathways. Two reaction systems were used for the pyrolysis tests,
including a small-scale batch Pyroprobe-GCMS system and a continuous fluidised bed
system (90 g h™").

The non-catalytic pyrolysis of oleic acid and jatropha oil was undertaken in the
Pyroprobe system at 400 °C, 500 °C and 600 °C. The influence of temperature on the
yield and distribution of products was studied, focusing on the proportion of aromatics
(including BTX). At all the temperatures and for both feedstocks, high proportions of
acid compounds were observed in the products, attributed to unconverted fatty acids
from the feedstocks. The lowest proportions of acids were obtained at 600 °C and
accounted for 82.0% and 39.3% of the total peak area for oleic acid and jatropha oil.
Aliphatics such as alkenes and alkanes were the second-largest group of compounds
produced and were identified at all three temperatures. Aliphatics were identified as
the main decomposition product in the absence of a catalyst and have been reported
as aromatics precursors in the triglycerides decomposition pathway. Therefore, their
identification in the product distribution is relevant when looking at aromatics
production.

A commercial ZSM-5 catalyst, alongside a range of Ni/ZSM-5 catalysts (1 wt.%, 2
wt.%, 5 wt.% and 10 wt. %), were used for the catalytic tests in the Pyroprobe. Oleic
acid and jatropha oil were used as feedstocks at 400 °C, 500 °C and 600 °C. At 500
°C, it was observed that the aromatics yield was increased from 70.6% using ZSM-5
catalyst up to the maximum proportion of aromatics achieved at 76.1% when a small
amount of nickel was added to the catalyst (1wt.% Ni/ZSM-5). This was attributed to a
slight increase in pore diameter (1.505 nm for ZSM-5 and 1.528 nm for 1Ni/ZSM-5) as
no significant changes were observed on the catalyst surface area (383.0 m?/g for
ZSM-5 and 370.0 m?/g for 1Ni/ZSM-5). Other major groups of products identified in the
catalytic decomposition of jatropha oil included aliphatics and polyaromatics. These
aliphatics were highlighted earlier as precursors to aromatics, whilst the evolution of
polyaromatics has likely come from further reactions between some of the aromatic
compounds present.

Finally, the non-catalytic fast pyrolysis of jatropha oil was carried out in the fluidised
bed system at 450 °C. The reactor type selection was novel as no prior literature
reported a continuous reactor used to process this feedstock. The conversion of the
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jatropha oil yielded on average 88.21 wt.% £0.77 liquid products, with a small
proportion of gases (3.12 wt.% £0.78), and near to negligible solids (0.72 wt.% +0.27).
This system showed a preference for the decomposition of jatropha oil to ester
compounds which made up on average 70.3% of the liquid products with just 4.2%
acids. It has been reported that esters can be converted to aromatics in the presence
of a catalyst, which has been suggested as part of future work.

For the jatropha oil non-catalytic tests, the fluidised bed system showed a preference
to yield esters, whilst the Pyroprobe showed a preference towards aliphatic
compounds and small amounts of aromatics. The differences in the decomposition
pathways were attributed to the different reactor type configurations. Nevertheless, the
main functional groups identified (esters and aliphatics) can yield aromatics, including
BTX via catalyst addition.

For the Pyroprobe system, it was concluded that aromatics including BTX can be
obtained from the catalytic pyrolysis of jatropha oil at 500 °C. The 1Ni/ZSM-5 catalyst
is preferable to maximise the yield and distribution of these compounds. The two
pyrolysis systems showed different decomposition pathways and product distribution;
however, it could be feasible for aromatics to be produced in the fluidised bed reactor
using ZSM-5 catalysts.

Keywords: Pyrolysis, Zeolites, ZSM-5, Aromatics, BTX, Jatropha QOil, Inedible Oil

iii
S.L.Asplin, PhD Thesis, Aston University, 2021



ACKNOWLEDGEMENTS

Firstly, | would like to express my appreciation to my supervisor Dr Paula Blanco-
Sanchez for her ongoing guidance and masses of encouragement throughout my PhD

studies here at the Energy and Bio-products Research Institute at Aston University.

| would also like to thank my co-supervisors Dr Katie Chong and Professor Tony

Bridgwater for their support and instruction throughout my research.

| would also like to thank past and present fellow colleagues in EBRI whom have
supported me with my work with particular thanks to Dr Stylianos Stefanidis, Dr Scott
Banks, Dr Jinesh C. Manayil and Dr Daniel J. Nowakowski for their time, advice, and
assistance with training in the laboratories helping me to complete my experimental

work.

In addition, | would like to thank the College of Engineering and Applied Sciences at
Aston University for my studentship, allowing me to undertake this work within the
Energy and Bio-products Research Institute (EBRI) and offering further support from
the COVID-19 Hardship Fund to support fund following delays due the University

closure and fluctuating restrictions these last 18 months.

Finally, a big thanks to my parents Karl and Karen, fiancé Tom and sister Chrissy for
their support and constantly reminding me that | can do this! | know | wouldn’t have got

here if it wasn’t for all of you too.

S.L.Asplin, PhD Thesis, Aston University, 2021



CONTENTS

TRESIS SUMIMAIY ...t e ettt e e e e e e e e e e e et e e e e e e e e e eeasaaaaeeeeaeeeennnes ii
ACKNOWIEAGEMENTS ... e e e e e e e e et e e et e e e era s iv
1670101 (=1 o] £ PSSO PP PP PP OPPPPPPPP v
LISt OF TAbIES ...t e e e e e e e e e e iX
LIST Of FIQUIES ...t e e e e e e e e e e e e e e e e eaaaaa s Xi
LiSt Of EQUALIONS ..covieei et e e e e e XV
ADDIEVIALIONS ...ttt XVi
Chapter 1.0 INtrodUCHION.......... e e e e e e e e e 1
L T T T ol o I o TU L [T T T 1
1.2. Research goals and ODJECHIVES ............uuuiiiiiiiiiiiiiiiiii e 3
Chapter 2.0 Literature REVIEW..........oouiiiiiii et e e e 4
N B = o]0 F= E o £t =0 ] (oo L& TP 4
2.1.1. Introduction 10 DIOM@SS ..o 4
2.1.2. LignocelluloSiC DIOMaSS. ... .cooiiiiiieeeee e 6
2.1.3. TriglyCeride DIOMAaSsS ......ccoieeiiiieeeeee e 7
2.2. BiOMASS CONVEISION PrOCESSES ...uiieeeiiiiiiiiiiaaseeaaeeeeettnnaaaaeaaeeeeesennaaaaaaaeeeeennnnaaaeeaeees 18
2.2, PYFOIYSIS ..t e ettt ettt e ettt e e e e e e entaa e e e aeeeannnn 19
2.2.2. TYPES Of PYIOIYSIS i 20
2.2.3. Fast pYrolysis SYSIEMS ... .o 21
2.3. Conversion of triglyceride feedstocks to yield aromatics ............cccoooiiiiiiiiiiiiiniiinee. 24
2.3.1. Aromatic compounds from fossil fuels ... 25
2.3.2. Conversion of triglycerides to aromatiCs...........coouiiiiiiiiiiiiii i 27
2.3.3. Triglyceride decomposition pathways...........ccooeeiiiiiiiiiiee e 30
2.3.4. Catalytic conversion of triglyceride feedstocks ............cccccveiiiiiiiiiiiiie 36
2.4. Summary and research ODJECHVES..........cooiiiiiiiii e 49
Chapter 3.0 Experimental Methodology .........cooiiiiiiiiiiiii e 50
ST INEFOAUCHION . ...t e e e e e 50
v

S.L.Asplin, PhD Thesis, Aston University, 2021



3.2. Pyroprobe EXPEerimENntS .......cooouiuiiiii et 50

3.2.1. Materials and Catalyst Preparation for Pyroprobe Experiments.......................... 50
3.2.2. Pyroprobe Experiment Methodology ..........coooiviiiiiiiiiiiiiccee e, 52
3.2.3. Catalyst Characterisation ..............oouuiiiiii i 55
3.3. Fluidised Bed Reactor EXperiments.............ccoiiiiiiiiiiiiiicii e 60
3.3.1. Reactor Re-CommISSIONING .........couuiiiiiiiiieeee e 66
3.3.2. Experimental ProCeAUIe..........ccoiiiiiiiiiii et 69
3.3.3. Selection and Definition of Experimental Conditions .............ccccocoooiiiiiennnnn. 70
3.4. Characterisation methodS............ooooiiiiiiiiiii 72
3.4.1. Characterisation of lIQUIAS .........ccooeiiiiiiiii e 72
3.4.2. Characterisation of solid content on fluidised bed material ...................cccueeeeies 81
3.4.3. Characterisation Of QASES..........uuuuuuiiiiiiiiiiiiiiii e 82
3.5, SUMIMAIY e 83
Chapter 4.0 Pyrolysis of Oleic Acid and Jatropha Oil ..............ovieiiiiiiiiiicc e, 84
o I [ a1 (o Te [UT3 o] I=T g o IF= 114 S SRR 84
L Y/ (o] o] o] T €1 O S P 85
4.2.1. Pyrolysis of oleic acid at different temperatures...............cccccc 86
4.2.2. Pyrolysis of jatropha oil at different temperatures...............cccco 96
4.3. Comparing decomposition pathways for oleic acid and jatropha oil ......................... 110
4.4, CONCIUSIONS ...ttt ettt e e e ettt e e e e e et e e e e e e e e e e nnbn e e e eeeas 111
Chapter 5.0 Catalytic Decomposition Of Oleic Acid And Jatropha Oil ..o, 112
5.1, Introduction @nd @IMS .........cooiiiiiiiiiiiii 112
5.2. Catalyst charaCteriSation ..............ccuuiiiiiiiiii e 112
5.2.1. Thermogravimetric analysis (TGA) ........uuuiiiiiiiiiiiii e 113
5.2.2. N2 POFOSIMELEIY ...ttt esensnnnnne 113
5.2.3. X-ray diffraction (XRD) ........uuuiiiiiiiiiiiiiee e 117
5.3. Catalytic decomposition using a pyroprobe GCMS ...........ccooiiiiiiiiiiieeeicee e, 119
5.3.1. INtroduction @Nd @IMS ..........uuiiiiiiiiii e 119

Vi

S.L.Asplin, PhD Thesis, Aston University, 2021



5.3.2. Catalytic pyrolysis of oleic acid at different temperatures ..............cccccoeeeeeee 120
5.3.3. Catalytic pyrolysis of jatropha oil at different temperatures.............ccccccceeeee. 132
5.4. Comparing catalytic decomposition of oleic acid and jatropha oil............................. 143
5.5, CONCIUSIONS ...ttt e et e e e e e e e e e e e e e e e e eaanas 144
Chapter 6.0 Fluidised Bed Fast Pyrolysis Of Jatropha Oil ..............ccoooviiiiiiiieii. 146
6.1. INtroduction @nd @IMS .........ooiiiiiiii e 146
6.2. Feedstock characterisation ................ueeeiiiiiiiii e 147
I TR o == 4 T V7= | U= P 147
B.2.2. VIS COSIEY ..ttt 147
6.2.3. Fatty acid composition via GCMS ... 148
6.2.4. Water content via Karl-Fischer titration..............oooooooi 151
6.3. Non — catalytic fluidised bed fast pyrolysis...........cccccoviiiiiiiiiii 151
6.3.1. Fluidised bed fast pyrolysis products and characterisation.............................. 151
6.3.2. MaSS DalanCe ... 163
6.4. Comparison of fluidised bed and pyroprobe systems............ccccccvvvviiiiiiiiiiiiiiiiinennnn. 164
6.5. Further recommendations............coooiiiiiiiiiiiiii 171
Chapter 7.0 Conclusions, Recommendations And Further Work.............cccccooiiiiiiiinnnn..l. 172
7.0 CONCIUSIONS ...ttt e e e e ettt e e e e e e e et a e e e e e e e e e aanas 172
7.2. Recommendations and future WOrK ..o 174
7.2.1. PY-GCOMS STUGIES .....eeeeeeiiieee ettt e et e e e neeeeas 174
7.2.2. Fluidised bed STUTIES .......cueeeiiiiiiiie e 174
(07 aF-To) I O o] o =T o To | (o1 Y- SRR 175
8.1. Appendix One- Reaction descriptors for the thermal cracking of canola ail.............. 175
8.2. Appendix Two- Estimation of nitrogen fluidisation velocity .............cccocciiiiiiiiinnne, 176
8.2.1. Calculation of fluidisation velocity at room temperature..............ccccccceeeviiinnnne. 176
8.2.2. Calculations at reactor operating temperature..............cooeeeieiieeeeeeee e 178
8.3 REFEIENCES ...t 180
vii

S.L.Asplin, PhD Thesis, Aston University, 2021



LIST OF TABLES

Table 2-1. Summary of popular triglyceride feedstocks ..., 9
Table 2-2. Summary of physiochemical characteristics of jatropha, karanja, and neem oil.. 15
Table 2-3. Typical fatty acid composition of jatropha, karanja and neem oil [3, 5-10] .......... 16

Table 2-4. Parameters for slow and fast pyrolysis of different types of lignocellulosic
feedstocks [37, 82, 85, 87-89] ... 20

Table 2-5. A summary of the typical fractions of products from different types of pyrolysis of a

lignocellulosiC fFEEASIOCK [8]....uuuuuiii i e e e e e ea s 21

Table 2-6. Lignocellulosic feedstock pyrolysis reactor design selection parameter matrix [94]

Table 2-9. Key parameters from fixed bed studies by Than-An Ngo...........ccccoeeeiiii. 46

Table 2-10. Example conditions used for impregnation of metals in ZSM-5 zeolite catalysts

Table 3-3. Calibration of fluidising nitrogen feeds and feeder nitrogen. .............ccccceeeeeeee. 70
Table 3-1. Oil characteristics, standard test methods, and equipment (expanded from [3]). 72
Table 4-1. Functional group abbreviations for major products of pyroprobe GC-MS ........... 85
Table 4-2. Notable peaks from pyrolysis of oleic acid at 400 °C,500 °C and 600°C............. 90

Table 4-3. Notable peaks from pyrolysis of jatropha Oil at 400 °C,500 °C and 600 °C ...... 100

Table 5-1. Catalyst moisture content.............ooo 113
Table 5-2. Properties of NI/ZSM-5 catalysts .............oooiiiiiiiiii 116
Table 6-1. Summary of fluidised bed fast pyrolysis reactor parameters...................ccueeee. 146
Table 6-2. Fatty acids identified in GCMS of jatropha Ol .............cccceiiiiiiiiii 150
Table 6-3. Water content (%) of jatropha and neem oil by KF titration..................ccoee 151

Table 6-4. Characteristics of liquid fluidised bed fast pyrolysis product and jatropha oil
(=10 51 (o103 OSSP PO PR RSSI 152

viii
S.L.Asplin, PhD Thesis, Aston University, 2021



Table 6-5. Summary of key peaks from GCMS of liquid pyrolysis product......................... 155
Table 6-6. Average gas products composition from the pyrolysis of jatropha oil................ 159

Table 8-1. Descriptors of reactions occurring in the proposed reaction scheme for the thermal

cracking Of CaNO0Ia Oil.........oouiiei e 175

S.L.Asplin, PhD Thesis, Aston University, 2021



LIST OF FIGURES

Figure 2.1. Composition of lignocellulosic feedstocks [15].......ccvvrieiiiiiiiiiiiiiicie e, 6
Figure 2.2. Structure of a typical triglyceride molecule ... 7
Figure 2.3. Van Krevelen plot for principal biomass constituents[21]............cccccciiieiiiiienienn. 7
Figure 2.4. Skeletal formulae of: (a) oleic; (b) linoleic; and (c) palmitic acid..............c.......... 17

Figure 2.5. Major types of products obtained from pyrolysis of biomass. (adapted from [82,

Figure 2.6. Reaction systems for fast pyrolysis: (a) ablative, (b) bubbling fluidised bed (BFB),
(c ) circulating fluidised bed (CFB), (d) auger (screw), (e) vacuum, (f) rotating cone [93] .... 22

Figure 2.7. World biofuels production (MTOE: Million Tonnes of Oil Equivalent) from 2008 to
120 < 1) PSPPSR 25

Figure 2.8. Schematic overview of aromatics production from naphtha via catalytic cracking

5 26
Figure 2.9. Worldwide applications of BTX compounds[108]............cccoeiiiiiiiiiiiiiieeeeeeeeeeenn, 27
Figure 2.10. Structures of benzene, toluene and xylenes...........ccccccvvvviiiiiiiiiiiiiiiiiiiiiiiiiene. 27

Figure 2.11. Reaction mechanism for the decomposition of unsaturated triglycerides[119]. 31
Figure 2.12. Decomposition of glycerol to aromatics in the presence of H-ZSM-5............... 32

Figure 2.13. Decomposition of saturated triglycerides: reaction mechanism for the Chang et
Al 1947 1] e e 33

Figure 2.14.Reaction mechanism for the decomposition of saturated triglycerides Alencar et
AL, 1983 27 ] e ettt aaaa e 34

Figure 2.15. Proposed reaction scheme for thermal cracking of a mixture of unsaturated and

saturated triglycerides, Idem et al,1996 (canola 0il) [123].......ccooeiiiiiiiiiii, 35

Figure 2.16. Canola oil pyrolysis: Influence of pyrolysis temperature on aromatics yield [112]

Figure 2.17. Effect of temperature on aromatics yield and conversion in the catalytic

processing of canola oil by Prasad et al. 1985 (data from [113] ) ......uvvieiiiiiiiiiiiiiees 39

Figure 2.18. A graph to show the effect of Silica Alumina ratio of H-ZSM-5 catalysts and

temperature on conversion of soyabean oil feedstock ( data from Thanh- An Ngo [110]..... 40

S.L.Asplin, PhD Thesis, Aston University, 2021



Figure 2.19. Structures of four selected zeolites (a) Faujasite or zeolites X, Y (b) zeolite ZSM-
12 (c) zeolite ZSM-5 or silicate-1 d) zeolite theta 1 or ZSM-22 and their microporous systems
=Y lo lo [T g =T o TS0 ] o TSN I 4 TP 41

Figure 2.20. A flowchart representing the different pore sizes of catalysts [3, 137, 145]...... 43

Figure 2.21. A visual representation of the shape selectivity of zeolite catalysts[147] ......... 44
Figure 3-12. Schematic of a Pyroprobe GC-MS (Not to Scale)..........cccceeeeviiiiiiiiiiiieenecin, 52
Figure 3-13. Pyroprobe 5000 pyrolzer (CDS Analytical) system.............cccooivviiiieeiiiieeeeennn, 53
Figure 3-14. Cross section of Py-GC-MS quartz tube..............coooviiiiiiiiiiiccee e, 53
Figure 3-7. Mettler Toledo TGA/DSC 2 STA SYSteM ......vvuiiiiiiiiiiiccee e 55
Figure 3-8. Schematic of X-ray diffraction ..............cccciiiii e 56
Figure 3-9. Bruker D8 advance diffractometer...........cccovvieiiii e 57
Figure 3-10. Quantachrome NOVA 2200e series equipment............ccuevvvveeeieeieeieeeeeeeeeeeeeee. 59
Figure 3-15. Descriptive photo of fast fluidised bed system..........c..ccccooiiiiiiiiii e, 62

Figure 3-16. Process flow diagram fast fluidised bed reactor system process flow diagram

T 0E= LI =T=Y U o PP 63
Figure 3-17. Process flow diagram fluidised bed fast pyrolysis reactor system- final........... 64
Figure 3-18. Initial reactor assembly major steps timeline ..., 67
Figure 3-19. Reactor assembly modifications and improvements...............cccccviiiinieeinnnns 68
Figure 3-20. Fast fluidised bed reactor experimental procedure flow chart.......................... 69
Figure 3-1. Mettler Toledo titration system [166] ...........ccoovviiiiiiiiiiiiiiiiiiiieeeeeeee 74

Figure 3-2. Karl Fischer Titration equipment used for water content determination; (a) Mettler

Toledo V20 Karl Fischer Titrator (b) Sartorius Analytical balance..................coooeieen. 75
Figure 3-3. Brookfield rotational viscometer schematic[168].............cccccvvviiiiiiiiiiiiiiiiiiinnnnnn. 76
Figure 3-4. Brookfield rotational viscometer model DV-Il+ Pro..........cccccccoiiiiiiiiiiiiinns 77

Figure 3-5. (a) Parr 6100 oxygen bomb calorimeter [170]; (b) sample holder and crucible.. 78
Figure 3-6. Bomb calorimeter vessel in-situ in Parr 6100 equipment............ccccccceeiiieeeneeene. 79

Figure 3-11. Varian CP 4900 Micro-GC, micro gas chromatograph with a thermal conductivity

detector (TCD) with two columns (Varian CP-5A mol sieve and CP-PortaPLOT)................ 82
Figure 4-1. Pyrolysis of oleic acid at 400 °C in the absence of a catalyst ...........ccccceevveee. 87
Xi

S.L.Asplin, PhD Thesis, Aston University, 2021



Figure 4-2. Pyrolysis of oleic acid at 500 °C in the absence of a catalyst ...........ccccccceeeeee. 88
Figure 4-3. Pyrolysis of oleic acid at 600 °C in the absence of a catalyst ............ccccceeveeeen. 89

Figure 4-4. Products from the pyrolysis of oleic acid at different temperatures (average values

from dupliCated FUNS) ......cooiiiiiiiii e 93

Figure 4-5. Yields of aromatics and aliphatics from the pyrolysis of oleic acid pyrolysis at

different temperatures (average of duplicate runs, standard deviation given in error bars).. 95

Figure 4-6. Jatropha oil pyrolysis at 400 °C in the absence of a catalyst............................. 97
Figure 4-7.Jatropha oil pyrolysis at 500 °C in the absence of a catalyst.............................. 98
Figure 4-8. Jatropha oil pyrolysis at 600 °C in the absence of a catalyst............................. 99

Figure 4-9. Product composition of jatropha oil pyrolysis at different temperatures *average

values from dUpliCate MUNS ..........oooiiiii e 103
Figure 4-10. Decomposition of linoleic acid (Frankel et al 1984)[195]..........cccccoeeeeiiiiiininn, 105

Figure 4-11. Decomposition of linoleic acid (Shi et al 1994, *adapted from graphic by Jayasena
et al 2013) [196](Shi et al 1994, *adapted from graphic by Jayasena et al 2013) .............. 106

Figure 4-12. Decomposition of oleic and linoleic acid to aldehyde compounds[198].......... 107

Figure 4-13. Degradation products of oleic acid from different parts of the fatty acid molecule

Figure 4-14. Glycerol decomposition products, Mitrea et al. 2017 [205] .........ccccevveeeeeennne. 109

Figure 5-1. N> adsorption-desorption isotherms (a) ZSM-5, (b) 1Ni/ZSM-5, (c) 2Ni/ZSM-5, (d)

BNI/ZSM-5, (€) TONI/ZSIM-5......eiiee ettt e e e e e e e eaaens 114
Figure 5-2. IUPAC adsorption-desorption isotherms[207] ..........couvvieiiiieiiiiiiiiiiiee e 114
Figure 5-3. Hysteresis loops in type IV and type V isotherms[207]..........ccovvvveviiiiiiiiinnnnnn. 115

Figure 5-4. XRD Diffraction Pattern for a) ZSM-5 b) 1Ni/ZSM-5 c) 2Ni/ZSM-5 d) 5Ni/ZSM-5 e)
TONI/ZSIM-5...ee 117

Figure 5-5. XRD NiO peaks at 26, a) 37.2° b) 43.3° ¢) 62.9°d) 75.2° .....ccvvviiiiiiiieiiienn. 118

Figure 5-6. Py-GCMS chromatogram for the pyrolysis of oleic acid at 400 °C: without catalyst
(red); and With ZSM-5 (DIUE). .......uiiiiiiiiee e 121

Figure 5-7. Functional groups products from the pyrolysis of oleic acid with and without
catalysts at: (a) 400 °C; (b) 500 °C; (C) 600 °C...uereiiieiiiiiiiiieeee e 123

Xii
S.L.Asplin, PhD Thesis, Aston University, 2021



Figure 5-8. Yield of major compound groups in the catalytic pyrolysis of oleic acid (average

values from dupliCate rUNS) .......oooiii i 126

Figure 5-9. Decomposition of oleic acid to aromatics in the presence of H-ZSM-5 catalyst,

Benson €t al. 200821 7] ...cceeeeeiiiiee e e e e e e aar e aaaeeaanna 128
Figure 5-10. Proportions of aromatics from pyrolysis of oleic acid at 400 °C ..................... 129
Figure 5-11. Proportions of aromatics from pyrolysis of oleic acid at 500 °C ..................... 130
Figure 5-12. Proportions of aromatics from pyrolysis of oleic acid at 600 °C ..................... 130

Figure 5-13. Py-GCMS Chromatogram showing decomposition of jatropha oil in absence of
catalyst at 400 °C (red) & decomposition of jatropha oil in the presence of a ZSM-5 catalyst at
00 O (o) 1= TSRS 133

Figure 5-14. Functional groups products from the pyrolysis of jatropha oil with and without
catalysts at: (a) 400 °C; (b) 500 °C; (C) 800 °C....oovrrnieiiieeeeeeeecee e 135

Figure 5-15. Decomposition of glycerol, Corma et al. 2008 [202] ...........cccoevvriiiieeeeeeeerennn, 137

Figure 5-16. Decomposition of palmitic acid to aromatic compounds, (1A) decarboxylation,
(1B) decarbonylation, (1C) ammonia substitution, (2A) thermal cracking, (2B) amine pyrolysis,
(3) catalytic cracking, (4) oligomerization, cyclization, and aromatization, Fisher et al.
20D 20ttt a e e e e e e e e e e e aaaaaaaaaas 138

Figure 5-17.Yield of major compound groups in the catalytic pyrolysis of jatropha oil (average

values from dupliCate rUNS) .......oooeiiiii 140
Figure 5-18. Proportions of aromatics from pyrolysis of jatropha oil at 400 °C................... 141
Figure 5-19. Proportions of aromatics from pyrolysis of jatropha oil at 500 °C................... 141
Figure 5-20. Proportions of aromatics from pyrolysis of jatropha oil at 600 °C................... 142

Figure 6-1. GCMS chromatogram of acetone with jatropha oil and peak identification (2:1)

Figure 6-2. Visual comparison of fresh jatropha oil (left) and fluidised bed fast pyrolysis liquid
PrOAUCE (FIGNT) ettt e e e e et e e e e e e e e e e e e eeeas 152

Figure 6-3. Relationship between water content and viscosity of pyrolysis bio-oils, Nolte et al.

Ol L0 24 | [P UPRPPROPPRR 153
Figure 6-4. GCMS chromatogram acetone: liquid pyrolysis product (3:1) from run 1......... 154
Figure 6-5. GCMS chromatogram acetone: liquid pyrolysis product (3:1) from run 2......... 154

Figure 6-6. GCMS chromatogram acetone: liquid pyrolysis product (3:1) from run 3........ 155

S.L.Asplin, PhD Thesis, Aston University, 2021



Figure 6-7. Pyrolysis liquid products from jatropha oil in a fluidised bed reactor at 450 °C 156

Figure 6-8. Decomposition scheme for oleic acid to alcohols and ethers, Wang et al. [227]

Figure 6-10. Beims et al., 2018, Composition of gaseous fractions produced in thermal

cracking of soybean 0il(SO) and soybean oil:hydrogenated fat mixtures (SH)[2]............... 161

Figure 6-11. Mass balance, composition of products for fluidised fast bed pyrolysis of jatropha

Figure 6-12. Product distribution from non-catalytic pyrolysis of jatropha oil: a) Py-GCMS at
400 °C, b) Py-GCMS at 500 °C; and c) fluidised bed at 450 °C...........cccocciriiiieeeeeeieenee, 165

Figure 6-13. Part one- conversion of esters to aromatics in the presence of a ZSM-5 catalyst,
(o F= T o] o TI= = 1 2 I T 2 P 167

Figure 6-14. Part two- conversion of esters to aromatics in the presence of a ZSM-5 catalyst,
Habibi et al., 2018 [229] .....ccoiiiieeei e e e e e aaaaa 168

Figure 6-15. Decomposition of esters BTX aromatics, Singh et al., 2021[230] .................. 169

LIST OF EQUATIONS

Equation 3-5. BragQ's QW ..........cooeiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 57
Equation 3-6. BET SpecCifiCc SUMace ar€a ..........ccooveeiiiiiiiiiiiii et 58
EQUation 3-7. BJH POIE SIZE......ooiiiiiii ettt e e e e et a e e e aaane 58
Equation 3-8. Archimedes number for estimation of minimum fluidisation velocity[188] ...... 60
Equation 3-9. Wen and Yu correlation for minimum fluidisation[188]...........ccccvvviiiiiiiinnnnn. 60
Equation 3-10. Reynolds number at minimum fluidisation[188] ............ccovvviivviiiiiiiiiiiiiiiene. 60
Equation 3-1. Redox reaction for Karl-Fischer titration ..o 74

Xiv

S.L.Asplin, PhD Thesis, Aston University, 2021



ABBREVIATIONS

AC

AR

AL

ALl

ASTM

BET

BFB

BJH

BTX

CFB

COLO

ESP

EST

EM

FAME

FAEE

FID

GC

GC-MS

H/C

Acids

Aromatics

Alcohols

Aliphatics

American Society for Testing and Materials
Brauner- Emmet-Teller

Bubbling Fluidised Bed
Barret-Joyner-Halenda

Benzene, Toluene and Xylenes
Circulating Fluidised Bed

Coal Liquids from Coke Ovens
Electrostatic Precipitator

Esters

Electron Microscopy

Pore Diameter (nm)

Fatty Acid Methyl Ester

Fatty Acid Ethyl Ester

Flame lonisation Detector

Gas Chromatography

Gas Chromatography-Mass Spectrometry

Hydrogen to Carbon ratio

S.L.Asplin, PhD Thesis, Aston University, 2021

XV



HHV Higher Heating Value (MJ/kg)

HVRT Hot Vapour Residence Time

ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy
IUPAC International Union of Pure and Applied Chemistry
KF Karl-Fischer

KFT Karl Fischer Titration

L Length (cm)

LHV Lower Heating Value (MJ/kg)

MCM Mobil Composition of Matter

M, Relative Molecular Mass

MS Mass Spectrometry

MZ Microcrystalline

m/z Mass to charge ratio

NIST National Institute of Standards and Technology
NZ Nanocrystalline

PAH Polyaromatic Hydrocarbons

PFD Process Flow Diagram

PTA Phosotungstic acid

PTFE Polytetrafluoroethylene

PS Particle Size (mm)

Py-GCMS Pyroprobe- Gas Chromatography Mass Spectrometry
REY Rare Earth Type Y Zeolite

XVi
S.L.Asplin, PhD Thesis, Aston University, 2021



SgeT

SEM

Si/Al

TCD

TEA

TEM

TGA

TPA

UN

USA

VGO

WCO

WHSV

XRD

ZSM-5

Surface Area (m2/g)

Scanning Electron Microscopy
Silica Alumina ratio

Thermal Conductivity Detector
Tetraethylammonium
Transmission Electron Microscopy
Thermogravimetric Analysis
Tetrapropylammonium
Unidentified

United States of America
Vacuum Gas Ol

Pore Volume (cc/g)

Waste Cooking Ol

Weight Hourly Space Velocity
X-ray Diffraction

Zeolite Socony Mobil-5

S.L.Asplin, PhD Thesis, Aston University, 2021

XVii



CHAPTER 1.0 INTRODUCTION
1.1.Research outline

This research considers the pyrolysis of the inedible vegetable oil feedstock, jatropha
oil and the triglyceride model compound oleic acid to produce higher-value compounds
such as aromatics. The higher value compounds of interest include aromatics, which
are staple chemical compounds used for a wide variety of products that we rely on a
day-to-day basis. The aromatics known as benzene, toluene and xylene (BTX) are of
particular interest, as they have many applications, including clothing, packaging,
solvents and paints. Presently, BTX production depends on depleting fossil fuels[1].
Therefore, renewable and sustainable means to produce these high-value aromatics
are desirable. Among these renewable resources are inedible oils, some of which have
a very high proportion of unsaturated fatty acids, including the jatropha oil feedstock
selected for this work. This is of significance as these types of fatty acids reportedly
allow the production of aromatic compounds via thermal catalytic processes. Although
lignocellulosic feedstocks are heavily utilised in thermal catalytic processes, the use of
a triglyceride feedstock for the production of aromatics has additional benefits. The
organic compounds from pyrolysis, including aromatics, are contained within the bio-
oil product from pyrolysis of the feedstocks. It is known that bio-oils from lignocellulosic
feedstocks have higher water content and oxygen content reducing their heating value
and stability in comparison to triglyceride bio-oils where the water content is negligible,
improving the quality of the bio-oil and removing the need for pre-treatment of the

feedstock via methods such as torrefaction[2].

The jatropha oil feedstock used in this work comprises triglycerides, consisting of one
glycerol molecule and three fatty acid chains of differing lengths [3] [4]. However, the
most prevalent fatty acid chain in this feedstock is oleic acid making up around 46 wt.%
of the oil [3, 5-10]. For this reason, oleic acid was selected as a jatropha oil model
compound. Its application would allow a less complex analysis of the potential

decomposition pathways of this feedstock to obtain higher-value compounds.

In this work, two pyrolysis systems have been utilised to convert the feedstocks,
including a pyroprobe (CDS 5200 pyrolyzer) with gas chromatography and mass
spectrometry (Py-GCMS) for the non-catalytic and catalytic conversion of oleic acid
and jatropha oil. A 90 gh™ fluidised bed fast pyrolysis reactor was utilised for the non-
catalytic conversion of jatropha oil. The methodologies used for the experimental work

can be reviewed in Chapter 3.0.
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Firstly, the non-catalytic pyrolysis of oleic acid and jatropha oil is considered in the
absence of catalyst in Chapter 4.0. The Py-GCMS was utilised to process oleic acid

and jatropha oil samples at 400 °C, 500 °C and 600 °C in the absence of a catalyst.

The non-catalytic data from the Py-GCMS investigations was obtained to investigate
jatropha oil's thermal decomposition pathways. In addition, the oleic acid compound
was utilised to provide a less complex data set to make it easier to establish such

pathways and ascertain if any aromatics were present in the absence of a catalyst.

Following this, the catalytic conversion of oleic acid and jatropha oil is considered in
Chapter 5.0. The two feedstocks were processed using the same Py-GCMS system
utilising a ZSM-5 and several Ni/ZSM-5 catalysts with varying nickel loadings (1 wt.%,
2 wt%, 5 wt.% and 10 wt.%). The Ni/ZSM-5 catalysts were prepared by wet
impregnation as per the methodology described in Chapter 3.0, section 3.2.2 and
investigations were conducted using the temperatures 400 °C, 500 °C and 600 °C. The
metal nickel was selected alongside ZSM-5 because literature suggested that it can
improve the yields of aromatics. These investigations were conducted to ascertain the
implication of adding a catalyst or change in reaction temperature on the aromatics
yields. Furthermore, data obtained from the decomposition of jatropha oil in the
absence of a catalyst could be compared to data obtained from the fluidised bed fast

pyrolysis reactor system.

The fluidised bed fast pyrolysis reactor used is a bench-scale system commissioned
to process liquids and undertake preliminary investigations using jatropha oil. The
characteristics of jatropha oil, including viscosity, higher heating value, water content,
and fatty acid composition, were initially established and compared against data from
the literature. Pyrolysis tests were carried out for ~30 minutes, at a 450 °C, 90 gh™
flowrate, and using silica sand (250-355 pym) as bed material. The pyrolysis liquids
were characterised by GC-MS, and major components identified were esters, together
acids and small amounts of aldehydes. These preliminary results are relevant as the
identified components in the pyrolysis liquid have the potential to yield aromatics via
catalytic pyrolysis. Therefore, further studies using catalysts such as ZSM-5 with other

metals are recommended within the future work.
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1.2.Research goals and objectives

In this work the overall aim is to determine a route for the conversion of a triglyceride
feedstock aiming to yield aromatic products, including BTX. This will involve the
identification of pyrolysis conditions (temperature, catalyst: feedstock ratios) that
favour decomposition pathways yielding higher proportions of aromatics and BTX,
which may be achieved by considering the following:

o Utilise a fatty acid model compound prevalent in the selected feedstock to
understand the decomposition pathways and contribution towards the
formation of aromatics and BTX.

o Asses the effect of different temperatures on the selected triglyceride feedstock
and model compound in the absence and presence of a ZSM-5 catalyst on the
yield and distribution of aromatic compounds, with a focus on the evolution of
BTX.

o Determine if the addition of nickel to the ZSM-5 catalysts (Ni-ZSM-5) implicates
the yields and distribution of aromatics, in particular BTX in the selected
conversion process or analytical pyrolysis system.

o Extrapolate the small-scale pyrolysis tests into a continuous fluidised bed

pyrolysis system to compare the effects in aromatic and BTX yields.
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CHAPTER 2.0 LITERATURE REVIEW

2.1.Biomass feedstocks

2.1.1.Introduction to biomass

Biomass is a readily available, renewable, and potentially sustainable alternative to
fossil fuels such as natural gas, coal and oil, which are typically utilised to produce
energy, fuels, and chemicals. Biomass like fossil fuels is a source of hydrocarbons,
organic compounds made of carbon and hydrogen. A future alternative to these is
necessary, owing to the finite nature of these resources. In addition, demand for these
types of resources is only growing due to increasing populations worldwide. So, a
renewable alternative could help provide security for future generations. Furthermore,
it is of significance that they also produce less greenhouse gases than fossil fuel
alternatives[3, 8]. Greenhouse gases include carbon dioxide (CO2), methane (CH.),
and nitrous oxides (NOy) that are released by the burning of fossil fuels. These
greenhouse gases are released into the earth's atmosphere, stop solar heat from
dissipating back into space, and heat the earth, contributing to globally rising
temperatures. Further issues such as acid rain and ozone depletion are associated
with the release of sulphur oxides, nitrous oxides, hydrocarbons and carbon monoxide

[11]. Therefore, the application of biomass feedstocks will bring a multitude of benefits.

Although plant materials can be regrown once used, considerations must be made to
utilise biomass sustainably. In recent years the utilisation of edible biomass to produce
fuels, energy and chemicals has created what is known as the food versus fuel debate
[12]. Using food sources to produce fuels or chemicals directly competes with the food
supply chain, risks increasing food prices and reduces agricultural land availability for
food production. Simply it is immoral and unethical to create competition between the
food and fuel industries. Ideally, land utilised for energy crops should not be detrimental
to the availability or cost of food products. Ultimately, a balance must be struck
between producing more food in a world with an increasing population while increasing
the availability of sustainable energy, fuels, and chemicals. The food versus fuel
argument also considers that agricultural land is not just used for food or fuel; it is also
used for flowers, plants, and pharmaceutical ingredients, to name a few. It highlights
the importance of ensuring that land can be utilised without creating competition that

could be detrimental to the environment, economy or people’s health [12].
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The above arguments need to be considered when selecting a sustainable feedstock.
The selection of a biomass feedstock can be complex as it can also be influenced by
but not limited to; its means and ease of production, cost, energy density,
environmental impacts and other uses of the oil, e.g. food, cosmetics and medicinal
benefits [3, 13].

All of these must be considered alongside the potential of the feedstock to yield the
desired product, i.e., biofuels or higher value chemicals. There are multiple types of
biomass feedstocks, but the two well-known types can be categorised as either
lignocellulosic (solid biomass) or triglyceride (liquid biomass) feedstocks. Ideally, the
selected biomass feedstock should be unsuitable for humans and animal consumption,
which means being inedible. Inedible biomass feedstocks contain toxic compounds

and typically grow on marginal land unsuitable for food crops [14].

Examples of lignocellulosic inedible biomass feedstocks include switch grass, forestry,
and crop wastes. [13]. Triglycerides or inedible oils are extracted by pressing the seeds
from inedible plants such as karanja, jatropha, neem, mahua and cottonseed. Further
information about these two types of biomass feedstocks is discussed in more detail
below.
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2.1.2.Lignocellulosic biomass

There are several sources of biomass, but lignocellulosic biomass is prevalent when
considering biomass conversion owing to its abundance in comparison to others such
as algae[14]. This type of biomass includes solid materials such as forest residues,
agricultural waste, industrial waste and energy crops [15, 16]. These feedstocks are
composed of cellulose, hemicellulose, and lignin; the two former compounds are
carbohydrate polymers, while lignin is an aromatic polymer. Alongside cellulose,
hemicellulose and lignin, small amounts of extractives such as fats, resins and ash can
also be found [17]. The chemical structures for hemicellulose, cellulose, and lignin can
be found in Figure 2.1.
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Figure 2.1. Composition of lignocellulosic feedstocks [15]

The proportions of cellulose, hemicellulose, and lignin within each type of biomass
vary, but typically lignocellulosic materials are comprised of 40-50 wt.% cellulose, 10-
25 wt.% lignin, and 25-40 wt.% hemicellulose. A significant challenge associated with
this type of feedstock is its high oxygen content in the range of 37 wt.% to 50 wt.%.
The oxygen content can be reduced via biomass conversion processes which can also
increase the energy density[18, 19]. The feedstock energy density can also be
influenced by other factors such as ash and water content. Lower ash content can be
found in woody fuels[20]. As for the water content, this is significant as the water often
has to be evaporated from the biomass before its use. This is very energy-intensive,

making the process less economical [17].
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2.1.3.Triglyceride biomass

Triglyceride based feedstocks are substantially different from lignocellulosic
feedstocks. Firstly, most triglyceride feedstocks are typically liquids rather than solids.

In addition to this, they are comprised of a glycerol molecule and three fatty acid
molecules, as shown below in Figure 2.2 [3] [4]:

° Ester Bonds

o4
ST | =
T o Fatty Acid Chains
Glycerol
Molecule

Figure 2.2. Structure of a typical triglyceride molecule

These three fatty acid chains are typically hydrocarbon chains twelve to twenty-four
carbons in length, with some being the same and others different lengths, in different
triglyceride molecules. This type of feedstock has a very high hydrogen to carbon ratio

(H/C) combined with low oxygen content. This can be observed from the graph Figure
2.3 below.
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Figure 2.3. Van Krevelen plot for principal biomass constituents[21]

S.L.Asplin, PhD Thesis, Aston University, 2021



The graph Figure 2.3 above compares the hydrogen to carbon ratio as well as oxygen
to carbon ratio of several different types of feedstocks. The lipids include triglycerides
whereas the carbohydrates included the formerly discussed cellulose and
hemicellulose compounds that are found in lignocellulosic feedstocks. This is desirable
as the higher hydrogen to carbon ratio and lower oxygen content increases the energy
density of the feedstock [18]. This is helped further because oil and water are
immiscible. Therefore, this type of feedstock also benefits from negligible water
content, unlike lignocellulosic feedstocks which can be subject to the previously

mentioned energy intense process of evaporating the water before it can be utilised.

Triglycerides can be categorised into four categories: crude vegetable oils, used
vegetable oils, animal fats, and inedible oils. A summary of several types of oil, both
edible and inedible, that are popular in literature are summarised in Table 2-1 below.
This offers insight into the diverse applications of differing oil feedstocks and the

climate and region of the world where they are grown.
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Table 2-1. Summary of popular triglyceride feedstocks

Applications Region of Growth and Conditions Alternative Names
Edible Oils

Rapeseed Widely utilised edible oil in Europe, America and Australia [3]. Major uses Rapeseed crop is grown in Europe, Western Brassica Campestris

vegetable oil (human consumption), animal feed, and biofuels feedstock. Asia, and Northern Africa (temperate climates) Oleifera [22]
[22].

Canola Widely used for human consumption and promoted as being healthier as it Rapeseed crop, it is usually found growing in Low Erucic Acid
contains less saturated fats and high amounts of mono-unsaturated fats than | western Canada in semi-arid conditions [22] Rapeseed Oil
regular rapeseed [23].

Palm Cooking, food products (frying oil, margarine spreads, salad oils, fats for The crop is grown widely in South East Asia and | Elaeis
desserts-ice cream, sweets, infant formulae and noodles), oleochemicals Indonesia, it is the most popular oil of choice in guineensis[27]
industry (fatty acids and fatty esters for non-food products and biofuel) [3].[24, | Asia and Africa. Malaysia and Indonesia are the
25]. largest exporters of the oil [3, 26]

Soybean This oil has applications in food and non-food products [2, 3]. For non-food Soybean is predominantly harvested in the Glycine Max L.
produce, soybean can be used to produce biofuel, it is only at a commercial USA, Brazil, Argentina, and China. The crop is Merrill[28]
scale in the USA[28]. Other non-food items include paints, cosmetics and highly sensitive to environmental fluctuations
plastics[23]. As for food produce the oil is used for cooking mostly in the USA | and grows best in temperature conditions [28]
but also in Australia and Europe to an extent but others are more popular[3].

Cottonseed | Although this oil is less commonplace, it still has a wide range of food and This crop requires a tropical or sub-tropical Gossypium Hirsutum
non-food applications. These include cooking oil, salad dressings and cake environment. It is widely cultivated in India, L. [28]
shortenings. A small amount is used in soaps and cosmetics.[29] USA, China & Pakistan [28]
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Applications

Region of Growth and Conditions

Alternative Names

Inedible Oils

Castor The wide variety of applications include soaps, lubricants, paints, and minor The castor bean crop yields best in sub-tropical | Ricinus Communis
pharmaceutical applications. The pharmaceutical applications are only minor climates but can also prosper in semi-arid L.[30]
owing to castor oils laxative properties[30]. environments. The predominant country of

production is India, particularly within the
Guijarat region. Other areas of production
include China, Brazil and areas of Africa [30].

Karanja This oil has quite varied applications either as a biofuel or body care products | This tree grows best in tropical or sub-tropical Pongamia Pinnata[7]

including soaps, creams and hair care [7]. climates and is particularly well established in
India. It is a versatile plant as it can grow in
most soil types.

Jatropha This oil is mostly utilised for its potential biofuel applications. Other This plant grows well in tropical or sub-tropical Jatropha Curcas][7]
applications include remedies within traditional medicine and veterinary environments on marginal land. The
medicine [31, 32]. predominant areas of production include

countries in sub-Saharan Africa, India, south
east Asia and China [33].

Neem This oil has applications within the agricultural and cosmetics industry. In the The Neem tree is native to eastern India and Azadirachta Indica
agricultural industry it is used as a bio-pesticide to protect crops. As for Burma. It grows in tropical climates in other or A. Indica[37]
cosmetics it is used in hair and skin care products. It also has uses in areas including South East Asia, Western
traditional medicine because of its antibacterial properties [28, 34, 35]. Africa, Central America and Mexico [36]
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2.1.3.1.Inedible Triglyceride Feedstocks

This work will focus on the conversion of inedible feedstocks via pyrolysis. The
particulars of this process are discussed further in section 2.2.1 within this chapter.
Firstly, discussion of the inedible crops mentioned in Table 2-1 above will be
consideered. These oils can mostly be grown on marginal land; this enables the
production of renewable energy, income and employment from land that may have
otherwise provided nothing. The use of inedible crops categorises these products as
second-generation bioproducts (first generation are those from edible feedstocks). It
is known that the technology for processing these types of feedstocks is less
established, offering a greater window for development [8, 38, 39]. Inedible oils also

provide an economic benefit as they are typically cheaper than edible oils [40].

The potential of castor, neem, karanja, and jatropha oil as triglyceride feedstocks, will

be evaluated considering factors such as availability, cost, and present applications.

Castor oil contributes a mere 0.15 % to vegetable oil produced worldwide. It is
considered a speciality chemical worldwide as it is the primary source of commercial
hydroxylated fatty acids [30]. The fatty acid within castor oil is ricinoleic acid, which is
not common in other edible or non-edible oils. This unique property is likely to increase
its cost compared to the other potential oil feedstocks [3]. The cost of castor oil can
fluctuate depending on the cost of other vegetable oils, and it can vary widely and be
highly volatile [41]. For example, in 2002, its cost stood at 650 US$ ton™ and rose to a
maximum of 2700 US$ ton™' by 2011; although in early 2017 the cost had dropped to
523 US$ ton™' [41, 42]. In summary, this oil has limited applications outside of its
specialist chemical industry applications. It has a volatile market price and little
evidence from other studies or investigations to indicate its potential to produce

aromatics or fuels.

Jatropha oil primary application is within sustainable fuels research. The oil is deemed
promising due to its economic viability, which arises from its ease in cultivation
because of its high oil yield and capacity to grow on marginal land that is less fertile
[43, 44]. Multiple studies investigate and discuss its potential as a renewable fuel
source [33, 43, 45-49]. Some biofuel related studies using jatropha and karanja oil
have been carried out at Aston University within the Sustainable Environmental
Research Group, so these oils are readily available to use in desired investigations as
part of this research [50, 51].
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However, some literature studies question the long-term viability and sustainability of
using the jatropha crop. It can be a highly labour-intensive crop at a large scale and
has uncertainty surrounding the crop and oil yields. Although it is an inedible oil, it can
still create food insecurity issues due to its impact on soil quality, especially in rural
areas [12, 52]. The potential implications of using jatropha oil for the production of bio-
chemicals is complex due to various ecological, socioeconomic, legislative, and
technological factors. Ecologically speaking, the Jatropha Curcas plant is drought
resistant and grows well on marginal land, reducing its need for arable land that could
be utilised for food crop cultivation. Furthermore, its shallow and expansive system of
roots has proven to help with soil stabilization, which has helped with soil erosion and
the prevention of landslides. Therefore particularly in rural areas of a tropical climate it
is considered to be better in terms of its environmental and economic benefits
compared with other biofuel crops that can be grown in the region. However, these
benefits have been conflicted by studies which have shown less successful production
of oil than anticipated, with suggestions that the agricultural characteristics of the
jatropha plant are overrated due to low seed yield but this has largely been attributed
to growing jatropha in areas in poor or infertile soil. This means that it's important to
consider where the oil is grown in order to maximise its oil yield and therefore potential
for biofuels or biochemicals production [53]. In order to maximise the yield of oil there
are preferred methods of extraction which is where technological factors arise. The
traditional extraction method starts with roasting seeds which are ground into a paste
and soaked in boiling water with a mechanical stirrer. The oil is separated from the
resulting paste via several simple filtration steps. This method can be carried out at low
cost by a semi-skilled worked so it is fairly inexpensive to obtain the oil this way.
Comparatively other more technical methods like mechanical extraction, solvent
extraction and even enzymatic extraction are available and although they may produce
a better-quality oil product and be more efficient, they also have larger capital costs
and require more highly skilled workers to produce the oil. Ultimately the selection of
the method of production has significant economic and socioeconomic implications. In
areas where the traditional method can be used it could provide an additional or better
source of income to those people and increase their standard of living but decrease
the quality of the oil product making it less profitable. On the other hand, a better-quality
product can be obtained using more highly skilled workers giving a better-quality
product, but this is unlikely to offer a benefit to local people in terms of work
opportunities and increasing their standard of living and could negatively implicate

them in terms of how the change in land use around them implicates their access to
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transport, water and housing if skilled workers are moved into the area. From literature,
the estimated cost of jatropha oil in 2012 literature was 336 US$ ton=". There was no
extensive information on the change in market price, but as this is not a chemical
speciality oil, it is likely cheaper than castor oil [54]. In summary, this oil has numerous
potential applications in the bio-products industry, and the market cost is comparatively

low compared to castor oil.

As for karanja oil, this is known to be used for body care products and biofuels [7].
Similarly, to jatropha oil, this oil has been explored in multiple studies for uses,
including biofuel blends and alternative fuels. However, compared to jatropha oil, it is
evident that it has not been investigated as widely [5, 7, 34, 55-57]. The estimated cost
of karanja oil in 2016 ranged from 471 US$ ton~"' to 1620 US$ ton~" [58]. Although this
is more expensive than jatropha oil, there are other potential benefits of karanja. Unlike
jatropha, the karanja plant is a member of the legume family, and these types of crops
can be used to restore degraded land via the fixation of nitrogen in the soil, whilst
providing the crop for oil production. The literature suggests that the karanja crop

produces 4000 kgha'y"' compared to just 3000 kgha'y™ for the castor crop [59].

In summary, karanja oil is already being investigated for applications within the biofuels
industry. The market cost of karanja oil is slightly more than that of jatropha but less
so than castor oil. However, this additional cost does come with the added benefit of

potentially improving soil quality and using a more sustainable crop.

The final oil of consideration is neem oil which has more widely known applications in
body care. Although it has applications in the agricultural industry for fertilisation and
pesticides, beyond that, it does not seem to be as prevalent in the bio-products domain
or any other significant areas [28, 34-36]. The market price of neem oil was estimated
by calculation from data in the literature to be around 108 US$ ton™' in India and
Australia in 2014 and 2001, respectively. However, in the USA in 2001, data suggested
its market price was around 1746 US$ ton'[60-62]. Despite the large range, neem is

the cheapest and, if not of similar cost to karanja oil.
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Upon assessing the above information, it is apparent that neem has not been
considered in past research studies as frequently as other inedible oils like jatropha
and karanja. Its applications, particularly for skin care, mean that it is readily available

online.

Despite potentially being the cheapest oil out of the four discussed, the market cost of
the oil is only estimated, and present current cost could be quite different. Considering
the above, castor oil was excluded from further consideration, primarily for its volatile
and high market cost attributed to its chemical industry applications. In this discussion,
it will be essential to identify what characteristics of triglyceride feedstock are of
significance when considering their conversion to other products. The physicochemical
properties of triglyceride feedstocks are major parameters to support their selection,
as these can provide an idea of their potential conversion into other products, including
biofuels and aromatics. The following section will compare both the physical and

chemical properties of the oils.

2.1.3.2.Physical and Chemical Properties of Selected Non-Edible Qils

The variety of chemical and physical characteristics associated with the
characterisation of triglyceride feedstocks such as jatropha, karanja, and neem oil
have been selected based on those typically used to analyse conventional fuels. This
is because products from thermal and catalytic conversion processes such as biofuels
must have similar thermal, chemical and physical properties to conventional products
[3]. A range of these parameters are stated in Table 2-2 below, which allows
comparison of key parameters associated with the potential feedstocks jatropha,

karanja, and neem oil:
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Table 2-2. Summary of physiochemical characteristics of jatropha, karanja, and neem oil

Characteristic Jatropha Karanja Neem
}\(Ili';ec?s?itt;: 36.5 cSt @40°C 3 27.9 cSt @40°C pp4 226 cSt
’ [53] ’ [54] @40°C g4
Pourogoint, 11651 4 134] 12166, 67]
H o o [40,
De“i‘;‘l’r'nl5 c, 917- 926 (47,49, 651 936-938 134551 890 o
Average
Molecular Weight 927.99 144 892.7 €8] 815 [69]
(kg/mol)
lodine Value
_ [71 o [34, 57] - [6, 60, 66]
(g12/100g) 93-107 86.5-97.27 65-80
C (74.9),H
Elemental C (70.8),H(10.8),N | C(73.7),H(10.8), N(1.0) S | (10.4), N (0),
Analysis (wt.%); (0), S (0), O (18.31) (0), © (1.76) S(0),0
C,H,N, S & O* 48,70, 71] 1571 (14.7)
[67]
Boiling Point, 395 9I5| 330 1341 o
(°C)
Acid Value
’ _ [7] _ [7, 34, 57] [66]
mg KOH/g 3-38 0.4-16.8 10.2
Water Content, 0.2
o 0.272 0.05 B34 [66]
Oil . .
. 168 in O20OR AIR? 391 in N2 .
Decomposition 295 in N
Temperature °C 2031 4
Higher Heating 37.46-46.91 36.72-41.66 39-40
Va|ue, MJ/kg [45, 47, 48, 65, 70, 71] [34, 55] [40, 66, 67]

* Unavailable data; ** Oxygen content obtained by difference

From Table 2-2, a very low water content (between 0.05 % and 0.2 %) and absent
sulphur contents for all the oils can be observed. This is ideal as a higher water content
could result in higher pre-treatment costs so that the feedstock can be processed. At
the same time, the presence of sulphur could cause catalyst deactivation due to

poisoning, as well as releasing sulphur compounds during the conversion process.

A significant characteristic that could be of concern is viscosity. To process the oll, it
may need to be pumped, which will be more difficult with more a viscous oil. It is
noticeable that neem oil appears to have the lowest viscosity (36.5 cSt) but with its

higher temperature pour point (12 °C), it may be more viscous at lower temperatures.
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The iodine value affects the level of unsaturation of the oil, which may influence how it
decomposes. The acid value indicates oil acidity and, therefore, corrosivity, an
essential factor to consider in long-term use. The final characteristic of significance
from Table 2-2 is the fatty acid composition, as this is the most important in assessing

how it may produce aromatic compounds.

The fatty acid composition of the oils jatropha, karanja and neem constitute varied
proportions of different fatty acids; the typical amounts present in each oil are denoted
in

Table 2-3 below.

Table 2-3. Typical fatty acid composition of jatropha, karanja and neem oil [3, 5-10]

Acid (wt. %) Karanja Oil Jatropha Oil Neem Oil

Oleic Acid (C1sHa:02) 55.00 46.00 48.95

Linoleic Acid (C1sH3202) 16.33 31.20 15.82

Palmitic Acid (C1sH3202) 9.73 10.33 17.00
Stearic Acid (C1sH3602) 7.33 6.25 13.21
Linolenic Acid (C1sH320z2) 1.73 0.32 3.11
Eicosenoic Acid (C20H3s02) 2.30 0.00 0.00
Behenic Acid (C22H4402) 4.20 0.00 0.00
Lignoceric Acid (C24H4802) 0.67 0.00 0.00
Myristic acid (C14H2s02) 0.00 0.33 0.01
Arachidic Acid (C20H400z2) 0.57 0.00 0.53
Other 2.14 5.57 1.37

The information in Table 2-3 is of significance because different fatty acids can
decompose into different products, and some may yield more aromatic compounds
under given conditions than others. From Table 2-3, it is observed that the three most
abundant fatty acids in jatropha, karanja and neem oil are oleic acid, linoleic acid and
palmitic acid. Although similar, these three fatty acids have structural differences,
which can be seen in Figure 2.4 below:
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Oleic Acid | Linoleic Acid ‘ Palmitic Acid
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' bond }
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a) Monunsaturated Fatty Acid ~ b)Polyunsaturated Fatty Acid ¢) Saturated Fatty Acid

Figure 2.4. Skeletal formulae of: (a) oleic; (b) linoleic; and (c) palmitic acid

From Figure 2.4 above it can be observed that the compounds oleic acid (C1sH3402)
and linoleic acid (C1sH320-) are structurally more similar. The main difference being an
additional double carbon bond in the linoleic acid and, therefore, two less hydrogen
atoms. This difference is what makes oleic acid a monounsaturated fatty acid and
linoleic acid a polyunsaturated fatty acid. As for palmitic acid (C16H320>), this is defined
as a saturated fatty acid with none of these double bonds present. These differences
in structure are of significance as they could affect the products from their
decomposition. The decomposition of these fatty acids and others are studied because
they are common in other triglyceride feedstocks, so they are used as model
compounds [75, 76]. Using a model compound allows a greater understanding of a
particular component’s decomposition and identification of key products from its
conversion. Therefore, making it easier to deduce decomposition pathways of
compounds within the feedstock. These potential pathways are discussed in section

2.3.3, focusing on triglyceride compounds' thermal and catalytic decomposition.

The conversion of triglyceride feedstocks is a topic of both value and interest owing to
the potential to produce renewable bio-based products appropriate for utilisation in the
fuels and chemicals sector [77]. As a result, various processes have been developed
and refined, such as the transesterification of triglycerides, widely used in Brazil. This
process produces a renewable fuel known as biodiesel, also called fatty acid methyl
ester (FAME) or fatty acid ethyl ester (FAEE), which is presently used as an additive
to diesel [78]. However, this process alone will not satisfy the entire global demand for
liquid fuels, especially in areas where fuel distribution is difficult [79, 80]. A summary
of the various processes typically utilised to convert lignocellulosic and triglyceride

feedstocks is discussed further below in section 2.2.
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2.2.Biomass conversion processes

Thermal or chemical conversion technologies can be utilised to convert biomass
feedstock to biofuels or biochemicals, particularly higher-value chemical products [16,
20]. The application of renewable feedstocks is beneficial as it can reduce emissions
of greenhouse gases, compared to when they are manufactured from fossil fuel
sources, reducing the impact upon our environment [81]. Numerous processes are
being researched and implemented with potential feedstocks to provide more

sustainable and environmentally friendly methods of producing fuels and chemicals.

There are multiple conversion processes, with combustion, torrefaction, hydrolysis,
gasification, transesterification, pyrolysis and hydrotreating being common choices.
Each of these processes has specific conditions and different types of products due to
the nature of the process. The products can be implied by the type of feedstock (i.e.,
lignocellulosic or triglyceride) utilised due to their different chemical composition and

structure. This work focuses on the application of the fast pyrolysis process.
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2.2.1.Pyrolysis

The pyrolysis process is an advanced thermal treatment method involving biomass
degradation in the absence of oxygen [82]. The process requires an external heat
source to maintain a temperature of 300 °C to 850 °C depending on the type used (fast
or slow). The process requires a consistent biomass feedstock that is not contaminated
with foreign objects; otherwise, it can damage or corrode the equipment [17, 83]. This
conversion method has been noted as a convenient and valuable technology [84]. The
three primary products from biomass pyrolysis are solids, liquids and gases, and their
distribution varies depending on the biomass properties and pyrolysis conditions used.

The main pyrolysis products and examples are shown below in Figure 2.5 below.

Pyrolysis in an ‘ ‘
Feedstock inert Atmosphere

Fixed Carbon, Hydrophilic C0,, CO, CH,,
Volatile Organics, water H,, C, gases
Materials & Ash and tars

Figure 2.5. Major types of products obtained from pyrolysis of biomass. (adapted from [82, 83])

Biomass degradation can also be referred to as thermal cracking or catalytic cracking
when carried out in the presence of a catalyst [3, 15]. The solid product from pyrolysis,
also known as char, is a residue with a varying carbon content between 60 % and
90 %. Whilst some of this maybe fixed carbon, the remaining inorganic material is
referred to as ash [82]. Almost all the feedstock’s alkali metals, including potassium
and sodium, can be found in the ash [85]. The presence of these metals can have
catalytic effects on pyrolysis resulting in higher char yields, with the char itself
potentially having a higher reactivity and ignition properties[82]. Although, the solid
pyrolysis products have applications as biochar (i.e., soil amendment) in commercial
process the char is typically burnt to provide process heat. The liquid product is an
organic liquid known as bio-oil it is a homogenous mixture of organics, water- and
water-soluble organics. This material is usually a single phase but can be phase-
separated liquid if too much alkali metals crack too much water in the feed. Phase
separation occurs when water from the feedstock or water produced in the pyrolysis

reaction condenses with the products in the oil [82].
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Finally, the gas product, which often comprises varying proportions of CO,, CO, CHya,

and small chain hydrocarbon gases that can be burnt as a fuel.

The processing of biomass via pyrolysis benefits from the flexibility to produce varying
proportions of liquid, gas, and solid products, each of them with varying applications.
Pyrolysis conditions can be altered to maximise the desired product's yield. In some
cases, the liquid pyrolysis products have reduced water and oxygen content compared
to their parent biomass feedstocks, which improves the calorific value and stability of
the liquid product, often known as bio-oil [2]. Following pyrolysis, bio-oil products may
be upgraded using hydrotreating, which alters the oxygen content by using high
temperature, pressure, and hydrogen in the presence of a catalyst. This improves the
quality of the bio-oil product further and can allow it to be used within conventional

transportation fuels[86].

2.2.2.Types of pyrolysis

There are two different types of pyrolysis, slow and fast. The difference between the
types is based on the different residence times known as hot vapour residence time,
temperature range, and heating rates as shown below in Table 2-4 alongside other

additional parameters assoicated with each type of pyrolysis [37, 82, 85, 87-89]:

Table 2-4. Parameters for slow and fast pyrolysis of different types of lignocellulosic feedstocks [37, 82, 85,

87-89]

Parameter Slow Pyrolysis Fast Pyrolysis
Typical Operating 400 500
Temperature (°C)
HVRT* Hours to days ~1-2s
Heating rate (K/min) <10 >300
Ideal Feedstock Particle PS (5-50), L (<30) PS-Less than 3
Size (PS) (mm), Length (L) (diameter)
(mm)
Moisture Content (%) <40 but ideally <30 <10

"HVRT- Hot Vapour Residence Time
It can be observed from Table 2-4 that the feedstock's particle size and moisture
content are important parameters that influence the yield of liquid and solid products

in all three types of pyrolysis of lignocellulosic feedstocks. A higher moisture content
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usually means less solid is produced, resulting in more water collecting within the liquid
bio-oil [37, 82, 87-89]. This can make it more likely for a phase separated product to
form. The proportion of the products is also influenced by the type of pyrolysis utilised,
shown below in Table 2-5[17].

Table 2-5. A summary of the typical fractions of products from different types of pyrolysis of a lignocellulosic
feedstock [8]

Pyrolysis Type Produ istribution
Solid | Liquid | Gas

Slow 35% | 30% | 35%

Fast 12% | 75% | 13 %

Furthermore, the composition of the lignocellulosic biomass feedstock affects the yield
of the different products. An important consideration is the proportions of the three
main biomass components, including hemicellulose, cellulose, and lignin. These
undergo different reactions during this process, and these proportions vary in different
feedstocks [90].

2.2.3.Fast pyrolysis systems

Typically, reactors are utilised for just one or two of the different types of pyrolysis as
they all operate most effectively in different ways. It would be complex to design a
system that would efficiently manage more than this [20]. Of the different types of
pyrolysis and reactor types available, it is apparent from the literature that fast pyrolysis
of biomass is often used when the desired products are high-quality bio-oil for liquid
fuels or chemicals [20, 85, 87, 91, 92].

As the focus of this work concerns the conversion of a liquid feedstock to produce
aromatic chemical compounds, the discussion of reactor types typically used for fast
pyrolysis is of significance. Therefore, the main reactor types associated with fast

pyrolysis are presented in Figure 2.6 below:
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Figure 2.6. Reaction systems for fast pyrolysis: (a) ablative, (b) bubbling fluidised bed (BFB), (c ) circulating
fluidised bed (CFB), (d) auger (screw), (e) vacuum, (f) rotating cone [93]

Of these reactor types, the bubbling fluidised bed reactor is of most significance
because these reactors are of simple design and operate with good temperature
control and heat transfer. Moreover, their high liquid yields are desirable for the
application to produce liquid fuels and chemicals and are more easily scalable to
commercial capacities than other reactor types[20, 92]. The utilisation of this reactor
type to process a liquid triglyceride feedstock using fast pyrolysis is further supported
by additional information in Table 2-6 below.
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Table 2-6. Lignocellulosic feedstock pyrolysis reactor design selection parameter matrix [94]

Low

Reactor . i Capital Low . Operating -
Type Simplicity Expenditure = Temperature Ga;;?iglld Cost Scalability
. : Very Very Very
Ablative Fair Good Good Excellent Good Poor
Bubbling
Fluidised | SorV | Excellent Sory Good gerY | Excellent
Bed oo 0o 00
Circulating
Fluidised = Fair Good Iy Poor Fair ey
Good Good
Bed
Auger ggg}é Excellent (\3/331 Excellent Good Poor
Vacuum Fair Excellent Excellent Excellent Poor Good
Rotating ; Very Very .
Cone Fair Good Good Good Fair Poor

Out of the six reactor systems shown in Table 2-6, the bubbling fluidised bed (BFB) is
the only system described as good or better in all six of the selection parameters
considered. The high ratings are owed to its simple design, good temperature control
and rapid heat transfer[20, 92, 94]. Combined with the BFB’s high average bio-oil yield
when processing lignocellulosic feedstocks, these factors make this reactor system
desirable for fast pyrolysis of lignocellulosic feedstocks. Furthermore, a high yield of

liquid products may make it easier to scale up if required in the future.

It is apparent across literature that there is a lack of information on the pyrolysis of
liquid triglyceride feedstocks and within bubbling fluidised bed pyrolysis systems.
Therefore, considering this reactor type for processing a triglyceride feedstock novel.
This work focuses on producing aromatic products in liquid form, and there is the
potential for high liquid yields from fast pyrolysis using a triglyceride feedstock.
Examples of aromatic compounds in liquid products from pyrolysis of triglycerides are

given in more detail in section 2.3.2 and 2.3.4.

This system's principles are discussed further, especially when prior studies
demonstrate that high-value aromatic compounds are typically contained within the
liquid products. Bubbling fluidised bed systems rely on fluidisation, and its operation
can be influenced by several design parameters, including nitrogen velocity, the
particle size of bed material, feed rate and reactor operating temperature [95, 96]. The
feed rates of experimental systems can range from a couple of hundred grams an hour
to kilograms per hour[95, 97, 98]i. If a catalyst is utilised, additional consideration will
also be given on how that may be incorporated and a catalyst to feed ratio. There are
generally two given methods for adding a catalyst to a fluidised bed system known as
in-situ or ex-situ. In-situ refers to the catalyst and feedstock mixed inside the reactor,

mainly in the reactor’s bed. In comparison, ex-situ involves utilising a second reactor
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where the pyrolysis gases are passed through for further catalytic cracking [99]. Owing
to the varied number of parameters discussed when investigating a range of catalysts

and feedstocks, pyrolysis gas chromatography is often used.

2.2.3.1. Analytical Pyrolysis

In Pyrolysis- Gas Chromatography- Mass Spectrometry, known as Pyroprobe GC-MS
(Py-GCMS) systems, they operate at smaller scales than those previously discussed,
such as bubbling fluidised beds as these use samples typically less than a milligram.
There are several advantages to utilising such systems, including a reduced time for
analysis compared to larger bench scale systems. It only requires small sample sizes,
reducing the time required for sample preparation(feedstock and catalyst) [100]. With
the thermal and catalytic degradation of biomass being complex, this type of
investigation can directly analyse the resulting pyrolysis products. The results from
pyroprobe investigations are often considered adequately representative of what is
produced when a given sample is pyrolyzed. The products are identified using GC
retention times and mass spectra data allowing comparison with those obtained under
different conditions such as a range of temperatures or catalysts [100, 101]. However,
these small-scale systems do have their differences. Pyroprobe systems typically
operate by heating a sample in an inert atmosphere with the products cleared towards
an analytical system such as GC-MS using a carrier gas. The heating can be carried
out using one of three modes: flash pyrolysis (pulse mode), slow gradient heating
(continuous mode), or step pyrolysis. Typically, analytical flash pyrolysis uses a very
rapid heating rate to ensure that isothermal conditions are achieved when the sample
is pyrolyzed. Thus, the differences in scale and being a batch process rather than
continuous like a bubbling fluidised bed reactor could explain differences in the

products obtained.
2.3.Conversion of triglyceride feedstocks to yield aromatics

The thermal conversion and catalytic cracking of triglyceride feedstocks have been
recorded in the literature as early as the mid-1980s [102]. Some processes have been
used to produce liquid biofuels and highly valuable compounds, including aromatics
compounds such as benzene, toluene, and xylenes. The significance of these high-
value compounds is discussed further below[15, 103]. Furthermore, a summary of
several studies converting triglyceride-based feedstocks predominately using the

pyrolysis process, with an aromatics fraction is provided in Table 2-7 in section 2.3.2.
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2.3.1. Aromatic compounds from fossil fuels

The studies presented in Table 2-7 in the following section demonstrate the varying
proportion of aromatic compounds that have been reported in the literature. Aromatic
compounds production is of significance as their global demand is growing at the same
time as fossil fuel feedstocks are being depleted. Other commodities such as energy,
transportation, fuels, and other chemicals also rely on fossil fuels. Thus, finding
alternative sustainable sources for these commodities is ever more desirable [14, 92].
The energy demand is estimated to increase by 45 % between 2017 and 2040
worldwide, with the most significant growth in developing countries within Asia. An
increasing proportion of this demand could be met using nuclear power or renewable
power, including hydro, solar and wind power or modern bioenergy technologies [104].
As for transportation, there has been a steady growth in the application of biofuels. A
biofuel is a liquid fuel source derived from renewable plant material, commonly called
biomass [14].

In Figure 2.7, it is observed that in 2018 there was a significant increase in bio-fuel
production. From the graph, the bio-fuels produced show a steeper incline between
2017 and 2018, as during this period production grew by 9.7 % worldwide [105].
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Figure 2.7. World biofuels production (MTOE: Million Tonnes of Oil Equivalent) from 2008 to 2018 [105]

However, biofuels do not play a major role in transport infrastructures yet. In 2014
biofuels just had a 4% share of the transport energy demand within the European
Union. The major sources utilised were fossil-derived fuels, including diesel, kerosene,

and gasoline, sharing 55 %, 14 % and 22 % of the transport energy demand.

Furthermore, this major industrial sector still has a high dependency on fossil fuel
feedstocks when it comes to aromatics and chemicals. Around the world, millions of
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tonnes of chemicals are produced per year for further processing into essential
everyday products in this sector. An estimated 70 %of aromatic compounds, including
benzene, toluene, and xylenes (BTX), originate from the catalytic reforming of naphtha,
a fossil fuel derived feedstock. A simple schematic giving an overview of this process

is shown in Figure 2.8:

Mixed

Benzene Toluene Xylenes

Aromatics (
Naphtha l

Benzene and
Mixed Xylenes

Figure 2.8. Schematic overview of aromatics production from naphtha via catalytic cracking [106]

The remaining 30 % of aromatic compounds is still obtained from other fossil fuel
sources, including ethylene plant pygas and coal liquids from coke ovens (COLO) at
23 % and 7 % correspondingly worldwide [1]. This is important because as the world’s
population rises, the demand for energy, fuels, and chemicals to sustain a growing
population will only increase. Some examples of high demand chemicals are ammonia,
methyl alcohol, carbon black, ethylene, propylene, C. olefins and aromatics, including
BTX, just to name a few. Of these chemicals, data that suggests olefins and aromatics
sourced from the steam cracking account for around 57 %, more than half of the fossil

fuels used within the chemical sector [107].

Within the aromatics group, the compounds benzene, toluene, and xylenes (BTX) are
primary petrochemical intermediates considered building blocks in the petrochemical
industry. They have a multitude of worldwide applications, as shown by the pie charts

in Figure 2.9 below [1]:
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Figure 2.9. Worldwide applications of BTX compounds[108]

It is possible to derive many other compounds from BTX, such as adsorbents, paints,
solvents and lubricants, to name a few [1, 103]. Therefore, finding an alternative source
that is both renewable and sustainable for producing these aromatics is highly
desirable. The BTX compounds are comprised of hydrocarbons, which means they

contain the elements hydrogen and carbon. Their structure is shown in Figure 2.10

below:
Benzene Toluene O-Xylene M-Xylene P-Xylene

Figure 2.10. Structures of benzene, toluene, and xylenes

Since aromatic hydrocarbons are currently derived from naphtha, any new alternative
feedstock must be of similar composition to fossil fuels. A potential feedstock is
biomass, particularly triglyceride feedstocks, as they can be converted into either

biofuels or biochemicals, with examples of this discussed in the following section 2.3.2.

2.3.2. Conversion of triglycerides to aromatics

This summary in Table 2-7 considers the use of different triglyceride feedstocks such
as inedible jatropha oil and fatty acids such as oleic acid. Fatty acid compounds have
been studied as model compounds because they can help understand the
decomposition pathways of a proportion of a triglyceride feedstock. This information
can then be used to ascertain how the whole feedstock may decompose under similar

conditions, i.e., different catalysts, temperatures, or pressures [103].
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Table 2-7. Summary of studies evaluating the catalytic conversion of triglyceride feedstocks into aromatic compounds

Process
Reactor Type/ Additional conditions
Info (Temperature and
Pressure)

Oil Type Catalyst

Aromatics yields

Reference.

Jatropha Oil Continu_ous flow fixed | 380°C; 3 MPa PTA 20-_NiMo/ZSM-5 Organic liquid products yield: 70%: out of Yang, 2017, [109]
seeliin nyelEger SR 23 which 59 wt.% was BTX, other major product
T e was light oil.
Fixed bed down flow 550°C; ZSM-5(NZ) (Si/Al 30) Aromatics yield: 45.4 wt. % Viswanadham, 2014,
micro-reactor with N2 atmospheric [43]
carrier gas pressure.
Tubular batch reactor 375°C; ZSM-5(Si/Al 35), ZSM-5 | Highest aromatics yield: 45.9 vol %; achieved | Biswas, 2014 [45]
with N2 carrier gas atmospheric +(Si/Al 45) and Ni- using ZSM-5 (Si/Al 35) catalyst.
pressure. Mo/SiAl (4%Ni, 15% Mo
loading on support)
Soybean Oil Fixed-bed reactor 420° C and ZSM-5 catalysts (Si/Al | Si/Al (28) at 450° C. 79wt.% bio-oil yield with | Thanh-An-Ngo,2010
under nitrogen flow. 450° C. ratios 28, 40, and 180) ~54wt.% of BTX. Overall yield of aromatics | [110]
Unknown 42.7wt.%, also gave 25 wt.% gas and 1wt.%
pressure. coke.
2 wt.% (Ga, Al, or Cu) | Present but negligible and in a mixed of other
impregnated MCM41 hydrocarbons.
catalysts
Fixed bed flow 380° C Ni-Mo/ ZSM-5 (0), Ni- | Present but only in negligible amounts mostly | Chena,2015[111]
reactor under 3 MPa Mo/ ZSM-5 (0.0005), diesel range hydrocarbons (C1s- C1s)
nitrogen Flow. Ni-Mo/ ZSM-5 (0.01) —
Bracket number is
[NHa+]
Ni-Mo/ZSM-5(1.0) Aromatics were present but data only
provided a selectivity of 64.7%.
Fixed Bed Micro 565°C Repsol Industrial FCC 80wt% aromatics Melero,2010,[18]
Activity Unit Catalyst
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Canola Oil | Continuous fixed bed 375-500° C HZSM-5, HY, BTX yield of 40.2wt. % with HZSM-5 catalyst | Sadrameli, 2009,[112]
Micro-reactor with Atmospheric aluminium-pill-clay, at 400°C, other notable products include
argon carrier gas pressure. silica-aluminium, water, coke, and residues.
silicate, HMor
Continuous flow fixed | Range between HZSM-5 41 wt. % within a liquid product yield of Bakhshi,1986,[113]
bed micro-reactor 342°C and 398° 78.1wt.% of aromatics at 383°C and 3.89 oil/g
with argon carrier Atmospheric cat. H. Overall yield of aromatics calculated
gas. pressure. 32wt. %.
Palm Oil Transport riser 450°C, Rare earth Y(REY) 40.6wt % Yield of Aromatics. Bhatia, 2011,[3]
reactor with Argon residence time Catalyst
carrier gas. of 20 seconds,
at Atmospheric
pressure and
catalyst/oil ratio
of 5 g/g.
Tung Oil Fixed Bed reactor 300-500°C Binary oxide solid Tung Oil,66wt% Aromatic Compounds and | Chu,1947,[114]
and Waste Atmospheric superacid Waste Cooking oil 18% Aromatic Compounds
Cooking QOil Pressure S04?7/TiO2ZrO; catalyst
Soyabean Plug flow reactor 525°C None Very small amounts 1.8 %.vol of BTX. It was | Beims, 2018,[2]
QOil and Pressure not observed that this was highest with pure
Soybean reported soyabean oil and was reduced by presence
Hydrogenat of saturated fats (lower iodine value)
ed Fats
Cottonseed | Fixed- Fluidised Bed 520°C Shanghai Oil FCC Aromatics yields 32 vol.% without catalyst; 44 | Li, 2009,[115]
Oil Reactor Catalyst vol.% from catalytic pyrolysis,
Triglyceride Model Compounds
Palmitic Swagelok batch 400°C Ammonium form ZSM-5 Major liquid product was aromatic and Savage, 2013,[116]
Acid reactors, water or 24 MPa (Si/Al 30) alkenes, however this was only 12wt. %.
hydrogen added.
Oleic Acid Fixed Bed Reactor 650°C NiO or Silica and NiO or | 21.5% of total area of deoxygenated products | Fréty,2014 [117]
with a NiO Alumina catalyst- 7 times more

(Pyroprobe

CDS5200)

Alumina (10:1 catalyst

than NiO/Silica

to feed ratio)
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From the studies presented in Table 2-7, it is clear there are similarities and
differences in terms of reactor type, triglyceride feedstocks, and aromatics yields,
including BTX. These include the type of catalyst used, reactor types and the
varying yields of high-value aromatics. First and foremost, the most prevalent
reactor types reported were batch and fixed bed reactors. A significant observation
is that none of these studies from Table 2-7 appeared to utilise bubbling fluidised
bed (BFB) reactors. Furthermore, to date, there is no evidence of triglyceride
feedstocks being processed using this reactor type in the literature. This is
important as aromatic products typically seem to be present within the bio-oil

products. A known characteristic of bubbling fluidised beds is their high bio-oil yield.

2.3.3.Triglyceride decomposition pathways

In Table 2-7 discussed in the prior section 2.3.2, varied reactor types and
feedstocks are used. An observation has been made those three studies denote
that more aromatics may be obtained with a feedstock with a higher degree of
unsaturation. For example, a more unsaturated triglyceride feedstock will have a
higher iodine value [2, 18, 118]. The study by Beims et al. 2018, specifically
investigated the effect of feedstock saturation on aromatics production. A varying
proportion of soybean oil and hydrogenated fats were processed using a 320 gh™’
plug flow reactor at a temperature of 525 °C. It was found that the aromatics content
decreased by 14 % when utilising the least unsaturated feedstock (80 wt.%
soybean oil, 20 wt.% hydrogenated fats) [2]. Zhang et al. 2020, processed Tung
Oil, rubber seed oil, Jatropha oil and waste cooking oil (WCO) using a lab-scale
fixed bed reactor. Tung oil was the most unsaturated oil as it had the highest iodine
number of 141.77 g 1,/100g, and it yielded 66% aromatic hydrocarbons. In
comparison, the waste cooking oil with the lowest iodine number of 88.67 g 12/100g
yielded a significantly lower proportion of 18 % aromatic hydrocarbons under the
same process conditions. Finally, Melero et al. 2010 processed vacuum gas oil
(VGO) with a 30 % proportion of soybean oil, palm oil or waste cooking oil (WCO)
in a fixed bed micro activity reactor at 565 °C. The product distribution of these
different blends followed the same trend observed by Beimsa et al. and Zhang et
al., with both seeing a reduction in the aromatic content using more saturated

feedstocks.
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It is important to understand how unsaturated fatty acids can decompose during
pyrolysis to yield aromatic compounds. One route for the decomposition of
unsaturated fatty acids into aromatics was suggested by Schwab et al. 1998, as

shown in Figure 2.11 below [119]:
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Figure 2.11. Reaction mechanism for the decomposition of unsaturated triglycerides[119]

From Figure 2.11, it was proposed that the ester bond between the fatty acid and
glycerol molecule is broken in reaction “A”, resulting in the formation of a fatty acid
chain. This fatty acid chain further decomposes into alkanes, alkenes, and shorter
chain fatty acids via the pathways “B, C and D”, respectively. The alkenes from
pathway “C” form cycloalkanes and cycloalkenes via the Diels-Alder reactions,
which can consequently undergo dehydrogenation forming aromatics including
BTX. In addition, the alkanes from pathway “E” also contribute to the formation of

aromatics via pathway F.

Triglyceride feedstocks are a mixture of unsaturated and saturated fatty acids
bonded to a glycerol molecule (see Figure 2.2, section 2.1.3), so other parts of the
feedstocks may also yield aromatic compounds. In the mechanism proposed by
Shcwab et al. 1998, (Figure 2.11) the first step leaves the glycerol molecule “R”.
This is of significance as it has been suggested in the in literature by Zakaria et al.
2013, glycerol can decompose into aromatics in the presence of ZSM-5 catalyst

shown by the mechanism in Figure 2.12 below [120] :
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Figure 2.12. Decomposition of glycerol to aromatics in the presence of H-ZSM-5

The further literature explicitly relating to the cracking of triglycerides is not
extensive due to the sporadic nature in which information on this topic appears
over the last several decades [121]. The earliest decomposition pathways of
saturated fatty acids were suggested by Chang et al. 1947, and Greensfelder et al.
1949, which were later modified by Alencar et al. 1983. The development of this
pathway was highlighted more recently in a review by Maher et al. [27, 103, 114,
122]. The proposed reaction scheme by Chang et al. 1947 comprised of sixteen

different suggested reactions as shown in Figure 2.13 below:
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(1) Decomposition of the triglyceride.
CH,0COR' CH,

THOCOCHZR" — TH + R'COOH + R"COOH + R"CH=CO

CH,0COR" CHO

(2) Decomposition of Fatty Acids.
RCOOH - CO, + RH
2RCOOH - CO, + H,0 + RCOR
(3) Decomposition of Ketenes and Acrolein.
2R"CH =CO - 2CO + RHC = CHR
CH, = CHCHO - CO + C; Hy
RCOCH;R -» R—R + CH,CO
2RCOCH,R - 2R, + CO + C,H,

(4) Decomposition into Elements.
CnH2n+2 ->nC+ (n + 1)H2

(5) Dehydration of Paraffins.
CnH2n+2 - CnHZn + HZ

(6) Splitting Decomposition (forward reaction) and (7) Alkylation (reverse reaction) of
Paraffins.

CnHZn+2 = Cn—mH2n—2m+2 + CmHZm
(8) Isomerisation of Paraffins
N — CyHppq2 = 150 = CoHpp 4z

(9) Aromatic Cyclization of Paraffins.
Cen+6)Hent14) 2 CoHap g1 +4H,

(10) Polymerisation (forward reaction) and (11) Depolymerisation (reverse reaction) of
Olefins.

2CnHZn = CZnH4n
CoHzn + CuHom = CormHem+m)

12) Decomposition of Olefins to Diolefins.
13
14
15) Hydrogenation of Olefins.

Decomposition of Olefins to Acetylenic Hydrocarbons.
Aromatization or Cyclization of Olefins.

(12)

(13)

(14)

(15)
CyHan +Hy = CiHopyo

(16) Isomerisation of Olefins.

n—C,H,, = iso—C,H,,

Figure 2.13. Decomposition of saturated triglycerides: reaction mechanism for the Chang et al. 1947
[114]
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Of the reactions shown in Figure 2.13, it is suggested that a large proportion of the
acids, acrolein, and ketenes formed in reaction (1) go on to decompose further in
equations (2) and (3) with hydrocarbon products predominant in gasoline being
produced from equations (6) and (11). From the pathway in Figure 2.13, Alencar

et al.,1983; proposed a slightly different scheme, as shown in Figure 2.14.

s TRIGLYCERIDE 4
1
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5 \ 11
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l 7 i CH,(CH,), ,CH2
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9 REPETITION OF STEPS
A f 10 7,8,9,10 TO FORM
CH,=CH, CH,(CH,), »CH=CH, EVEN RADICALS
1-ALKENE (ODD C ATOMS) EVEN ALKANES AND
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CH,(CH,), ,CH,CH,' CH,(CH,), ,CH,CH,CH,
n-ALKANE (ODD C ATOMS)
REPETITION OF STEPS
7,8,9,10 TO FORM
ODD RADICALS
ODD ALKANES AND
1-ALKENES

Figure 2.14.Reaction mechanism for the decomposition of saturated triglycerides Alencar et al.,1983 [27]

Alencar et al., 1983; proposed that the triglyceride initially decomposed into the
radicals (A) and (B) as shown in Figure 2.14. This gives rise to two different paths
producing a series of odd alkanes and 1-alkenes via decarboxylation of radical (A)
followed by disproportionation and ethylene elimination. A similar process is
applied to the even alkanes and alkenes formed by the loss of ketene from radical
(B), then the same pathway of disproportion and ethylene elimination [27, 103].
However, the triglyceride feedstock utilised will have to consider the combined
decomposition of both saturated and unsaturated fatty acids, which is a lot more
complex, as discussed in work by Idem et al., 1996. Idem et al. studied the pyrolysis
of canola oil in a fixed bed reactor over a temperature range of 300 °C to 500 °C
and suggested the scheme shown in Figure 2.15, the detailed descriptors for the

numbered reactions are available in Chapter 8.0, Appendix One.
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Figure 2.15. Proposed reaction scheme for thermal cracking of a mixture of unsaturated and saturated
triglycerides, Idem et al, 1996 (canola oil) [123]

This set of pathways presented in Figure 2.15 is one of the most complex schemes.
However, it considers the triglyceride feedstock as a whole by representing the
decomposition of both saturated and unsaturated fatty acids using 30 different
pathways. Alongside the processing of canola oil, Idem et al.,1996; identified a
wide variety of studies that concerned the production of hydrocarbons from plant-
based oils or animal fats using catalysts including HZSM-5, Pt/HZSM-5, Silica-
alumina, H-Y, Mordenite, Aluminium Pillared Clays, Alumina Silicate, and other
variations of these catalysts. It was suggested from studies by Weisz et al. 1979,
Prasad et al. 1985 and Katikaneni et al., 1995 that oil conversion and the products
obtained were attributed to the acidity and shape selectivity of the catalysts [113,
124-127]. Furthermore, these authors, in addition to Milne et al., 1998 suggested
that the formation of aromatics was related to the presence of high strength
Brgnsted sites on the catalysts [113, 125-128]. However, this finding contrasts with
conclusions drawn from studies by Chang et al. 1947, Egloff et al. 1932, Lipinsky
et al. 1985, Schwab et al. 1988, and Crossley et al. 1962, who suggested that
formation of aromatics did not necessarily require the presence of acid centres on
a catalyst [114, 119, 129-131].
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There are numerous characteristics of catalysts that may affect the processing of
triglyceride feedstocks discussed in section 2.3.4.1. It will be important to
understand the catalyst's effect on producing different types of compounds,

including aromatics.

2.3.4.Catalytic conversion of triglyceride feedstocks

Catalysts have been utilised in numerous studies concerning the conversion of
triglyceride-based feedstocks. The purpose of using a catalyst may be to improve
the yield or selectivity of the preferred product or sometimes both [6]. There are
many variations in the definition of a catalyst, but simply it is a substance that
changes the kinetics of a reaction but not the thermodynamics. A more detailed
example would be a substance that can transform reactants into products via a
series of interrupted and repeated steps in which the substance participates but is
regenerated and is present in its original form at the end of each cycle throughout

its catalyst’s lifetime [132].

Prior literature suggests two major and two minor categories of catalysts that are
associated with the cracking of edible and inedible triglyceride feedstocks, such as
vegetable oils. These include transition metals catalysts and molecular sieve form
catalysts, whilst others include activated alumina and sodium carbonate [103].

These catalyst types are explained in further detail in Table 2-8 below:
Table 2-8. A summary of common catalyst types used for the upgrading of pyrolysis oils [103]

Catalyst Type Overview

Activated Alumina Different forms of alumina are used to activate
(acidic) the catalyst, which exhibits high catalytic
activity. The common form, y-alumina, has been
utilised in a variety of studies. Key liquid products
included hydrocarbon compounds such as alkenes,
alkanes and in some cases, carboxylic acids [47,
103].

vegetable oils in addition to pure forms of the fatty
acids that these oils contain (i.e., linolenic, linoleic
acid, oleic acid, palmitic acid, and stearic acid). In
different studies, unsaturated fatty acids produced
more aromatic compounds than saturated. Thus,
although there is a presence of aromatics in other
studies, there are less suggesting some
inconsistency. Furthermore, a concern with using
this type of catalyst is that the product can be
contaminated with sodium[103].

Sodium Carbonate This catalyst has been used in pyrolysis reactions of

Transition Metals Widely in the hydro processing industry for the
upgrading of heavy oils. The high-pressure
conditions and temperature range of 350°C to

450°C give diesel-like fuels. Some studies using this
catalyst to process vegetable oils provided products
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Catalyst Type Overview

rich in alkanes and cycloalkanes but not aromatic
compounds[103]. As a primary aim of this project
concerns producing fuels with a higher aromatic
content, this likely makes this catalyst type
unsuitable for this application.

Zeolites These catalysts can also be referred to as molecular
sieve catalysts. The name arises from the size
selectivity characteristic of zeolites, a highly
desirable property as the pore size can be altered to
produce the most desired products. Furthermore,
they are also both crystalline and porous. [103].
These primary properties have made zeolite
catalysts of great interest in bioenergy applications,
especially the conversion of vegetable oils [3, 15].
The popularity of this type of catalyst is
demonstrated However, a major issue associated
with the catalytic cracking of vegetable oils has been
coking. Although there are numerous investigations
into how to improve this issue [85].

The four types of catalysts shown in Table 2-8 are all heterogeneous catalysts. The
difference between heterogeneous catalysts and homogenous catalysts is in the
phases that are present during the reaction. Homogenous catalysts are in the same
phase as their reactants and products, which are typically liquids, whereas, for
heterogeneous catalysts, they are in different phases. The catalyst is typically solid
in these cases, and the reactants and products are either liquids or gases. A benefit
of utilising heterogeneous catalysts is that they can be easily separated from the
product stream, which is highly desirable for applications in continuous processing.
Furthermore, heterogeneous catalysts are typically more resistant to extreme

operating conditions than alternative homogenous catalysts [133].

Of these four major types of catalysts and the triglyceride conversion studies
presented in Table 2-7, it is apparent that zeolite catalysts are highly prevalent in
this area of research. Although transition metal catalysts and activated alumina
catalysts may have been utilised in some cases, these do not seem to yield any
aromatics. Although there is some evidence to suggest sodium carbonate catalysts
may produce small proportions of aromatics, the information in the literature is

inconsistent.

Moreover, most recent studies have focused on modifying zeolites catalysts,
including ZSM-5 and MCM-41 [134]. In literature, the potential of zeolite catalysts
for converting vegetable oils into biofuels is discussed because of their range of
diverse properties [8]. Owing to this, the zeolite catalysts used in studies with
triglyceride feedstocks, with a particular focus upon ZSM-5, are discussed further

in the following sections.
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2.3.4.1.Zeolite catalysts and production of aromatics

When it comes to the use of catalysts and zeolites for the conversion of triglyceride
feedstocks, multiple examples were provided earlier in Table 2-7. This information
has been utilised to provide a more detailed comparison of how different reaction
parameters may influence product distribution and yield outcomes in studies
utilising zeolite catalysts. The majority of the catalyst presented in Table 2-7 are
different forms of ZSM-5, which have proved to be more successful in yielding
aromatics than alternative catalysts such as MCM-41, Silicate, Silicate Alumina,
Beta and Ultrastable Y [110, 112, 113].

The variation in the pyrolysis temperature between 375 °C and 500 °C, and its
effect on aromatics yields via pyrolysis has been reported by Thanh-An Ngo et al.
2010, Sadrameli et al., 2009 and Prasad et al.,1985. Furthermore, Thanh-An Ngo
et al., 2010; also considered the implications of the silica-alumina ratio of the
HZSM-5 catalyst, which is discussed later in this section. The following graphs in
Figure 2.16, Figure 2.17 and Figure 2.18 demonstrate the implications of altering
these parameters on outcomes such as aromatics yield (wt.%.) and conversion
(wt.%). Firstly, considering Sadrameli et al., 2009 whom reported the catalytic
pyrolysis of canola oil for the production of renewable aromatics. A canola oil
feedstock was processed in a continuous fixed bed micro reactor in the presence
of an HZSM-5 catalyst over a temperature range of 375 °C to 500 °C, at
atmospheric pressure, with 1.8 h™' weight hourly space velocity (WHSV) [112]. The
trend showing the change in aromatics yield (wt.%) with the temperature is shown

below in Figure 2.16
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Figure 2.16. Canola oil pyrolysis: Influence of pyrolysis temperature on aromatics yield [112]
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The highest aromatics yield was achieved at a temperature of 400 °C was
40.2 wt.%, decreasing significantly to 33.6 wt.% at higher temperatures of 500 °C.
It is indicated that this trend is attributed to increased catalytic cracking around
450 °C followed by a reduction due to the catalyst losing effectiveness at the higher
temperature of 500 °C [112].

As for the study by Prasad et al. 1985, this considered both the aromatics yield
(wt.%) and conversion (wt.%) of the feedstock in relation to the reaction
temperature. A fixed bed microreactor, HZSM-5 catalyst and canola oil feedstock
within a temperature range of 342 °C to 401 °C. The aromatics yield and conversion
of the oil at the temperatures where the WSHYV are all similar (~3.8 g oil/ g cat. h)

is displayed in the graph Figure 2.17 below.
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Figure 2.17. Effect of temperature on aromatics yield and conversion in the catalytic processing of
canola oil by Prasad et al. 1985 (data from [113] )

From work by Prasad et al. 1985 a similar observation to Sadrameli et al.,2009
work can be made with the aromatics yield increasing with temperature up to
383 °C to a value of 41.0 wt. % but then decreasing to 38.0 wt.% as the temperature
rises further to 398 °C. However, a different trend is observed in the conversion
(wt.%) of the feedstock, with a maximum conversion of 93.0 wt. % achieved at the
highest temperature. This could be attributed to the fact that although fewer
aromatics are formed at higher temperatures, more cracking reactions are forming

other products [113].
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The final study to highlight is that by Thanh-An Ngo. This study highlighted the
trend between the silica-alumina ratio of the catalyst at different processing
temperatures. A soybean oil feedstock was processed in a fixed bed reactor under
an inert nitrogen atmosphere. Several investigations were completed with the
reactor at 420 °C and 450 °C in the absence of a catalyst and presence of an
H-ZSM-5 catalyst with varying silica-alumina ratios of 28, 40 and 180. In Figure
2.18, the effect of both temperature and Si/Al ratio of the HZSM-5 catalyst can be

seen on the conversion of the feedstock:
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Figure 2.18. A graph to show the effect of Silica Alumina ratio of H-ZSM-5 catalysts and temperature on

conversion of soyabean oil feedstock ( data from Thanh- An Ngo [110]

It is observed that the conversion is consistently higher at 450 °C, and Thanh-An
Ngo also noted that bio-oil and gas yields were simultaneously increasing with the
decreasing silica-alumina ratio (Si/Al). This change is attributed to the fact that the
lower the Si/Al ratio, the more acidic the catalyst is. A further observation by Thanh-
An Ngo was that with the ZSM-5 catalyst, the liquid products were predominantly
aromatics. In investigations using the MCM-41 catalyst, significant products
included alkanes and alkenes alkadienes, aromatics and some fatty acids[110].
The characteristics of ZSM-5 catalysts such as acidity are discussed further in
section 2.3.4.2 alongside a discussion of methods in which this type of catalyst

may be prepared or modified to enhance given characteristics.
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2.3.4.2. Zeolites and ZSM-5

Zeolites have numerous applications in the industrial processes and environmental
pollution fields due to their versatile properties [103]. Some zeolites occur naturally;
however, these are often tainted with minerals, metals, quartz, or other zeolites.
Therefore, zeolites used in industry for commercial use or research are produced
synthetically to ensure the purity and consistency of the material [135]. This also
allows for the properties of the zeolite to be optimised for its intended application.
Typically, zeolites consist of AlOs and SiO4 three-dimensional tetrahedral units
linked by oxygen atoms. This network of tetrahedral units can form channels and
cages of different molecular sizes. Within these cages or voids, water molecules
and small cations reside which negate the negative charge of the Silica Alumina

network.

The graphic Figure 2.19 shows the structure of four zeolites and provides

information about the microporous systems and their relevant dimensions [136,

137]:
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Figure 2.19. Structures of four selected zeolites (a) Faujasite or zeolites X, Y (b) zeolite ZSM-12 (c) zeolite

ZSM-5 or silicate-1 d) zeolite theta 1 or ZSM-22 and their microporous systems and dimensions [137])

The zeolite ZSM-5 is a synthetic zeolite widely used in research and industry and
is named so owing to its pore diameter of 5 A. Zeolite catalysts such as ZSM-5
have applications predominantly in catalytic cracking of oil owing to their high
thermal stability and microcrystalline structure alongside their ion-exchange

capabilities and high adsorption capacity.
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The properties of ZSM-5 can be influenced during its synthesis by parameters such
as the sources of silica and alumina, template and crystallisation conditions [138].
The most popular methods for synthesising ZSM-5 can fall into one of the following
three categories: organic amine and inorganic amine systems, load in systems and
hydrothermal or non-hydrothermal systems. Each of these methods utilises
different templates, raw materials (i.e., different sources of alumina and silica), but
the raw materials are used to form the zeolite structure in a similar way. Each of
these methods can alter preparation conditions which in turn alter the properties of
the final catalyst [139]. During the synthesis of zeolites like ZSM-5, two of the most
significant factors are the ratios of tetra propylammonium ions (TPA*) and
SiO2/Al, O3 (or tetraethylammonium ions (TEA?*). It appears that lower proportions
of TPA® may result in the formation of large crystallites forming. If the zeolite
crystals are larger, then the internal surface area of the catalyst will also be greater.
This can increase the total surface area more substantially than having smaller
crystallites resulting in higher selectivity to given compounds [140]. This is an
example of the zeolite synthesis can affect the crystallinity of a catalyst. The
crystallinity of catalysts is typically investigated using techniques such as electron
microscopy (EM), either transition electron microscopy (TEM) or scanning electron
microscopy (SEM). This can give additional information about the textural
properties of the catalyst alongside the use of X-ray diffraction (XRD) studies [140,
141].

Several other characteristics of zeolites like ZSM-5 that are significant include
acidity, pore size, surface area, shape selectivity, adsorption capacities and
thermal stability. These characteristics have been discussed in more detail to
explain how they may influence outcomes such as aromatics yield, conversion and
catalyst suitability [135, 142].

The ZSM-5 zeolite catalyst typically has a relatively strong acidity owing to its high
silica: alumina ratio [132]. The acidity can affect both the catalysts activity and
selectivity because acid sites on the zeolite catalyse the reaction of the biomass
feedstock[15, 103]. It is established that within zeolite, the acid sites are commonly
Brensted acid sites; the properties of these sites depend upon the zeolite structure
[15, 137, 143]. Alternatively, Lewis acid sites can also be present if the zeolite is
exposed to high temperatures as this causes dehydration of the zeolite framework
[143].
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However, a strong presence of these sites is not preferable as the literature
suggests coke is preferably formed on strong Lewis acid sites. This is undesirable
as the accumulation of coke can cause catalyst deactivation [3]. Fortunately,
zeolites tend to have significantly weaker sites than other catalyst types such as

silica-alumina [144].

The presence of these sites can be altered by the Si/Al ratio variation, as low Si/Al
ratios are associated with a high density of Bronsted acid sites. Furthermore, the
literature noted that zeolites with lower silica-alumina ratios (Si/Al) could yield
greater aromatics proportions, as seen in Thanh-An Ngo's study [110]. This is
because cracking reactions such as decarbonylation are promoted on more acidic
catalysts[15]. Therefore, in selecting an appropriate zeolite catalyst, this influence

of a low silica/alumina ration will have to be considered.

Further characteristics of zeolite catalysts include shape selectivity and pore size.
It is the differences in the structure of the Silica- alumina network that can influence
these factors. One of four categories can describe the pore size of any catalyst.
These are presented with examples of the catalysts in this group and an indication

of the pore dimensions where possible in the flowchart Figure 2.20 [3, 137, 145]:

Microporous Zeolite
<2nm (ZSM-5, Y and B)
Mesopourous
’— SnmsP 7 <50 SBA 15, MCM-41
Pore Size Classification — nm>rore size =>4nm
—] Amorphous Silica Alumina
L Composite Zeolite/MCM-41

Figure 2.20. A flowchart representing the different pore sizes of catalysts [3, 137, 145]

For the first two categories indicated in the flow chart, it is possible to define the
range of sizes for a consistent material easily. However, as for amorphous and
composite catalysts, these are a little different. Those defined as amorphous lack
consistency in the pore size and are unstructured[144]. As for composite catalysts,
these are made of more than one type of material, so that an example could be a

mixture of a microporous and mesoporous catalyst.
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In terms of application, the small pore dimensions can cause mass transfer
limitations if utilising microporous zeolites, resulting in pore blocking and catalyst
deactivation. The creation of hierarchical porosity can overcome this undesirable
effect. A hierarchical porous zeolite is defined as a zeolite with more than one type
of porosity, i.e. two of micro-, meso- or macro[146]. This can enable the catalyst to
upgrade larger molecules by allowing further reactions in larger mesopores,
potentially improving product yield and distribution[143]. The most utilised process
used to achieve this can be either dealumination or desilication. However, a side
effect of this process is that it alters the silica-alumina ratio and, therefore, the
zeolite's acidity, which may influence the yield of aromatics [15]. Furthermore, the
alteration of the pore size will also influence pore volume and, in turn, surface area.
This is because the larger the pores, the larger their volume and the larger the
overall surface area of the catalyst. Therefore, a catalyst with a larger surface area
is preferable as it will have a higher area where catalytic reactions occur. The pore
diameter, pore-volume, and catalyst surface area are typically measured using gas
physisorption and are typically used alongside other techniques such as electron

microscopy to analyse the catalyst further [139].

The pore size of the catalyst can also attribute to another desirable property of
zeolites called shape selectivity. The principle of shape selectivity is that the
network of pores within the zeolite controls the entry of the reagents' molecules
and determines the dimensions of the intermediates and the products[1]. The

graphic in Figure 2.21 demonstrates these different types of selectivity.
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Figure 2.21. A visual representation of the shape selectivity of zeolite catalysts[147]
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The bulkier reactant molecules cannot react in the same way as the narrow
molecules in reactant selectivity shown by example (a). Only specific shaped
reactants can fit into the pores. As for product selectivity, (b) only narrow products
can exit the pores of the catalyst. Those that are not narrow enough can, however
undergo further reactions. Finally, in restricted transition state selectivity, only the
products of certain transition state intermediates will form products, this kind of

selectivity can be applied when a certain stereoisomer is desired [1, 147].

This shape selectivity characteristic is the basis for zeolite catalysis application in
molecular adsorption. The process is termed molecular sieving and relies upon the
zeolite catalyst allowing specific molecules to diffuse through the channels of the
catalyst whilst others cannot or do so much slower. An example of this is the
purification of xylenes which have 3 different isomers (para-, ortho- and meta).
Additional examples of the adsorption or separation capabilities include their use
as desiccants, as they can either have a high affinity for water or conversely if
hydrophobic zeolites can absorb organic solvents. These properties allow zeolite

catalysts to separate molecules based on varying size, shape or polarity[148].

A further characteristic of zeolite catalysts for discussion is thermal stability. The
thermal decomposition of a catalyst occurs during different stages. During
synthesis, it may be subject to calcination, which is the process of heating the
catalyst in air or oxygen[145]. This process removes their adsorbed water from the
catalyst. However, if dried too quickly, it can disrupt the uniformity of the catalyst
and where a compound has not sufficiently attached itself to the solid catalyst, it
can be expelled from the catalyst pores. The use of salts can help avoid this as
they give rise to gaseous decomposition products when heated, so do not bubble
through the pores of the catalyst material in the same way as liquids. In general,
zeolite catalysts, including ZSM-5, are known for their excellent tolerance to heat.
Most zeolites can be used in temperatures up to 600°C, although this does

decrease slightly with larger pore sizes and a higher aluminium content [132].

However, recent studies considering the conversion of triglycerides have used
zeolites like ZSM-5 on their own and used modified zeolites demonstrated by the
review provided earlier in Table 2-7. There are several examples where metals
have been added to the catalyst. In literature, it is suggested that the addition of
metals like these can enhance catalytic activity[109]. Other metals such as Pt, Re,
Ga, Zn and Sn have also been utilised in studies considering the processing of

triglyceride feedstocks.
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In these studies, these metals were suggested to be catalytically active and may
increase the proportion of aromatic hydrocarbons[149-151]. The metals Ni and Zn
are both of particular significance as the literature suggests that nickel may
increase the selectivity of benzene production. Both of these may increase the

proportion of aromatic hydrocarbons[152].

In Table 2-7, section 2.3.2 regarding the decomposition of triglycerides, the table
reviews several studies looking at the conversion of triglycerides ZSM-5, and other
catalysts included the addition of metals such as NiMo, Ga, Al and Cu. In these
studies, the aromatics, including BTX and their derivatives, were most abundant in
the liquid products when triglycerides were processed using conditions akin to fast

pyrolysis in the presence of a catalyst.

For example, in a study by Thanh-An Ngo et al., a soybean oil feedstock was
processed in a fixed bed reactor with different catalysts. The key parameters of

these studies are reviewed below in Table 2-9:

Table 2-9. Key parameters from fixed bed studies by Than-An Ngo

Catalyst Major Products Comment on Bio-oil & Aromatics

Yield

ZSM-5 (Si/Al of Primarily Aromatics 450 °C, ZSM-5 catalyst (Si/Al = 28).

A cDE L) Bio-oil yield of 71.3 wt.% which
54.5% was aromatics including BTX

MCM-41 (2 wt.% Mixture of alkanes, 450 °C, Ga/MCM-41 (2 wt.% Ga)
Ga, Al, or Cu). alkadienes, carboxylic C :
acids and few Bio-oil yield of 77.3 wt. %, proportion

. of aromatics not reported
aromatics

The comparison of these studies highlights the more notable presence of aromatics
when the feedstock is processed in the presence of a zeolite ZSM-5 catalyst rather
than an MCM-41 catalyst. In addition, the application of ZSM-5 and its higher yield
of aromatics compared to other types of catalysts is also observed by other authors

including Viswanadham et al. 2014 and Sharma et al. 2014.

Another study with a canola oil feedstock by Prasad et al.,1985, using a ZSM-5
catalyst (Si/Al = ~28) in a fixed bed microreactor. Similarly, high rates of conversion
were achieved but at lower temperatures of 370 °C to 375 °C. Within the products,
up to 78 wt.% were aromatic hydrocarbons, but the coke yield was higher and in
the range of 6-8 wt.%. The coke yield is of concern as a high amount of coke can

cause a catalyst to become deactivated, making it ineffective [113].
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Viswanadham and Sharma undertook a further two studies with Jatropha oil.
Viswanadham et al. 2014 utilised a fixed bed downflow reactor operating at a
temperature of 500 °C, and atmospheric pressure to process Jatropha oil. The four
catalysts investigated included microcrystalline ZSM-5(MZ), nanocrystalline ZSM-
5(NZ), Ultrastable Y (HY) and Beta (BEA). Of these catalysts, the NZ catalyst gave
the highest liquid hydrocarbon selectivity of 77.4% in conjunction with the highest
aromatics yield of all four catalysts of 45.5 wt.% [43]. Finally, Sharma et al. 2014
conducted investigations with ZSM-5 (Si/Al:35), ZSM-5/SiAl, and NiMo/SiAl
catalysts at 375 °C in a batch reactor. The analysis of the liquid products indicated
the presence of aromatics was highest with the ZSM-5 catalyst (45.9 wt.%) slightly
more than the similar ZSM-5/SiAl catalyst (41.1 wt.%). In contrast, without a
catalyst or with the NiMo/SiAl catalyst, the aromatics yields were very low at
1.02 wt.% and 6.0 wt.% respectively. This is of significance, as mentioned earlier
in literature by Biswas et al., 2014 that it could potentially be of significance for

contributing to the production of aromatics [45].

These catalysts with metal and ZSM-5 zeolite are often referred to as modified
ZSM-5 catalysts can be prepared by methods such as ion exchange, solid-state
ion-exchange or deposition of soluble or insoluble complexes or impregnation
utilising metal salts. For example, the nickel can be deposited into the zeolite
cavities; in this way, the desired metal is evenly dispersed on its high surface area
support [132]. A summary of these methods, alongside the pros and cons, are

discussed below.

When using the ion exchange method, the zeolite catalyst is suspended so that it
is in an aqueous state. The solution consists of zeolite and soluble salt, which
contains the cation that can transfer the ion, usually under elevated temperatures
(90 °C) and stirring as these conditions favour mass transfer. Although this process
is not complex, the disadvantages are that sometimes the hydrated cations are too
bulky to enter the pores of the zeolite. It can also be problematic if the desired

cation is not soluble in water or in its desired valence state.

An alternative process is solid-state ion exchange, where the zeolite is present
typically in its H* form and is heated in an inert stream of gas with a desired cation
[137].

An alternative method is impregnation which is often applied when dealing with the
preparation of multifunctional zeolites where a metal or metallic phase needs to be

incorporated into a zeolite catalyst [15].
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It is one of the most common and simplest ways to obtain a supported catalyst.
The process involves the support being placed in contact with the metallic solution,
i.e., nickel hexahydrate for the addition of nickel. The preparation of this solution
lends its name to one of two method types: incipient wetness impregnation when
the volume of water used is not more than the pore volume or wet impregnation
when an excess of the solution is used. Owing to the simplicity of this method, there
are several examples of wet impregnation methodologies throughout literature as

reviewed in Table 2-10 below:

Table 2-10. Example conditions used for impregnation of metals in ZSM-5 zeolite catalysts

Impregnation Notes Drying Calcination
Conditions Conditions
Ni (NOs). Solutions with mass 110 °C 4 hours at 550 °C | [153]
fraction ratio of Ni to ZSM of
1, 2, 3 wt. %, mixed for 4
hours at 35°C.
Ni (NO3)2 (ranging from 0.372 Dried overnight at | 4 hours at 400°C in | [154]
g to 1.487 g) mixed with 1 g of ambient air, 5 hours at 500
distilled water and ZSM-5 temperature and 12 °C in Hz with
zeolite, mixed for 4 hours at hours at 110 °C heating rate of 2 °C
ambient temperature per min’
Ni (NO3)2, 0.5 grams dissolved Ambient 6 hours at 600 °C | [138]
in 25ml water, mixed with 5g temperature for 24
ZSM-5 catalyst. Solution hours, 110 °C for 1
stirred at 600rpm for 4 hours hour
at 60 °C
Ni (NO3)2 was dissolved in 5ml Left overnight at 4hatd50°Cata |[155]
of deionised water to give a 10 120 °C heating rate of 2
wt.% Ni/ZSM-5 catalyst. °Cmin-"’
Mixture was sonicated in a
water bath at 45 kHz, 80°C for
3 hours.
Ni (NO3)2, 3.1 g of Ni was added | 3 hours at 110 °C 3 hours at [156]
to 100g of ZSM-5 to give 3.1 % 550 °C, at heating
Ni/ZSM-5. rate of 2 °C min’

*Reference

The resulting catalyst characteristics can depend upon conditions used during
drying and calcination, i.e., heating rate, time, final temperature, atmosphere.
These factors can affect how the new metal interacts with its support, so ultimately,
how it will perform as a catalyst [157]. The resulting materials now possess a
combination of Brgnsted and Lewis acid sites alongside metallic centres that can

interact in reaction systems in different ways to the zeolite catalyst on its own [15].
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2.4.Summary and research objectives

From the review of varied literature sources, there are apparent gaps in the
research considering the conversion of triglyceride feedstocks to higher-value
chemicals, including aromatics. Though there is evidence from differing catalytic
pyrolysis studies that ZSM-5 catalysts can improve yields of aromatics. Although
nickel can improve aromatics yield, it does not appear to have been used with ZSM-

5 alone but typically in the form of NiMo (nickel-molybdenum).

Furthermore, when it comes to the pyrolysis of triglycerides, there seemed to be
no evidence of this in continuous fluidised bed systems but instead more commonly
batch tubular and fixed bed reactors. Therefore, this work will address these issues

by following the goals and objectives as defined in Chapter 1.0, section 1.2.
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CHAPTER 3.0 EXPERIMENTAL METHODOLOGY
3.1.Introduction

In this research work, studies were undertaken in two main pyrolysis reaction
systems, including a Pyroprobe 5200 pyrolyzer (CDS Analytical- <0.5 mg per
sample) covered in section 3.2 and a bench-scale fast fluidised bed reactor
(90 gh™") covered in section 3.3. These systems allowed to carry out experiments
looking at both thermal and catalytic decomposition behaviour of selected
feedstocks. Chapter 3.0 describes the materials and methods used to conduct the

experimental work.

3.2. Pyroprobe Experiments

3.2.1.Materials and Catalyst Preparation for Pyroprobe Experiments

The materials sourced for the pyrolysis tests and preparation of the catalysts are
discussed below. The feedstocks oleic acid and jatropha oil were used. The
description of the ZSM-5 catalyst, the materials used in the preparation of the
Ni/ZSM-5 catalysts (1 wt.%, 2wt.% ,5 wt.% and 1 wt.% Nickel), alongside additional
materials used in for the analysis of liquid, solid, and gas products are also included

in this section.

As highlighted in Chapter 2.0, section 2.1.3.3., on average 46 wt.% of Jatropha oil
is the fatty acid compound oleic acid; second only to linoleic acid and palmitic acid
which contribute 31.2 wt.% and 10.33 wt.%, respectively. Oleic acid was utilised in
this work as a model compound, as it is the primary fatty acid found within jatropha
oil. The purpose of this was to provide a less complex view and better
understanding of the decomposition pathways of this major component into other
potential products and serve in this way as a guideline for further jatropha oil

examinations.

For the Pyroprobe 5000 pyrolyzer (CDS analytical) experiments, oleic acid from
Alfa Aesar™ (99 % purity) was used. The jatropha oil feedstock, utilised in both the
Pyroprobe 5000 pyrolzer and bench-scale fluidised bed reactor systems, was
obtained from Matrix Biofuels Ltd., United Kingdom (2018). The oil was kept in a

glass-sealed container and stored in a dry and cool cabinet.

As for the catalyst in this work, zeolite ZSM-5 ammonium (Si/Al 30, Alfa Aesar™)
was utilised. The ZSM-5 catalyst was prepared for investigations by calcination at
500 °C for 5 h under air atmosphere in a Carbolite furnace (of 5 °C min~'heating

rate).
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The same ZSM-5 catalyst was also modified by adding Nickel (II) Nitrate
Hexahydrate (Ni (NO3)2-6H20; Alfa Aesar™ Puratronic ®, 99.99 % purity). The
series of modified nickel/ZSM-5 zeolites (Ni/ZSM-5) were prepared by the incipient
wetness impregnation method to attain different nickel loadings of 1 wt.%, 2 wt.%,
5 wt.%, and 10 wt.%. This methodology was used as it is a simple and known
method used for the preparation of multifunctional zeolites where a metal or
metallic phase needs to be incorporated into a zeolite catalyst [15]. A variety of
methods for the preparation of metallic-zeolite catalysts are available in literature
i.e., Weikun Yao et al., Darui Wang et al., Widayat et al., Osman Ahmed et al. and
Matthew Yung et al. The conditions used and reported in these methods were
utilised to define the conditions and steps utilised in the preparation of catalyst in
this work [153-156, 158].

The incipient wetness impregnation method involved mixing equal amounts of
ZSM-5 zeolite and distilled water in a beaker with the appropriate amount of Nickel
(II) Nitrate Hexahydrate (Ni (NO3)2-6H20O). The mixture was stirred using a
magnetic stirrer at room temperature for 4 hours. The resulting solutions were left
to air dry overnight after which they were placed in a drying oven at 110 °C for a
period of 3 hours, in an air atmosphere. The Ni/ZSM-5 mixtures were all calcined
in a Carbolite furnace at 500 °C for 5 h under air atmosphere, with a heating rate
of 5 °Cmin™'. The resulting catalysts were assigned as 1Ni/ZSM5, 2Ni/ZSM5,
5Ni/ZSM5, 10Ni/ZSM5, for the nickel loadings 1 wt.%, 2 wt.%, 5 wt.% and 10 wt.%
respectively. All the catalysts were crushed and sieved to ensure a degree of
uniformity and to obtain fine particles sizes between 25 ym and 53 pm. Before the
catalytic pyrolysis tests, the catalysts were left to equilibrate with the atmosphere
for a period of 12 hours, and their moisture content was determined via
thermogravimetric analysis as described in section 3.3.2.1. The prepared catalysts
were characterised via use of Thermogravimetric analysis, N2 porosimetery and X-
ray diffraction in order to ascertain their moisture content, surface area, pore

volume, pore diameter and consider the catalyst surface structure.
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3.2.2. Pyroprobe Experiment Methodology

Pyroprobe GM-MS (Py-GC-MS) systems are widely utilised within research
relating to pyrolysis studies. In section 2.2.3.1 it was discussed that these systems
have several advantages due including shorter times for analysis, sample
preparation and reduced times for analysis to name a few[100]. The technique of
Py-GC-MS differs from GC-MS itself as the method and way in which the sample
is analysed in the two systems are different as with Py-GC-MS only a very small
sample typically less than a milligram is analysed. For Py-GC-MS analysis the
sample is heated in a quartz tube which is heated to a pre-set temperature for a
given time period. This rapid heating causes the decomposition of the sample with
the product containing a mixture of compounds then carried to the GC-MS
system[159]. An example schematic of a typical Py-GC-MS system is shown in

Error! Reference source not found. below.

Injector
Transfer
Line
Samplein
Quartz
Tube FID
Platinum Column
heating 5l 1rap -
element (He MS
atmosphere)

Figure 3-1. Schematic of a Pyroprobe GC-MS (Not to Scale)

A Pyroprobe 5000 pyrolyzer (CDS Analytical) was used to carry out small-scale
fast pyrolysis experiments using two different feedstock samples: oleic acid and
jatropha oil. A picture of the equipment used is shown below in Error! Reference

source not found..
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Figure 3-2. Pyroprobe 5000 pyrolzer (CDS Analytical) system

The method of fast pyrolysis was selected on the basis that the desirable aromatic
compounds are most prevalent in the liquid products. The samples were contained
within open-ended quartz tubes (~2 mm diameter, 20 mm length), the tubes were
loaded with 0.5 mg of feedstock and an appropriate mass of catalyst to maintain a
catalyst to feed ratio close to 3:1, whilst accounting for the catalyst’s moisture
content. The catalyst amount was equally distributed on the two sides of the quartz
tube. In non-catalytic runs, where no catalyst was used, the sample mass was
reduced to 0.1 mg in order to avoid flooding the system with large amounts of
unreacted oil. The layers of catalyst and samples were separated by small plugs
of quartz wool to ensure that it was only oil vapours upon heating that came into
contact with the catalyst bed. A schematic of a sample tube is shown in Error!

Reference source not found..

O
N\ o P NI, o e
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. Quartz Wool
5 Catalyst

Bl Oil or Oleic Acid

Figure 3-3. Cross section of Py-GC-MS quartz tube
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All samples were pyrolyzed using a CDS 5200 pyrolyzer close-coupled to a
PerkinElmer Clarus 680 gas chromatograph (GC) and Clarus 600S mass
spectrometer (MS) with a flame ionization detector (FID) at a pyrolysis temperature
of either 400 °C, 500 °C or 600 °C (20 °Cms™" heating rate, 30 s hold time). The
compounds were immediately trapped on cold Tenax®-TA adsorbent trap (to avoid
any additional secondary reactions) and the trap was then heated up to 350 °C
with the pyrolysis products then transferred on to the GC column via a heated
transfer line (300 °C) using an inert helium carrier gas (20 mLmin"). The pyrolysis
products were separated using a 30 m Elite-1701 capillary separation column at a
temperature of 350 °C, with the GC injection port kept at a temperature of 275 °C
with a 1:125 split ratio. The FID detector was held at 275 °C with hydrogen-air
combustion mixture (with constant flows of 45 mimin™' and 450 mimin™"' for

hydrogen and air respectively).

The chromatogram analysis was completed using OpenChrom data analysis
sysmte (2008) by LABLICATE peak efficency in conjunction with the NIST11 mass
spectra library( version 2.0) to identify compounds in the pyrolysis vapours using a
match factor of 70% or higher.All the pyroprobe tests were completed in duplicate
to ensure a degree of repeatability. As the chromatograms obtained were almost
identical and there were no significant disagreements or anomalies completing
duplicates catalytic investigations discussed in Chapter 5.0 were prioritised. The
peak area values were then normalised to their weight as peak area per milligram
of feedstock using Microsoft Excel, using several macro-enabled excel files created
by Dr Stylianos Stefanidis. Therefore, any slight variations between the weight of
feedstock used in each sample should not affect the overall results. This
normalisation is apparent in the chromatogram presented throughout this work as
the relative abundance is indicated as peak area per mg of feedstock. Some peaks
remained unidentified due to a low match factor or were dismissed as they were
deemed to be unfeasible compounds, e.g., chlorine or sulphur containing

compounds.
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3.2.3. Catalyst Characterisation

3.2.3.1. Thermogravimetric analysis (TGA)

TGA is a quantitative technique able to analyse small sample amounts, typically in
the region of 1 mg to several grams. It utilises a furnace that can increase the
temperature up to 1600 °C in a stable or changing flow of a desired carrier gas.
This technique helps to derive the conversions, kinetics or mechanisms that occur
when a change of mass is involved due to an increase in temperature. For
example, in a reactive environment such as oxygen, the mass of the sample may
increase as is the case with transition metals, but in an inert environment a sample
containing a high proportion of volatiles when heated will decrease in mass[160].
This technique is useful as it can help to determine the moisture content in catalysts

or solid content such as char in reacted solids.

A thermogravimetric analyser operates by utilising a precision micro balance
connected to a sample pan which is contained within the furnace and connected
to a temperature programmer and controller- thermo-balance. The starting weight
of the sample is inputted into a programme interface at the start of the analyses
and the micro balance determines any fluctuations in the mass of the sample

throughout the desired temperature programme [160].

In this work, TGA analyses were carried out in a Mettler Toledo TGA/DSC 2 STA
system using nitrogen as an inert atmosphere with a flow rate of 40 mLmin™ as

shown in Error! Reference source not found. below.

b3 f-%“g; %
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Figure 3-4. Mettler Toledo TGA/DSC 2 STA system

Fresh and calcined catalyst samples as well as silica sand from the fluidised bed
reactor was analysed. Prior to analysis, the catalyst samples were removed from
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a desiccator and left open to the air 12 hours before analysis to equilibrate to room
conditions. About 8 mg of fresh catalyst sample was placed in an alumina crucible
(70 pL) and heated under air atmosphere from 25 °C up to 300 °C with
10 °C min™" heating rate and held for 30 minutes. The decreasing mass from room
temperature to 300 °C was assumed to be the loss of water and therefore the
moisture content of the catalyst [160]. After this, the temperature was further

increased up to 700 °C at the same heating rate.

3.2.3.2. X-ray Diffraction (XRD)

XRD is a non-destructive technique used for the analysis of crystalline materials
and heterogenous catalysts including zeolites and metal oxides. XRD can provide
information about the materials in terms of their structure, present phases, crystal
orientations or texture alongside other structural parameters such as grain size and
crystallinity. All these parameters are important to understand any structural

changes after subjecting the catalyst to pyrolysis conditions [161, 162].

XRD relies upon the constructive interference of monochromatic x-rays and a
crystalline material. The X-rays are created by a cathode ray tube, from which they
are filtered producing a monochromatic source which is collimated to concentrate
and direct them at the sample material. The interaction of these X-rays with the
sample generates constructive interference and diffracted rays. These diffracted
rays form the diffraction pattern with each reflection associated with a plane within
a material, at a given angular position (8), at a certain interplanar spacing at a given
X-ray wavelength (A). This can be represented visually by the schematic in Error!

Reference source not found.:

Figure 3-5. Schematic of X-ray diffraction
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These parameters can be defined by Bragg’'s Law as shown in Error! Reference
source not found. below, where n is an integer that denotes the order of reflection
[161, 162].

Equation 3-1. Bragg's law

niA = 2dsin@

This law relates the wavelength of the X-rays to both the diffraction angle and lattice
spacing within the material. In order to ensure that the X-rays are monochromatic,
the source can be filtered via the use of foils or a crystal monochromator with
copper being the most common materials for single-crystal diffraction using CuKq
radiation with other metals such as Fe, Mo, and Cr also available. When these X-
rays are collimated onto a sample and the sample and a detector are rotated, the
detector records the intensity and processes the signal into a count rate. This signal
can output to a computer program to form the diffraction pattern of any given
material which can be analysed using the system database for observation and

comparison[161, 162].

In this work, fresh samples of the catalyst used for the pyrolysis tests were

analysed using a Bruker D8 Advance diffractometer in the Bragg Brentano mode.

Figure 3-6. Bruker D8 advance diffractometer

For the analysis the diffractometer used a LYNXEYE PSD detector and a Cu
Kai 2 radiation source operated a 40 kV and 40 mA. In order to ensure the X-ray
source was as monochromatic as possible a 0.0 2mm Ni foil Kg filter was applied.

The XRD scan was conducted between 10-80 ° 26 range with step scans of
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0.02 ° at 1 second per step. For analysis of the XRD patterns were analysed using
the DIFFRAC.EVA 3.0 software by Bruker. As well as viewing the XRD patterns
the software also allowed identification, comparison and determination of given

peaks attributed to Nickel and their suggested crystallite size.

3.2.3.3.Brunauer—Emmett-Teller and Barret-Joyner-Halenda Analysis

The Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) analyses
are common approaches used to assess the performance of materials including
catalysts, as their performance depends on certain morphological characteristics.
The application of these methods using gas adsorption allows quantification of
parameters such as specific surface area, pore size (dpore) and pore volume of
given materials. The classification of pore sizes can fall into one of several
categories, where those with dyore<2 nm are classified as micropores, between

2 nm and 50 nm mesopores and then macropores are where dpore™> 50 nm [163].

The BET method is based upon the amount of gas that is required to cover the
external and internal surfaces of a solid with a single complete monolayer. The
measurements are conducted by injecting nitrogen into a sample holder in
successive steps at which the pressure is measured. The partial pressure is
monitored typically over the range of 0 to 0.995 with the surface area being

calculated using Error! Reference source not found. below[164]:

Equation 3-2. BET specific surface area

Vu

A =————
¢ VmMsample

Sadsorbate NA

Where As (m?/g) is the specific surface area of the solid, Vv (cm?) is the volume of
the adsorbed gas layer, Sadsrobate (M?) is the area of the efficient section per
adsorbate molecule, Vn is the volume of a molecular gram (22414 cm3mol™ at P=1
and T=25 °C), Msampie (g) is the mass of the sample after degassing and NA is the
Avogadro’s constant (6.022 x10% atoms mol™")[164].

As for BJH analysis this method used for the calculate mesopore size distributions
which is where pore sizes are less than 2 nm[165]. This method obtains the pore
size distribution by calculating the nitrogen adsorption amount then the relative

pressure is 0.99 using the following formula[166]:

Equation 3-3. BJH pore size

2
me = ( Tom ) (AVn - Atu Z;l—_ll AC]')

TrntAty
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Where Vpn is the pore volume, rom is the maximum pore radius, r«» is the capillary
radius, V, is the capillary volume, t, is the adsorbed nitrogen layer thickness and

A is the area after the emptying of the gas[166].

A Quantachrome NOVA 2200e series apparatus was used to determine the
specific surface area and pore volume of fresh ZSM-5 and Ni-ZSM-5 catalysts (1
wt.%, 2 wt.%, 5 wt.% and 10 wt.%). Before sorption analysis the catalyst samples
(~25 mg to ~40 mg) were degassed at a temperature of 120 °C overnight for a
minimum of 12 hours. The instrument software used the BET method for
calculation of the specific surface area and BJH method for the determination of
the pore volume and diameter using Error! Reference source not found. and

Error! Reference source not found. mentioned earlier.

Figure 3-7. Quantachrome NOVA 2200e series equipment
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3.3.Fluidised Bed Reactor Experiments

The utilisation of fluidised bed systems for the processing of liquid triglyceride
feedstock is not prevalent across existing literature as discussed in Chapter 2.0,
section 2.2.3. Furthermore, it was identified that aromatic products including BTX
which are a target product in this work were typically contained within the bio-oil
product from varied conversion processes. It is known that fluidised bed reactors
typically favour liquid products, therefore, the utilisation of such a system within this

work is of novelty.

The concept of fluidised bed systems is well established with the earliest systems
being utilised in the coal industry in the 1920’s. The distinct advantages of fluidised
bed systems are that they have superior heat transfer compared to other reactor
types, move solids like a fluid and are able to process varied types of materials.
Furthermore, for catalytic fluidised bed reactors fresh catalyst can be added without
the requirement to shut down the reactor, with flexibility to have reactors couple
together for the cycling of catalyst material so that it can easily be regenerated.
The principle behind fluidised bed systems is that a bed material of a given particle
size will fluidise when an upward flowing gas imparts a greater drag force that
overcomes that of gravity. The point at which particles first become fluidised is
known as the minimum fluidisation velocity and can be estimated by first calculating

the Archimedes number as shown below in Equation 3-4:
Equation 3-4. Archimedes number for estimation of minimum fluidisation velocity[167]
_ Pgd3(Pp — Pg)g
= e
Where Ar is the Archimedes number, pgis the gas density, d, is the Sauter mean

Ar

particle size, py is the particle density, g is acceleration due to gravity and uis the
fluid viscosity. The Archimedes number can then be utilised in the well-established
correlation by Wen and Yu, which also requires the calculation of the Reynolds
number at minimum fluidisation velocity. The value for minimum fluidisation velocity
is obtained by the rearrangement of Equation 3-5 and Equation 3-6 as defined

below:
Equation 3-5. Wen and Yu correlation for minimum fluidisation[167]

Ar = 1,650Rep ¢ + 24.5Re,
Equation 3-6. Reynolds number at minimum fluidisation[167]
Pglimsdp
Rey s = ——F
pmf L
Where Rep i is the Reynolds number at minimum fluidisation velocity and pus is

the minimum fluidisation velocity. This minimum fluidisation velocity can be
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influenced by many parameters but one of major significance is the bed material.
This is typically a solid material such as silica sand which has a high thermal
capacity. This allows for increased heat transfer to the feedstock and is also inert.
A larger sand particle size will result in a higher minimum fluidization velocity.
Furthermore, the velocity of the fluidising gas referred to as the carrier gas should
be larger than the minimum fluidization velocity. This is to ensure that the mixing
of the feedstock and material is maximised. On the other hand, if the carrier gas
velocity is too high then sand can be entrained downstream and into the
condensing system, which can be resolved by reducing the flow rate [168]. In this
work the fast pyrolysis experiments were conducted within a continuous fluidised
bed fast pyrolysis system situated in EBRI, Aston University. An early photograph
of the system before some of the changes is shown in Figure 3-8. In addition, an
initial and final process flow diagram (PFD) is shown in Figure 3-9 and Figure 3-10

reflecting all the changes and improvements after the reactor recommissioning.
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Figure 3-8. Descriptive photo of fast fluidised bed system
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Figure 3-10. Process flow diagram fluidised bed fast pyrolysis reactor system- final
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The system consists of three major sections; feeding system, fluidised bed reactor

and condensing train, which shall be described in turn in the following paragraphs:

The feeding system uses jatropha oil at a rate of 90 gh™ utilising a positive
displacement pump (Tuthill) alongside a digital flow mass controller (Bronkhurst).
The system uses a three-way-valve (ref to PFD) in a re-cycle loop to ensure that
the feed is at a constant rate before entering the reactor. To ensure that the
atmosphere within the reactor remained inert, a feed of nitrogen gas at a rate of

2 L min™" is mixed with the oil before it enters the fluidised bed system.

The fluidised bed system is a stainless-steel cylindrical reactor (height 35.1cm,
diameter 6.69 cm) with two inlets and 1 outlet. The first inlet for the feed and second
for the inert gas that fluidises the bed material, which is 300 g of silica sand (250-
355 um). The fluidizing gas enters at a rate of 8 L min™' and is preheated to 500
°C. The singular reaction vapours outlet allows the exit of reaction vapours and is
fitted with a 5 um filter to prevent deposition of solid particulates or entrainment of
sand in the downstream condensing train. The temperature of the system is
achieved via the use of a centrally placed electric furnace with heating tapes
(Omega™ -STH051-040 (bottom) & STH101-040 (top)) to ensure even
temperature distribution across the length of the reactor. These are controlled
using Tempotron DTC410 Series temperature controllers. The system can operate
up to a temperature of 520 °C, whilst under atmospheric pressure. In order to
reduce heat lost to surroundings and maintain a uniform reactor temperature the
external surfaces of the reactor are insulated. The main body of the reactor uses a
ceramic fibre jacket, whilst the base, fluidising gas inlet and reaction vapours outlet
are covered with ceramic fibre blanket and foil tape. The internal reactor
temperature is monitored using 3 K-type thermocouples located vertically at even
intervals within the fluidised bed. They are connected to an Omega RDXL4SD
thermocouple reader for data collection using an integral SD card. As for the
system pressure this is monitored, so that both leaks and blockages in the system

can be detected.

The condensing train begins after a short transition pipe where the reaction
vapours exit at the top of the reactor. The reaction vapours enter a water-ethylene
glycol cooled condenser using Honeywell™ Ethylene Glycol (technical grade) and
a Huber minichiller operating at a set point of -4 °C. This begins to cause
condensation of the reaction gas vapours, which then flow into the Electrostatic
Precipitator (ESP). From the ESP the vapours pass through two consecutive

Dewar condensers with collection flasks. The condensers are filled with acetone in
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addition to dry ice. Finally, any remaining vapours, were passed through a cotton

wool filter before entering an Elster BK-G4M gas flow meter.

3.3.1. Reactor Re-Commissioning

The recommissioning of the reactor was required as it was using a feedstock
different to that it was designed for. This involved conducting multiple runs to
resolve issues as they arose during use. The issues along with the actions taken
to prevent them in future experimental runs are summarised below. In total, eight
runs were undertaken using the fluidised bed reactor and of these 3 were
completed without major issues which allowed the collection of liquid products for
analysis, as well as the completion of a mass balance. The issues encountered
required correction to ensure that the equipment would operate reliably and

accurately. The major issues rectified included:

e Glassware placement; prevent air bubbles in the water-cooled condenser
and the ESP from shorting

e Overheating glassware; optimize settings of chiller and addition of glycol to
chiller water (1:4) to achieve lower temperatures (<0 °C)

e Liquid product collection: addition of secondary Dewar condenser to
prevent condensation of products further downstream

¢ Entrainment of sand; addition of filter and sieving of sand to prevent the
entrainment of fine sand particles downstream.

¢ Consistent heating: maintenance of reactor thermocouples to ensure
reliable heat up and extra insulation to reduce heat loss to surroundings

¢ Nitrogen feed: addition of a nitrogen feed at rector oil inlet to help prevent
agglomeration of the sand

¢ Oil feed system: addition of pump and piping

e Regeneration of fluidised bed material; addition of a gas line containing an
oxidising mixture (40% oxygen, 60% nitrogen) to regenerate fluidised bed

without dismantling the whole reactor.

This meant that several alterations were required to be able to effectively utilise
the system. These key stages and changes made to the system are highlighted
in the photographic reactor commissioning steps timeline on the following page
in Figure 3-11 and Figure 3-12 respectively. Figure 3-11 shows the major steps
in reassembly, whilst Figure 3-12 shows the improvement and modifications for

its use as a fluidised bed reactor for the processing of liquids.
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-----------

1) Reassembly of original fast pyrolysis
fluidised bed reactor inclusive of screwfeeder
mechanism (designed for solids)

— ir — | -

6) Major system components all in place to
commence Initial trial runs

2) Reactor assembled alongside
relocation of glassware for downstream
condensing train

5) System connected to gas meter to monitor
flow to Micro-GC, used to establish
calibration curves for flow of inert gas (N»)

Figure 3-11. Initial reactor assembly major steps timeline
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3) Measurement and installation of liquid
feed system including assessment of
flow to ensure accuracy.

»

- amﬁlb

4) Placement of heating tapes, thermocouples.
Followed by pressure tests and heat up tests and
measuring and installation of insulation.




2) Required to add additional Dewar condenser
and reduce feedstock flow rate due to large

1) Sieving of sand to 250 pm to
355um to reduce entrainment of sand

amount of liquid product downstream

3) Modification of
reactor inlets and
outlets:

a) removal of char
pot as no solids
in initial runs
b) closure of inlet
for screw feeder

for solid
feedstocks

c) addition of new
vapour outlet
througha 5 pm
filter to reduce
sand entrainment

5) Addition of a oxidising gas mix gas line (40% Oz, 60% N:z) to
allow regeneration of bed material without reactor disassembly

4) Addition of N; flow to pump inlet to disperse oil
and prevent sand sticking together at inlet

Figure 3-12. Reactor assembly modifications and improvements
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3.3.2. Experimental Procedure

The general procedure used to complete a run in the fluidised bed system is
summarised by the flow chart in Figure 3-13 Error! Reference source not found..
Any data and information relevant to the experimental run was recorded on the
experimental data sheet. This helped to ensure that relevant measurements were

taken, and any issues observed during runs could be recorded and fixed in future runs.

Step 1: Preparation
+ Ensure Glassware is correctly placed and weights are correctly recorded on
Experimental data sheet
+ Load 300g of sieved 250-355pm into reactor, insert filter and pressure test.
+ Ensure thermocouples, reactor heater, heating tapes and insulation are in place
+ Turn on water cooled condenser and Set Chiller to - 20°C

Step 2: Heating

« Turn on Feeder and Fluidising Nitrogen to 10 Lmin-' and 5 Lmin™ respectively

+ Turn on reactor heater, heating tapes and nitrogen preheater to set point
temperatures.

+ (Observe thermocouples to ensure operating correctly and leave for ~70 minutes
to reach operational temperature
Step 3: Getting Ready to Run
+ Turn on GCMS foclear system
Turn on ESP-make sure it's not shorting
Turn on feed pump using recycle loop to reach consistent flow rate of 90g/hr

Fill dry ice condensers with dry ice and acetone
Ensure at operating temperature and temperatures/ pressures are within limits

Step 4: Running and Observation
= Prepare to turn on feed by- noting down operational parameters including all
thermocouple temperatures, pressure and injection number on GCMS
= Turn on feed and immediately begin recording feed mass flow and gas flow every
5 minutes until 33 minutes and at point no products are seen from reactor
= Record any observations e g. Sand fines, high-pressure etc.

¥

Step 5: Shutdown and Sample Collection
s Turn off feed at 33 minutes or earlier if required, record all final operational
parameters same at start
= (Once no further pyrolysis products are seen turn off all heaters and allow cooling.
Turn off fluidising and feeder nitrogen
Dismantle the glassware condensing train, weigh and record weights of each
itemn for mass balance and collect liquid product in clean container.

Step 6: The Clean Up

s Clean all glassware with acetone and compressed air ready for next run
= Remove insulation, check thermocouple and heating tapes for damages
= Empty sand, take sample for solids analysis and ensure reactor is clean

Figure 3-13. Fast fluidised bed reactor experimental procedure flow chart
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3.3.3.Selection and Definition of Experimental Conditions

There are multiple parameters associated with the utilisation of the fluidised bed fast
pyrolysis reactor in this work. These include the nitrogen flowrate, oil feed rate and

operating temperature.

The nitrogen velocity is an important parameter that needs to be accurate to ensure
that the minimum fluidisation of the bed material is achieved. Initially there were two
nitrogen inlets, the fluidising nitrogen which entered from the bottom of the reactor and
the feeder nitrogen. This entered through the inlet where the disused screw feeder was
as shown in the initial reaction system in Figure 3-9. A flow from here was required in
initial runs before modifications, to ensure that any sand or reaction products only
exited from the top of the reactor as shown in the final reaction system as shown in
Figure 3-10. The reported values were obtained using a gas mass flow meter (actual)

and can be compared with the input values in Table 3-1 below.

Table 3-1. Calibration of fluidising nitrogen feeds and feeder nitrogen.

Fluidising Nitrogen Feeder Nitrogen
Input (L min') | Actual Flow | Difference Input | Actual Flow Difference
(I/min) (%) (I/min) (I/min) (%)
5 5 +0.00 J 5 1.4 -72.00%
10 10.5 +5.00 J 10 3.3 -67.00%
15 15.8 +5.33 J 15 5.3 -64.67%
20 21.8 +9.00 J 20 75 -62.50%
25 27.9 +11.60 ‘ 25 9.6 -61.60%

The information in Table 3-1 shows that the feeder nitrogen rate is actually significantly
lower than the input rate. As for the fluidising nitrogen, this was fairly accurate at lower
flow rates of 15 Lmin™" or less. The feeder nitrogen could have been changed to a more
accurate controller but as this was left as this was no longer required after the

modification to remove the screw feeder.

In terms of fluidising the bed material, initially a mass of 300 g of silica sand with a
particle size of 550-650 um was loaded into the reactor. The nitrogen flow was steadily
increased but the sand was not moving at the maximum flow rate of 25 Lmin .
Therefore, a smaller particle size of 300-355 ym was selected and appeared to have
a visible fluidisation velocity of 10 Lmin™' at room temperature. However, it is known
that both temperature and pressure implicate the fluidisation velocity (see section

3.3.4.2 for information regarding the calculation of fluidisation velocity).
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Consequently, the minimum fluidisation velocity has been estimated at room
temperature and under operating conditions (450 °C) to be 9.2 L min' and
4.47 L min’ respectively. This was calculated using the Archimedes number as
described above using Equation 3-5 and Equation 3-6 and detailed within Chapter 8.0,
Appendix Two [169]. This difference in fluidisation velocity was anticipated as it is
typical for the minimum fluidisation velocity to be lower under reaction conditions that

are above room temperature.

In addition to an accurate and consistent nitrogen feed rate, the flow of the feedstock
was also considered. The reactor selected was originally designed to fed solid
feedstocks from a hopper into the reactor using a screw at a feed rate of 300 gh™'. This
was one of the major changes made in the initial assembly of the reaction system as
highlighted in the reactor recommissioning section 3.3.4.2.1 and Figure 3-11. So, a
liquid feedstock could be utilised, a new system using a pump from Tuthill in
combination with a Bronkhurst digital mass flow meter and controller needed to be
fitted to the feed system. During testing of the pump, it was established that it needed
two to three minutes to reach a constant feed rate. Therefore, it was necessary for a
three-way valve so that this could be established before oil feedstock would enter the

reactor.

The final parameter of consideration is the reactor operating temperature. The studies
discussed in Chapter 2.0, section 2.3.2 on the conversion of triglycerides to aromatics
operated at temperatures within a range of 380 °C to 550 °C. This range was too large
to be consider for initial investigations and although an operating range would have
been preferable, there was insufficient time to gather data at multiple temperatures.
Therefore, the temperature of 450 °C was selected as it was highlighted by Sadrameli
et al. 2009 that liquid aromatics yields showed that temperatures 380 °C to 450 °C had
provided the highest liquid aromatics yields. Furthermore, it also suggested that
temperatures above 500 °C would provide lower yields[112]. Finally, to ensure that
uniform temperatures were consistently achieved in each experimental run the
temperatures of the top, middle and bottom of the furnace were regularly monitored.
In addition to this the profile of the reactor was assessed and recorded using an SD
card within a digital thermocouple reader. This was utilised in both the initial blank runs

as well as later runs that processed the jatropha oil feedstock.
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3.4. Characterisation methods

In this section, the characterisation techniques and equipment used to analyse liquid,

solid and gaseous samples and products is described.

3.4.1.Characterisation of liquids

In this section, liquid samples will include the main feedstock used for the pyrolysis
tests (jatropha oil), as well as the pyrolysis liquid products. There are some techniques
that were used for both set of samples and this is mentioned in the description of each

technique.

The physiochemical properties and quality of conventional biofuels and vegetable oils
can be assessed using several ASTM standards (American Society for Testing and
Materials) [170-175]. These standards have been adopted and widely used as they
provide parameters that allow the comparison of thermal, chemical, and physical

properties of conventional fuels and biofuels.[3].

A summary of these characteristics, the relevant standards used to carry out the
analyses, and the associated equipment used to obtain theses values, is shown in
Table 3-2.

Table 3-2. Oil characteristics, standard test methods, and equipment (expanded from [3])

Characteristic A;;%ﬂ::zd Equipment/ Technique
1 | Water Content ASTM D 6304 07 Karl Fischer Titration [170]
2 | Viscosity ASTM D 445-06 Viscometer ['74
Higher Heating Value ASTM D 2015 Adiabatic Bomb Calorimeter [179]

Titration equipment and
Reagents :Potassium hydrogen

4 | Acid Value ASTM D 974 phthalate ,Propanol (IPA)
anhydrous, Toluene, H20 ['71]
No specific Gas Chromatography with Mass

5 | Fatty Acid Composition standard* Spectrometry

Titration equipment, Reagents:

6 | lodine Value ASTM D 1959 Thiosulfate Potassium lodide
solutions & Cyclohexane [173]
7 | Density, 15°C, gcc’ ASTM D 1480 Pycnometer [172]

Solvent, Thermistors, Closed

8 | Molecular Weight ASTM D 2503 Environment 172

Sample Jar, Water Bath and

9  Pour Point, °C ASTM D97/IP 15 L i

72



Associated

Characteristic Standard

Equipment/ Technique

Elemental Analysis
10 | (wt.%, C,H, N, S& O by ASTM D 5291 Elemental Analyser ['72]
difference)

Boiling Point Distribution

11 L . ASTM D2887 Simulated Distillation [172]
(initial and final values)
. . No specific standard . . .
12 Oil Decomposition (several methods Thermogravimetric Analysis
Temperature used) (TGA)

* Information in literature suggested various different dimension columns and carrier gases, almost all
sources used Helium (He) as a carrier gas. [27, 43, 66, 116]
Out of the methods and parameters shown in Table 3-2, the following ones will be
briefly described below including Karl-Fischer titration, viscosity, adiabatic bomb
calorimeter and gas chromatography mass spectrometry. These methods were
selected due to their accessibility as well as the relevance of the information provided.

All these techniques and methods used are briefly described below.
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3.4.1.1.Karl-Fischer Titration

Karl-Fischer (KF) titration is used to determine the water content of small amounts of
liquid sample. The working principle of KF titration is based upon the redox reaction

shown in Equation 3-7 below [177].

Equation 3-7. Redox reaction for Karl-Fischer titration
I, + S0, + 2H,0 - 2HI + H,SO0,

The water in the sample is consumed in this redox reaction, where the sulphur dioxide
(SO2) is both oxidised and consumed. The instrument used is a coulometric titrator
where the iodine is produced electrochemically via anodic oxidation. The titrator
consists of the generator electrode which acts as the cathode and contains the
catholyte. The anode is a double platinum pin measuring electrode, which forms an
electrolytic cell using the anolyte solution (titration flask). The current change is
measured by the platinum electrode by the presence of iodine ions from the redox
reaction. A general diagram of a KFT system is shown in Figure 3-14[177].

)

Measuring electrode
(double platinum pin)

Generator electrode

Catholyte

Anolyte

Diaphragm
Figure 3-14. Mettler Toledo titration system [177]

In this work KF titration was used to measure the water content of jatropha oil and
pyrolysis liquid product samples. The water content of these samples is of significance
because any water contained within the feedstocks will form part of the pyrolysis liquid
product along with any water created in the pyrolysis process [94, 178]. If the water
content is in the range of 30 wt.% to 45 wt.% then this can cause phase separation
and affect the stability of the liquid pyrolysis product [85, 93]. Although, the presence
of water can reduce the viscosity, which can make it easier to pump and reduce
costs[85].
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Triglyceride feedstocks including Jatropha oil, typically contain near to no water (i.e.
0.2 wt.%) [72], which is desirable as an increased water content can reduce the heating
value of the bio-oil [103].

The water content of jatropha oil and liquid pyrolysis product was determined using a
Mettler Toledo V20 241 KF Titrator and a Sartorius analytical balance shown in Figure

3-15a, and 2b respectively.

el

hLi— e

r'fl
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Figure 3-15. Karl Fischer Titration equipment used for water content determination; (a) Mettler Toledo V20

Karl Fischer Titrator (b) Sartorius Analytical balance.

The working medium and titrant were Hydranal (R) K and Hydranal (R) Composite 5 K
respectively (both from Honeywell Research Chemicals). A sample of about 5 mL
was collected using a 10 mL syringe and weighed on the scale (Figure 3-15b). The
sample was injected in the titration flask (Figure 3-15a). The mass of the injected
sample was obtained by calculation of the weight difference before and after the
sample was injected. The current change from the platinum electrode, together with
the mass of the sample and titration time to reach the end point combined, allows the

instrument to determine the sample’s water content.
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3.4.1.2.Viscometer

The viscosity parameter is a key factor in the design and application of pumping and
piping systems. It is important as more viscous liquids require more power to pump
and products with an inconsistent viscosity could cause blockages in the system.
Furthermore, its measurement will indicate potential changes in the viscosity and
consistency over a defined temperature range [179]. These issues are relevant as in
this work the triglyceride feedstock will need to be pumped into a pyrolysis system in
which the piping system will likely be above room temperature due to heat transfer. If
the viscosity of the feedstock changes with temperature this could prove problematic,
if it becomes too viscous or behaves inconsistently it may cause a blockage in the
piping.

In this work, a Brookfield rotational viscometer; model DV-lI+ Pro was utilised. In this
viscometer, the amount of torque required to rotate a spindle immersed in the sample

is measured. A schematic of a rotational viscometer is shown in Figure 3-16 [179]:
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Figure 3-16. Brookfield rotational viscometer schematic[179]

A spindle is powered by a motor connected to the calibrated spiral spring, as the
spindle moves through a fluid sample the deflection of the spring is indicated on the
instrument interface. The spindle moves through the fluid at an increasing rotational
speed and as such the resistance against the spindle also increases causing the spring
to deflect. The greater the increase in deflection of the spring then the greater the

increase in viscosity of the sample.
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So that liquids over a wide range of viscosities can be measured spindles of differing
geometry and size alongside differing rotational speeds can be utilised making the

instrument highly versatile [179].

The viscosity of jatropha oil and the liquid pyrolysis product from fluidised bed
investigations was assessed at room temperature in addition to samples of the bio-oil
after conversion jatropha oil. Further analysis of the potential feedstock jatropha oil
was carried out over a temperature range from ambient temperature to 90 °C. All
viscosity analyses were carried out utilising a Brookfield rotational viscometer; model

DV-II+ Pro as shown below in Figure 3-17.
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Figure 3-17. Brookfield rotational viscometer model DV-lI+ Pro

For all the analysis, the instrument was firstly calibrated using air via the instrument
interface. An appropriate amount of sample was measured into the sample container
depending on the spindle selected and the container returned to the instrument to
attach the spindle. Using the apparatus software RheocalcT, the required parameters

were inputted so the analysis could begin.

The analysis over a temperature range was conducted from the ambient room
temperature (~23 °C) to 90 °C to ascertain if change of temperature would implicate
the viscosity or consistency of the oil. The system software RheocalcT provided the
value of the viscosity at each given temperature with data accessible for further review
using Microsoft Excel.
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3.4.1.3.Adiabatic Bomb Calorimeter

Adiabatic bomb calorimetry is used to determine the heating value of samples by
measuring the enthalpy change between the reactants and products. Alternatively, the
value can be obtained by calculation using information from the ultimate or proximate
analysis of the feedstock [175]. The higher heating value (HHV) is the amount of heat
released from the combustion of a sample with the water that is contained within the
feedstock and generated in its combustion in a condensed state. It is of significance
because it is an indicator of oxygen content with a small HHV often associated with a
higher oxygen content. This can result in poor stability of the sample, which is
problematic when producing both fuels and chemicals. Compounds such as esters,
ketones, carboxylic acids and aldehydes are examples of oxygenated compounds that

can contribute to a reduced heating value and reduced oil stability [2] .

The working principle of an adiabatic bomb calorimeter is that the amount of heat
released from a sample is compared to the heat obtained from a standard such as
benzoic acid. When combusted benzoic acid releases heat it results in a temperature
change in an absorbing medium such as water. Using the temperature change and
specific heat capacity of the absorbing medium the heat of combustion of this
standardised material can be calculated. The instrument can then compare the
increase in temperature of a sample of unknown heating value to that of the standard

and compute its heating value [180].

The HHV of jatropha oil and bio-oil from jatropha oil conversion, was determined by
duplicate using a Parr 6100 Calorimeter shown in Figure 3-18a. For the analyses, 1.0
g to 1.5 g of the liquid samples were weighed in the crucible using a precision balance

and placed on the sample holder as shown in Figure 3-18b.

P

Figure 3-18. (a) Parr 6100 oxygen bomb calorimeter [181]; (b) sample holder and crucible
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For the analysis of liquid samples, a 20 cm long fuse wire was placed between the two
sides of the sample holder (Figure 3-18b) forming a loop of wire above the sample,
whilst taking care to not directly touch the sample or crucible. The sample holder is
placed in the bomb calorimeter vessel and screwed tightly; the vessel was filled with
oxygen using a port on the lid. The bomb calorimeter vessel was placed in a water
bucket containing 2000 g of distilled water and connected to the instrument using the

banana wire connectors shown in Figure 3-19.

Gas Relief
Banana Wires

Water O:filled

Figure 3-19. Bomb calorimeter vessel in-situ in Parr 6100 equipment

Any leaks present due to an improper seal were apparent by the formation of small
bubbles around the vessel. In the event of this, the vessel was emptied, and reloaded.
Finally, the sample weight and identification number were input in the computer’s
software, which displayed the heating value of the sample after a period of around

twenty minutes.

3.4.1.4.Gas Chromatography- Mass Spectrometry (GC-MS) Analysis

Gas-Chromatography-Mass Spectrometry (GC-MS) is a highly versatile analytical
technique used for the screening and identification of different types of compounds
allowing the separation and identification of compounds within a sample even in very
small amounts [182]. Typically, these systems are comprised of two independent parts
the Gas Chromatograph (GC) and Mass Spectrometer (MS) that are coupled and work
in succession. The GC contains a column in a temperature-controlled oven that is
designed to heat and hold the temperature as defined by the system operator. Within
the column separation of compounds occur, which can depend on factors including the

types of compounds present, the column dimensions i.e., length, diameter, and film

79



thickness. A carrier gas such as hydrogen, helium or nitrogen move the vapours down
the column with lighter compounds moving quickest until all vapours exit the column

into the MS system.

MS systems typically include an ionization chamber, analyser, and ion detector. The
molecules of the compounds are ionized and accelerated as they enter the MS. These
ions then move to a mass analyser where they are further separated determined by
their mass to charge ratio (m/z). These are detected by the mass analyser which
records a signal which is interpreted by the data system and generates the mass

spectrum. [182].

The analysis of these chromatograms can then give information about the sample
injected, it may be compared to the chromatogram of a known desired compound or
compared to a data base which can use a match factor to help determine what

compound each peak is likely to represent.

In this work, the use of GC-MS allowed the identification of the fatty acids contained
within the jatropha oil triglyceride feedstock, liquid pyrolysis products, and to identify
newly formed compounds after processing such as smaller fatty acid chains, esters,

aromatics and alcohols to name a few [183].

Jatropha oil and liquid products from the fluidised bed, were analysed using a Varian
450-GC with Varian 220-MS IT spectrometer with a Perkin Elmer Column Elite-1701
(30 m, 0.25 mm 1.D., 0.25 um film thickness). The system was set to use oven
programme of 45 °C for 2 minutes, then ramped at 5 °C min™'to 250 °C and held there
for 3 minutes. The samples were prepared for analysis using a two-step filtration
process followed by dilution with acetone. The filtration process used vacuum filtration
with a 11 um filter paper followed by syringe filtration using a 2 um PTFE filter.
The use of filtration was required to ensure that any particulates were in to help with
the preservation of column life and general equipment condition. Dilution was required
in order to reduce the concentration of the analyte in order to prevent saturation of
either the column or the detector [184]. For this reason, an initial sample size of 0.5 pl
was injected and this was then increased to 2.0 pl if the chromatogram peaks were not

sufficiently clear enough.
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3.4.2.Characterisation of solid content on fluidised bed material

It was important to determine if any solid products had formed upon the surface of the
sand i.e., char. This value was obtained either via use of thermogravimetic analsysis

as described in section 3.2.3.1 using the following methodlogy.

An ~8 mg of sand was placed in an alumina crucible (70 pL) and heated to a
temperature of 700 °C for a period of 2 hours. These conditions ensured that any
unreacted feedstocks will have been burnt off. Therefore, the only char remaining can
be calculated by the difference in mass between the start and end weight of the
sample. The value obtained from TGA analysis was compared with that obtained from
analysis of the same sample using a muffle furnace as described in the following
section 3.3.2.2.

A Muffle furnace is typically utilised in a laboratory setting due to their compact nature
and ability to create high temperature atmospheres up to 900 °C. These furnaces are
different as the heating chamber is externally heated. The walls of the furnace heat the
contents of the chamber meaning that the samples are not in direct contact with a
flame. The oven therefore heats via either conduction, convection or radiation to
ensure the sample can be uniformly heated [185]. Owing to the operating temperature
of this equipment it can be used in a similar way to Thermogravimetric analysis for the

determination of the solids content of samples.

In this work an Carbolite AAF 1100 furnace was used to determine the proportion of
solid products formed upon the silica sand from its use in the fluidised bed reactor. All
of the sand was retrieved from the reactor (~300g) and placed on a metal tray. This
was placed in the furnace at a temperature of 575 °C for a period of 24 hours. The
cooled silica sand was weighed, and the change attributed to the solid products that

had accumulated on the sand.
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3.4.3.Characterisation of gases

The main gases analysed in this work were those produced from the pyrolysis of

Jatropha oil in the fluidised bed system.

3.4.3.1. Micro gas chromatography

There are numerous types of gas analysers reported in the literature and used for the
analysis of gases from experimental systems. One such example is the Micro Gas
Chromatograph system which can provide rapid analysis of a number of complex
chemical mixtures in a matter of minutes. The principles of micro-GC are very much
like that of Gas Chromatography discussed earlier in section 3.3.1.5, with the main
difference being that different components are miniaturized. This increases portability
of the instrument, reduced power consumption and increases the speed of
analyses[186]. In this work an on-line Varian CP 4900 Micro-GC, micro gas

chromatograph with a thermal conductivity detector (TCD) with two columns (Varian

CP-5A mol sieve and CP-PortaPLOT) was used as shown in Figure 3-20 below.

. A‘Q

4(
TS

VARIAN

Figure 3-20. Varian CP 4900 Micro-GC, micro gas chromatograph with a thermal conductivity detector (TCD)
with two columns (Varian CP-5A mol sieve and CP-PortaPLOT)

The analysis of the non-condensable gases from the pyrolysis of jatropha oil was
conducted at intervals of 150 seconds. Any excess gases were vented to a fume hood.
The data was collected using the instrument computer for analysis via the use of
Microsoft excel. To ensure that gases are appropriately identified the equipment had
been calibrated prior to use using standard samples of the relevant gases.
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3.5.Summary

This Chapter 3.0 has discussed all the materials and methods utilised throughout this
research. This includes two different types of reaction systems including a CDS
Analytical 5200 Pyroprobe GCMS (Py-GCMS) unit alongside a fluidised bed fast
pyrolysis reactor (90 gh™). In each case the characterisation of the feedstocks and
products obtained from these investigations have been considered to evaluate
changes that have occurred. The following Chapters 4.0, 5.0 and 6.0 will discuss the
experimental data obtained. Firstly Chapter 4.0 will discuss results obtained from the
non- catalytic pyrolysis of oleic acid and jatropha using the Py-GCMS. This will be
followed by discussion of the catalytic pyrolysis of oleic acid and jatropha oil in the
same system. Finally, the Chapter 6.0 will discuss the implementation of the fluidised

bed fast pyrolysis system for the non-catalytic pyrolysis of jatropha oil.
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CHAPTER 4.0 PYROLYSIS OF OLEIC ACID AND JATROPHA OIL
4 1.Introduction and aims

This chapter will assess the pyrolysis of oleic acid and jatropha oil in the absence of a
catalyst at three different temperatures (400 °C, 500 °C and 600 °C). The temperature
range was selected based on several studies concerning the conversion of various
triglyceride feedstocks varying the pyrolysis temperatures between 375 °C and 650 °C
(Chapter 2.0, section 2.3.2,Table 2-7 )[2, 3, 43, 45, 109-117, 187]. The aim of these

non-catalytic pyrolysis investigations is to:

¢ Investigate the decomposition of oleic acid as a model compound for jatropha
oil via use of Pyroprobe-GCMS (Py-GCMS) allowing a less complex
assessment of decomposition pathways.

o Evaluate and assess the decomposition products from the Py-GCMS of oleic
acid and jatropha oil to identify components that affect the reaction mechanism
or kinetics for the production of aromatics.

o For both feedstocks assess the impact of differing temperatures on the yield
and distribution of aromatics including BTX as well as other major functional

groups.

These investigations were conducted using a Pyroprobe CDS 5200 system as
described earlier in section 3.3.4.1. This pyroprobe system was utilised due to several
advantages including the small sample size requirements, time taken for analysis, and
relative ease to repeat the tests at the exact same conditions. The sample size
requirements were beneficial considering the relatively high cost of pure oleic acid.
Regarding the analysis time, one pyroprobe sample can be prepared and analysed
within 2.5 hours versus 2-3 days needed for a bench scale system like the fluidised

bed reactor (see section 3.3.4.2).

Finally, the test conditions can be set in the system, allowing repeatability of the
experiments to be assessed. In terms of the feedstocks the composition of jatropha oil
is about 46 wt.% oleic acid, 31 wt.% to linoleic acid and 10 wt.% palmitic acid alongside

smaller amounts of other fatty acids as described in section 2.1.3.2, Table 2-3[3, 5-10].

Itis intended that studying the decomposition of this compound will allow the deduction
and/or prediction of the major decomposition pathways. Furthermore, it may be
indicative of the distribution and yields that might be obtained from the evaporation and
pyrolysis of jatropha oil. From the literature review of fatty acid decomposition

pathways in Chapter 2.0, section 2.3.3 three major paths appeared prominent.
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These include a very early scheme by Chang et al. 1947, in addition to pathways
suggested by Idem et al. 1996 and Schwab et al. 1998 [114, 119, 123].

In literature over the last several decades it was difficult to ascertain additional
pathways due to the sporadic nature in which information on this topic seems to appear
[121]. Furthermore, as highlighted in Chapter 2.0, section 2.3.2 difference between the
pathways are highlighted demonstrating that existing pathways are not synonymous
between authors. So, it is intended that this work will help both clarify and validate such

pathways.
4.2.Pyroprobe GC-MS

The analysis of the results includes the chromatograms from single runs as an example
at the given conditions. All graphs and tables presented utilise average values of peak
areas obtained from the duplicate runs to analyse trends observed in the data. The
peaks identified from the GC-MS coupled to the pyroprobe system were grouped into
functional groups, which allow for easier identification of the major groups of products.
These are important as when discussing decomposition pathways and the evolution of
certain types of compounds, it will be easy to highlight the increase or decrease in a
certain group of compounds. The designated functional groups and their abbreviations

maybe used throughout the discussion are shown in Table 4-1 below.
Table 4-1. Functional group abbreviations for major products of pyroprobe GC-MS

ADbDreviatio ona oup

ALI Aliphatics

AR Aromatics

UN Unknown

OxyPH Oxygenated Polyaromatic Hydrocarbons
OxyAR Oxygenated Aromatics
KET Ketones

ALD Aldehydes

ETH Ethers

AL Alcohols

EST Esters

AC Acids

PH Phenols

PAH Polyaromatic Hydrocarbons
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4.2.1.Pyrolysis of oleic acid at different temperatures

Overall, from the pyrolysis of oleic acid in the absence of a catalyst at the different
temperatures, it was observed that the major products were mostly acids alongside
small proportions of aliphatics, aromatics, esters, alcohols, and aldehydes. The high
proportion of acids was identified as a large peak. For oleic acid at 70.7 minutes in the
chromatograms(Figure 4-1, Figure 4-2, Figure 4-3). All peaks were identified using the
opensource software OpenChrom in conjunction with the NIST with the most
appropriate peaks selected using a Microsoft Excel with a macro enabled workbook
so that compounds with the highest match factors and probability could be selected.
Other peaks have been labelled and identified on the chromatograms below to provide
a visual representation of the compounds produced as some of these are later
displayed in some of the decomposition pathway (Figure 4-1 Figure 4-2 and Figure
4-3). A summary of all the peaks associated with products from the decomposition of

oleic acid in the absence of a catalyst, is shown in Table 4-2 below.
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Relative Intensity (Peak Area/mg feedstock)
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Figure 4-1. Pyrolysis of Oleic acid at 400 °C in the absence of a catalyst
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Figure 4-2. Pyrolysis of oleic acid at 500 °C in the absence of a catalyst
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Figure 4-3. Pyrolysis of oleic acid at 600 °C in the absence of a catalyst
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The most significant compounds identified in the chromatograms are summarised in
Table 4-2 below with the skeletal formula and compound name placed above each
peak where present in Figure 4-1, Figure 4-2 and Figure 4-3. The evolution of some of

these compounds is discussed later in this section in various decomposition pathways.

Table 4-2. Notable peaks from pyrolysis of oleic acid at 400 °C,500 °C and 600°C

Retention

Time Coanound Skeletal and Chemical Formulae
. ame
(min)
1.9 Cyclopropane,1-
: ethyl,2-methyl
Hexane,3-
2.5 methyl
2.6 Benzene
4.1 Toluene
6.5 P-Xylene CgHjo
CsHyg
6.9 Ethylbenzene
(0]
20.1 Nonanal /\/\/\/ CoH, 50
C,0H»o O
25.7 Decanal NN 0t
\o
C16H340
451 1-Hexadecanol
/\/\/\/\/\/\/\/OH
o Ci6H320,
64.5 Palmitic acid YWWVV\/
OH
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Retention

Time Coanound Skeletal and Chemical Formulae
. ame
(min)
9-12-
66.0 Octadecanoic
Acid

68.0 13-Octadecanal

70.7 Oleic Acid
cis-vaccenic
73.2 Acid

9-Octadecanoic
74.3 acid, methyl
ester

Considering the major peak at 70.7 minutes identified in Figure 4-1, Figure 4-2 and
Figure 4-3 is oleic acid, it is clear that this is the predominant compound present at all
three temperatures after thermal conversion as this peak has the largest peak area per
milligram of feedstock. This is undesirable, as this shows that the oleic acid feedstock
does not undergo conversion to other products at any of the temperatures in the
absence of a catalyst. This means a proportion of the oleic acid must have just

evaporated and condensed as part of the decomposition products.
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As the temperature increased from 400 °C to 500 °C, the presence of other lower
molecular weight products increased with mostly aliphatics (alkenes and alkanes), in
addition to smaller amounts of alcohols, aromatics and aldehydes. The increased
presence of these compounds at higher temperatures suggests that the decomposition
of oleic acid into other products occurs more readily at the higher temperature of
600 °C rather than the lowest temperature of 400 °C that was considered in this work.
This observation is consistent with findings reported by Kubatova et al. 2011,
Asomaning et al. 2014 and Omidghane et al. 2017 who observed an increase in the
presence of these lower molecular weight compounds as the pyrolysis temperature
was increased [27, 80, 121, 188]. Given the trends observed it could be of interest to

consider higher pyrolysis temperatures of 700 °C or 800 °C in future work.

For example, Kubatova et al. 2011, investigated the decomposition of soybean oil in a
1 L stainless steel autoclave with electric heater and stirrer at temperatures of 420 °C
and 430 °C. It was concluded in prior optimization studies including Kubatova et al.
that significant cracking of the triglyceride compounds in the oil does not occur below
420 °C [189]. This is of significance because soybean oil is typically around 25 wt.%

oleic acid, alongside around 50 wt.% linoleic acid, an isomer of oleic acid [190].

Further agreement can be found in work by Asomaning et al. 2014. In their work they
consider the decomposition of oleic acid. A 15 mL batch micro reactor was used for
the pyrolysis tests at temperatures between 350 °C and 450 °C. During the
identification of products in the pyrolysis liquids they reported that at lower
temperatures (350 °C) there was lower feedstock to product conversion, while the
conversion yielding lower molecular weight compounds was favoured at higher

temperatures (450 °C).

Finally, Omidghane et al. 2017; used a 15 mL batch microreactor heated in a fluidised
sand bath at temperatures of 390 °C, 430 °C and 450 °C for 2 hours in the absence of
any catalyst. They highlighted that a higher degree of cracking can occur at higher
temperatures up to around 420 °C after which the rate was consistent to temperatures
up to 450 °C. Omidghane et al. later stated in their study that an increase in
temperature to 430 °C resulted in the conversion of oleic acid to be near 100 %. This
statement contradicts the observation in my work that at 600 °C a large proportion of

the oleic acid feedstock is still present [80].

However, this inconsistency could be attributed to a number of factors including that
this study uses a vastly different scale system using 1 g of oleic acid versus around

the 0.4 pg used in this work. Furthermore, although both were batch systems the
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reaction time was significantly longer at 2 h in work by Omidghane et al., whilst in the
Pyroprobe GCMS the reaction time is just around 6-8 minutes depending on the

reaction temperature.

In addition to considering the presence of specific groups of compounds it is also
possible to compare the changing proportions of these compounds at different reaction
temperatures. This data is presented using the graph in Figure 4-4 below, whilst
abbreviations of the different groups of compounds are highlighted in Table 4-1 at the
start of section 4.2.

y Aliphatics
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%_ - 0.70% e 0.82% 7.99% = Aromatics
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.12 25%

g 0.12% 0.25% — 1.70% = Unknown
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: M Ketones
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g 96.11% 95.99% Aldehydes
£ 0% 82.02%
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400 °C 500 °C 600 °C

Temperature (° C)

Figure 4-4. Products from the pyrolysis of oleic acid at different temperatures (average values from

duplicated runs)

From Figure 4-4, it is observed that the most abundant functional group found for all
the temperatures is the acid group, predominately oleic acid, with small amounts of
linoleic acid. The product distribution in terms of functional groups for 400 °C and
500 °C were somewhat similar with slight variations in the proportion of acids, an
increasing proportion of aliphatics and the largest increase at the highest temperature
of 600 °C. This has previously been observed by Schwab et al. 1998, Chang et al.
1947, Alencar et al. 1983 and Idem et al. 1996, who have reported in their
decomposition pathways that unsaturated fatty acids can yield these aliphatic
compounds including alkenes and alkanes. A simplified version of the pathway from
Schwab et al., 1998; is shown in Figure 2.11,previosuly in Chapter 2.0, section 2.3.3.
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The Figure 2.11, the fatty acids yield compounds decompose forming aliphatics such
as alkenes and alkanes via pathways B and C (cracking of the fatty acid chain). The
fact that there are more of these aliphatics present at 600 °C (Figure 4-4) suggests
that oleic acid decomposes more readily at higher temperatures. This increased
formation of aliphatics has been associated with the increased cracking reactions at
the higher pyrolysis temperature. This in turn is resulting in lower molecular weight
compounds forming, such as cyclopropane, 1-ethyl-2-methyl as observed by Idem et
al., 1996. In the reported work by Idem et al., a canola oil feedstock was thermally
cracked using a down flow fixed bed reactor. The reaction runs were conducted over
a temperature range of 300 °C to 500 °C with a flow rate of 5.11 gh™' to 24.2 gh™' [123].
The statement that more lower molecular weight compounds are produced at higher
temperatures can be easily observed in this work. The chromatograms Figure 4-1,
Figure 4-2 and Figure 4-3 show the decomposition of the oleic acid at increasing
temperatures of 400 °C, 500 °C and 600 °C respectively and in each case additional

and larger peaks are identified on the far-left hand side of the chromatogram.

A further observation is the increased presence of single aromatic ring compounds
such as benzene and toluene together with other lower molecular weight compounds
as temperature was increased from 500 °C (Figure 4-2) up to 600 °C (Figure 4-3). As
this work is considering the production of aromatics, the peaks present at 2.6, 4.1, 6.5
and 6.9 minutes corresponding to benzene, toluene, p-xylene, and ethylbenzene
respectively are of great significance. In the decomposition pathway shown earlier in
Figure 2.11, it is clear that functional group of aliphatic compounds including alkenes
and alkanes, are precursors to the highly desirable aromatic compounds. Therefore,
these aromatic compounds are unobtainable unless the oleic acid decomposes to give
reasonable amounts of alkenes and alkanes. This relationship is observable from
Figure 4-4 as at 400 °C the aliphatics content is 0.7 % while the proportion of aromatics
is just 0.12 %. Whereas at 600 °C, the aliphatics content was 7.99 % and the proportion
of aromatics 1.7 %. Although this shows that as the amount of aliphatics increase so
can the amount of aromatics the maximum proportion at 600 °C this increase is still

very small. These trends are further validated by the graph below (Figure 4-5) below.
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Figure 4-5. Yields of aromatics and aliphatics from the pyrolysis of oleic acid pyrolysis at different

temperatures (average of duplicate runs, standard deviation given in error bars)

The graph in Figure 4-5 shows the peak area per mg of oleic acid at the different
temperatures for the major group’s aromatics and aliphatics. It can be observed that
as the temperature increases from 400 °C to 600 °C there is a relationship between
the aromatics content and aliphatics content with the highest yield of aromatics
occurring alongside the highest yield of aliphatics at a temperature of 600 °C. This
graph shows that significant increases in the aliphatics content are required to
implicate the yields of aromatics.

Overall, when analysing the products distribution from the non-catalytic pyrolysis of
oleic acid at the three different temperatures (400 °C, 500 °C and 600 °C), it was noted
that the most prevalent functional group was acids. Among these, the most prevalent
compound was the feedstock itself (oleic acid), meaning a relatively low decomposition
from the original sample. A slightly higher oleic acid decomposition was observed at
600 °C resulting in a lower proportion of acids and increased proportion of aliphatics.
This was possibly due to higher energy allowing the breakage of single and double
carbon bonds from its original fatty acid structure. This thermal decomposition pathway
for oleic acid shall be compared later in this Chapter 3.0 with the trends reported from

jatropha oil decomposition at the same experimental conditions.
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4.2.2.Pyrolysis of jatropha oil at different temperatures

It is anticipated that some of the trends observed in the decomposition of oleic acid will
be visible in the decomposition analysis for jatropha oil, as oleic acid accounts for
~46 wt.% of the jatropha oil composition. If this is the case, then similar trends in the
reduction of acids at the higher temperatures of 500 °C and 600 °C alongside an
increase in aliphatics content can be expected. However, in addition to the oleic acid
component consideration must be given to the two other major fatty acids linoleic and
palmitic acid as well as glycerol that contribute to the makeup of jatropha oil. Therefore,
jatropha oil decomposition might differ from oleic acid as these components might

contribute to the formation of different functional groups.

The relevant peaks from the decomposition of jatropha oil at different temperatures of
400 °C, 500 °C and 600 °C have been labelled and identified on the chromatograms
as shown in Figure 4-6, Figure 4-7 and Figure 4-8, respectively. The main peaks
associated with the jatropha oil decomposition in the absence of catalyst is

summarised in Table 4-3.
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Figure 4-6. Jatropha oil pyrolysis at 400 °C in the absence of a catalyst
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Figure 4-7.Jatropha oil pyrolysis at 500 °C in the absence of a catalyst

98



Relative Intensity (Peak Area/mg feedstock)

Cyclopropane, 1-ethyl. 2-methyl

exane 3-methyl

Benzene

@ Toluene

S
1 -Octene-3.7-dimeythl

A
Hexanal

f/\/\/\O

\©\P -Xylene
::: Ethylbenzene

MHLLJ N

4-Nonenal

Benzene Pentyl

Decanal

A °

A

N 2-Decanal
S

A

PN o e\

Nonanal o
TN TN TN

g

2 - Undecanal

\/\/\/\/\\/\\\0

. )u.h PSP ENDPY., YV A LJ -__.,\J\—ﬁ«"\w__kmh-/\.lm,_,_)i I" et

Oleic acid

F

Y\/V\/\/\/\/\/T

I\

o .,‘k_,»-h-A—M-»-—”—"“—"J

A

.

\

Linoleic Acid
P

OH

cis-vaccenic Acid

. 9 -Octadecanal

N

40 60 80 100 120 140 160 18.0 200 220 240 260 230 300 320 340 350 380 400 420 440 450 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 820 840

Figure 4-8. Jatropha oil pyrolysis at 600 °C in the absence of a catalyst
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Table 4-3. Notable peaks from pyrolysis of jatropha Oil at 400 °C,500 °C and 600 °C

Retention

Compound Name

Skeletal and Chemical Formulae

|

Time (min)
1 19 Cyclopropane, 1-ethyl,2-
i methyl CeH1»
2 2.5 Hexane-3-methyl
C7Hy6
3 2.6 Benzene
CeHg
4 3.6 1-Octene, 3,7-dimethyl- \m/\
5 4.1 Toluene
C7Hg
6 5.7 Hexanal /\/\/\O CeHof
7 6.5 P-Xylene \©\C8H10
CgHyo
8 6.9 Ethylbenzene
9 19.8 4-Nonenal /\/\/\/\/o
CoH 30
10 20.1 Nonanal /\/9{/\/0
1 20.6 Benzene-Pentyl -
INESSI(6!
C10H,00
12 25.7 Decanal w\/\
\o
OH
13 29.8 Octanoic acid m
81602
@)
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Retention
Time (min)

Compound Name Skeletal and Chemical Formulae

14 30.1 2-Decanal

15 31.7 Benzene-heptyl

17 354 2-Undecanal

18 40.0 17- Octadecenoic acid
19 451 1-Hexadecanol

20 63.7 Palmitic acid

21 65.9 9-12 Octadecanoic acid

22 69.0 trans-13-Octadecanoic acid /\/\MJ\
OH

23 70.7 Oleic Acid

101



Retention

ID . . Compound Name Skeletal and Chemical Formulae
Time (min)
24 71.2 Linoleic Acid
25 73.2 cis-vaccenic Acid
26 78.9 9-Octad | N
. sHcladecana NN

Overall, the major products from the pyrolysis of jatropha oil in the Pyroprobe CDS
5200 system in the absence of a catalyst varied depending on the process
temperature. At the lower temperatures of 400 °C and 500 °C (Figure 4-6 & Figure 4-7)
the most prevalent group of products were acids with some aldehydes, alcohols,
aliphatics and aromatics. At the higher temperature of 600 °C, although a large
proportion of acids were still present it was about half the proportion than at lower
temperatures. As for the proportion of aliphatics this was around three times higher at
600 °C than at 500 °C. This was in addition to greater fractions of major compound

groups including aromatics, aldehydes and alcohols.

The three main three fatty acids of jatropha oil composition were identified in all the
chromatograms (Figure 4-6, Figure 4-7 & Figure 4-8) at 70.7 minutes for oleic acid,
71.2 minutes for linoleic acid and 63.7 minutes for palmitic acid, for all of them. The
number of other products from the decomposition of jatropha oil, considering the
chromatograms (Figure 4-6, Figure 4-7 and Figure 4-8) and Table 4-3, is significantly
more complex than that of oleic acid. The presence of greater fractions of other
functional groups is highly desirable as this is indicative of triglyceride molecules in

jatropha oil decomposing more readily than the oleic acid compound on its own.
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This complexity was anticipated, so it is intended that data and observations from the
oleic acid decomposition can be utilised in the analysis of the decomposition of the

jatropha oil for comparison to reduce this complexity.

The most significant observation is the number of increased peaks on the left-hand
side of the chromatograms which are due to the presence of a greater number of lower
molecular weight compounds including aromatics. The increased complexity of
jatropha oil compared to oleic acid is owed to the fact that whereas oleic acid is a single
compound, jatropha oil comprises of triglyceride molecules with multiple different fatty
acid chains alongside glycerol[3]. The increased variety of products is clearly
presented in Figure 4-9 below which shows the proportions of different major groups
of compounds present.
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Figure 4-9. Product composition of jatropha oil pyrolysis at different temperatures *average values from

duplicate runs

The graph shown in Figure 4-9 clearly shows the variety of products including
aliphatics, ketones, aldehydes, alcohols, esters, and aromatics. With the largest
proportion of other functional groups besides acids present at the higher temperature
of 600 °C.

The first observation of interest is a trend similar to that was observed with oleic acid.
It appears that in the case of jatropha oil the proportion of aliphatics also increases
with temperature. At lower the lower temperature of 400 °C only 2.7 % of the peak area
is attributed to aromatics, yet at the higher temperatures of 500 °C and 600 °C this
increases to 7.1 % and a much increased 23.9 % respectively.
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This supports the earlier statement when considering the decomposition of oleic acid
that more aliphatics are obtained at the higher temperatures. A potential explanation
for this could be owed to the fact that in jatropha oil, oleic acid is the most prevalent
which is followed by linoleic and palmitic acid. Of these two other fatty acids linoleic
has 2 carbon-carbon double bonds, whereas palmitic has none. With this is mind it
could be inferred that at the lowest temperature of 400 °C the majority of the
decomposition products will come from the decomposition of palmitic acid as this
compound will more likely decompose at lower temperatures due to only having one
single bond. Then at the higher temperatures of 500°C and 600 °C the palmitic acid
would decompose even more readily. As for linoleic acid because it has two double
bonds this would require the most energy in comparison to oleic and palmitic acid, as

it is well known that double carbon bonds require more energy to break.

This is supported by a less significant reduction in acid contents at the lower
temperatures of 400 °C and 500 °C. The decrease here is just noticeable from 76.6 %
of the peak are to 74.1% of the peak area. Whereas at the higher temperature the
decrease is more drastic from 74.1 % to just 39.3 % at 600 °C. Therefore, the
substantial drop in the proportion of acids at the highest temperature of 600 °C is
suggested to be because at this highest temperature there is enough energy to break
more of the double bonds in both the oleic acid and linoleic acid than at the lower
temperatures. This would be supported by the same decomposition mechanisms for
the production of aliphatics from oleic acid. This includes the pathway suggested by
Shcwab et al. via pathways A, B and C (Figure 2.11) discussed earlier in the
decomposition of the oleic acid in addition to the mechanism from Idem et al via
pathways 1 and 4 (Figure 2.15,), as this supports the decomposition of both saturated

and unsaturated triglycerides.

In the case of the proportion of aromatic compounds this increases from a very small
0.8 % of the peak area at 400 °C up to 1.6 % at 500 °C before increasing further to 6.4
% at 600 °C (Figure 4-9). This proportion of aromatics includes compounds such as
benzene, toluene, p-xylene, and smaller amounts of ethylbenzene. The aromatics
yields are greater than those obtained from oleic acid pyrolysis on its own at 1.7 % vs
6.4 % from the pyrolysis of jatropha oil both at the highest temperature of 600 °C. This
could be attributed to the presence of additional fatty acids including linoleic and
palmitic acid which are also decomposing to form aromatic compounds. For saturated
fatty acids Chang et al., 1947 suggested that once alkanes are formed (part of the
aliphatics group) aromatic cyclization of these alkanes can yield aromatics alongside

hydrogen. However, this contradicts the pathway for saturated fatty acids proposed by
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Alencar et al 1983 whom did not discuss the presence of aromatics. There has already
been discussion suggesting that the palmitic acid decomposes at the lower
temperature owing to having no double carbon bonds. If this is the case then then at
the lower temperature of 400 °C where the palmitic acid should be breaking down,
there should be a very small proportion of aromatics as is the case with just 2.7 %

aliphatics and 0.8 % aromatics (Figure 4-9).

This in turn would mean that it is the unsaturated fatty acids oleic and linoleic acid that
are contributing most significantly towards the aromatic group of compounds at the
higher temperatures of 500 °C and 600 °C respectively. There is further evidence to
support the decomposition of linoleic acid into aliphatics compounds as shown by
Frankel et al. 1984, who proposed the following decomposition mechanism in Figure
4-10 below for linoleic acid.
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Figure 4-10. Decomposition of linoleic acid (Frankel et al 1984)[191]

In Figure 4-10 in addition to the presence of aliphatics there are also aldehyde
products. This is of significance as in addition to an increase in aromatics and aliphatics
at the higher temperature of 600 °C there is also a much larger proportion of aldehydes.
The proportion of aldehydes varies and at the lowest temperature of 400 °C is 10.5 %

of the peak area, which then drops to 2.5 % at 500 °C but increases once again at
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600 °C to 10.5 %. When comparing the chromatograms for the three different
temperatures besides the peaks of the fatty acids present one of the most significant
peaks on the chromatogram at 600 °C (Figure 4-3) was observed at around 6 minutes,
which was attributed to the aldehyde compound hexanal. The decomposition of
hexanal is reported by multiple authors [191-194]. An example of one of these

pathways from Shi et al. 1994, is shown in Figure 4-11 below:

Linoleic Acid
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9]
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CH; - (CH,)y- CH-CH-CH-CH-CHO
2-Octenal
CHO

Hexanal

Figure 4-11. Decomposition of linoleic acid (Shi et al 1994, *adapted from graphic by Jayasena et al 2013)
[192](Shi et al 1994, *adapted from graphic by Jayasena et al 2013)

Here the decomposition of linoleic acid to hexanal is the final product of both the left-
and right-hand side pathways, via left pathway (A) the linoleic acid decomposes into
13-hydroperoxy-octadecadieonic acid (HPODE) and subsequently into hexanal. Then
via the right-hand side pathway (B), 9-hydroperoxy-octadecadienoic acid is formed
followed by a succession of aldehyde compounds including 2,4-decadienal, 2-octenal
and finally hexanal. As for the It can be observed on the right pathway that further
aldehyde products such as 2,4-decadienal and 2-octenal are also produced. There are
other aldehyde compounds are similar to others identified within the chromatograms
in this work including nonanal at 20.1 minutes and decanal at 25.7 minutes in both the
pyrolysis of oleic acid and jatropha oil. Therefore, oleic acid may also contribute to the
production of some of these aldehyde compounds. This is supported by Cao et al. it
was suggested that aldehyde compound nonanal was derived from the oleic acid

compound rather than linoleic acid as shown by Figure 4-12 below [194]. .
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Figure 4-12. Decomposition of oleic and linoleic acid to aldehyde compounds[194]

This decomposition pathway in Figure 4-12 further supports hexanal being derived
from linoleic acid as suggested by Shi et al. and Frankel et al. respectively. In addition
to nonanal and hexanal being derived from linoleic acid. The pathway in Figure 4-12
also shows the product propanal but as this compound was not identified at any of the
temperatures evaluated. This suggests the latter isomer of linoleic acid (18:3n-3
linoleic acid- Figure 4-12) was perhaps not present in the jatropha oil feedstock. Owing
to the increased presence of aldehydes more so than aromatics at it appears that in
the case of the non-catalytic decomposition of jatropha oil that the pathways producing

aldehyde compounds are favoured.

This decomposition of unsaturated fatty acid into aldehydes is further supported by the
mechanism suggested by Idem et al. (Figure 2.15). In their work canola oil was used
as feedstock which shares similar major fatty acids to jatropha oil. For example, whilst
jatropha oil is typically ~46 wt.% oleic acid, canola oil has between 50-65 wt.% [195].
From the decomposition scheme for a canola oil feedstock (Figure 2.15), aldehydes
(RCHO) are considered a decomposition product via pathways 1 and 2, with these
pathways also yielding carboxylic acids (RCOOH) and carboxylate esters (RCOOR).
This is of significance as in this work, all these functional groups have been identified
from the non-catalytic pyrolysis of jatropha oil with the exception of a large proportion
of ketones at higher temperatures. However, this difference could be linked to the
different type of feedstock used in their work (canola oil) and in this work (jatropha
0il)[123]. The types of products observed by Idem et al. and in this work are also similar
to those observed by Jiang et al. 2021 whom undertook the pyrolysis of oleic acid at
300 °C, 400 °C and 500 °C using a TG-FTIR system.
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An overview of the decomposition of oleic acid compound, highlighting how its

decomposition gives rise to certain products is shown below in Figure 4-13[196].
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Figure 4-13. Degradation products of oleic acid from different parts of the fatty acid molecule [196]

In addition to the schematic in Figure 4-13, it can be noted that Jiang et al. also
observed an increase in the hydrocarbons at higher temperatures, alongside a
reduction in the acids content. As well as considering decomposition of the fatty acids
within the jatropha oil, glycerol is another compound that contributes to the composition
of this feedstock as part of the triglyceride molecules. In literature by Castello et al.
2014, focusing on the pyrolysis of glycerol concluded that glycerol’'s high thermal
stability meant that even temperature above temperature of 600 °C there was little

conversion of the feedstock even when in the presence of a catalyst[197].

This is of significance because this work has been conducted at temperatures of
400 °C, 500 °C and 600 °C. Therefore, it is unlikely that the decomposition of glycerol
has implicated the product distribution at temperatures below 600 °C. As indicated
previously in Figure 4-9 showing an overview of the proportions of major groups of
compounds present from the pyrolysis of jatropha oil, it is clear that the increased
temperature of 600 °C causes more significant changes in the distribution of the
products than the temperature increases from 400 °C to 500 °C. So perhaps that it is
at this higher temperature of 600 °C the glycerol component of the jatropha oil
feedstock is decomposing. One of the most noticeable proportion changes at the
highest temperature is the increased proportion of alcohols which contributes to 9.2 %
of the peak area at 600 °C versus just 2.8 % of the peak area at the lower temperatures
of 400 °C and 500 °C. The decomposition of glycerol into alcohols products has been

observed in various literature sources[198-201].
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The scheme in Figure 4-14 shows a range of alcohol and aldehyde products that

glycerol can produce via several decomposition pathways.
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Figure 4-14. Glycerol decomposition products, Mitrea et al. 2017 [201]

In these non-catalytic experiments with jatropha oil there were no examples of products
similar to those in Figure 4-14. This is likely attributed to the high thermal
decomposition temperature of glycerol (600 °C), which means that in this work there
has been no significant decomposition of this compound and therefore none of the
compounds shown in Figure 4-14 were observed due to the maximum investigation
temperature being 600 °C. The main alcohols peak at any of the temperatures was 1-
hexadecanol at 45.1 minutes. Owing to long hydrocarbon chain it is believed that this

alcohol compound is derived from one of the fatty acid compounds.
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4.3.Comparing decomposition pathways for oleic acid and jatropha oil

The most obvious similarity between the decomposition of oleic acid and jatropha oil
was the trend with the increasing aliphatics content due to the presence of alkene and
alkane compounds as the temperature increased from 400 °C to 600 °C. The
production of alkane and alkene compounds appear to be a shared initial
decomposition step with the most aliphatics being produced at the higher temperature
of 600 °C in the case of both feedstocks. This is associated with the enhanced
breakage of carbon-double bonds of oleic and linoleic acid at the higher reaction
temperature of 600 °C. If even higher temperatures were used then there may well be
a further increase in the proportion of aliphatics and in turn proportions of other
compounds including aromatics and aldehydes. However, it is questionable how much
a further increase in temperature will implicate the proportions of compounds as there
although there was noticeable difference between the temperatures of 400 °C and
500 °C they were fairly similar. If this were to be the case for the temperatures of
600 °C and 700 °C then increasing the temperature would provide little benefit and

would ultimately just make the process more costly.

The major difference between the two feedstocks decomposition is the number of
pyrolysis products, with jatropha oil giving rise to more owing to its increased
complexity being a mixture of triglyceride molecules rather than a singular fatty acid
compound. This included a more varied range of hydrocarbons in particular aldehydes,
esters and alcohols which were only seen in very small or negligible amounts with the
decomposition of oleic acid. It was determined that the alcohol products are most likely
from the further decomposition of one of the fatty acids within the jatropha oil such as
linoleic or palmitic acid owing to the fact that the same increase in alcohol content was
not observed with oleic acid. This was supported by the fact that the alcohol
compounds associated with the decomposition of glycerol and this was most likely due

to the high decomposition temperature of the compound.
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4.4 .Conclusions

It was possible to conclude based on experimental results concering the non-catalytic
pyrolysis of oleic acid and jatropha oil at the temperatures of 400 °C, 500 °C and
600 °C that a high proportion of the feedstock is still present as acid compounds. This
is attributed to the presence of the double bonds in the oleic and linoleic fatty acid
compounds which are difficult to break at the lower reaction conditions investigated
(400 °C & 500 °C). It was observed that as the reaction temperature increased the
proportion of aliphatic compounds increased marginally at the lower temperatures (400
°C & 500 °C) and then more significantly at the highest reaction temperature (600°C)
from accounting for 0.70 % to 0.82 % to 7.99% of the peak area at 400 °C, 500 °C and
600 °C respectively. This occurred alongside an increase in the proportion of aromatic
compounds. However, in both cases the proportion of aromatics compounds remained
small, with the maximum proportion obtained at just 6.4% of the peak area from

Jatropha oil at a temperature of 600 °C.

By considering the pyrolysis of both oleic acid and jatropha oil it was possible to
ascertain that it is highly likely a proportion of the aldehyde compounds such as
nonanal was obtained from its decomposition of oleic acid. Therefore, investigating the
decomposition of the fatty acid compound on its own has helped to establish the
decomposition pathways of Jatropha oil. With the low proportion of aromatics, it
appears that their decomposition to aliphatic and aldehyde products is favoured in the
non-catalytic decomposition of these feedstocks. In the following chapter the catalytic
decomposition of these feedstocks will be considered under the same reaction
conditions. It is anticipated that the addition of a catalyst will enhance the formation of
the higher value aromatic compounds, formed via the Diels-alder pathway which could

increase the proportion of aromatic products.
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CHAPTER 5.0 CATALYTIC DECOMPOSITION OF OLEIC ACID AND
JATROPHA OIL

5.1.Introduction and aims

This chapter will assess the pyrolysis of oleic acid and jatropha oil in the presence of
a selection of catalysts at three different temperatures (400 °C, 500 °C and 600 °C). It
is intended the pyrolysis tests will ascertain if the utilisation of differing temperatures,
in addition to using different catalysts will have an impact upon the yield and distribution
of aromatics compounds such as Benzene, Toluene and Xylenes (BTX) alongside
other products of the feedstock decomposition. As stated in Chapter 4.0 The
temperature range was selected based on a range of studies concerning the
conversion of various ftriglyceride feedstocks varying the pyrolysis temperatures
between 375 °C and 650 °C (Chapter 2.0, section 2.3.2, Table 8).

These investigations were conducted in a Pyroprobe CDS 5200 system couple to a
GCMS as described earlier in section 3.3.4.1. This Pyroprobe system was utilised due
to several advantages which were discussed earlier in Chapter 4.0 regarding the
thermal decomposition of oleic acid and jatropha oil. The small sample size of
feedstock and catalyst required for these investigations was of very useful in this work
as this meant the catalysts used for the experiments could be made in one batch with

the same being used throughout the investigations allowing for greater continuity.

It is intended this work will evaluate what effect the utilisation of the catalyst has on the
decomposition of oleic acid and jatropha oil. It is anticipated that the application of
these catalyst will allow production of higher value compounds including aromatics.
With the information obtained from this work the intention is to be able to recommend
the best combination of catalyst and process temperature for the conversion of a
jatropha oil feedstock in the bench scale fluidised bed reactor discussed in Chapter
6.0 of this work. This recommendation will be supported by a comparison of data
obtained from non-catalytic investigations in both of the Pyroprobe CDS5200 system

and fluidised bed reactor.
5.2.Catalyst characterisation

Several investigations to characterise the catalysts utilised in this work were conducted
on samples of the commercially available ZSM-5 (Si/Al 30, Alfa Aesar™) and the four
prepared Ni/ZSM-5 catalysts, 1Ni/ZZSM-5, 2Ni/ZSM-5, 5Ni/ZSM-5 and 10Ni/Ni/ZSM-5.
It is intended that information gathered from these analyses will be useful in analysis
of the catalytic decomposition results and assist with the explanation of preferred

pathways or products.
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5.2.1.Thermogravimetric analysis (TGA)

In this work fresh samples of the catalysts investigated in this work (ZSM-5, 1Ni/ZSM-
5, 2Ni/ZSM-5, 5Ni/ZSM-5 and 10Ni/ZSM-5) were assessed for their moisture content.
It was necessary to determine this parameter owing to the very small proportions of
catalyst being utilised in the pyroprobe analysis and as such small amounts of moisture

would implicate the catalyst to feed ratio.

It is known that changes in mass at given temperatures can be indicative of the loss
of certain compounds i.e., loss of moisture will be most noticeable around the
temperature of 100 °C as this is the boiling point of water. Typically, mass lost due to
the presence of moisture will firstly occur as the temperature rises to 150 °C due to the
presence of physiosorbed water, followed by secondary mass lost between 150 °C
and 250 °C due to the presence of chemisorbed water[160]. Over this temperature
range low molecular weight volatile compounds, solvents, trapped gases may also
evolve [160]. As for determining the presence of volatiles and fixed carbon content
then temperatures up to 700 °C and 950 °C maybe utilised respectively[202]. The

values obtained are surmised below in Table 5-1

Table 5-1. Catalyst moisture content

ZSM-5 3.33%
1Ni/ZSM-5 2.45%
2Ni/ZSM-5 6.45%
5Ni/lZSM-5 6.38%
10Ni/ZSM-5 6.00%

The difference in the values observed in Table 5-1 for the 1Ni/ZSM-5 and other
Ni/ZSM-5 catalysts could be attributed to the fact they were prepared and tested on
different days. This could mean that in the preparation and testing of 1Ni/ZSM-5 it was
less humid conditions or there were discrepancies in the process used to prepare the

catalyst. The ZSM-5 was commercially prepared so that was anticipated to be different.

5.2.2. N2 porosimetery

Fresh samples of the catalysts used in this work (ZSM-5, 1Ni/ZSM-5, 2Ni/ZSM-5,
5Ni/ZSM-5 and 10Ni/ZSM-5) were analysed to determine their surface area and
porous properties. The analyses were carried out in triplicate to ensure data was
repeatable. It was reported in literature that errors associated with this type of gas
adsorption analysis are related to both instrumental error as well as sample

preparation. The results can be implicated when there are variations in degassing
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conditions such as time and temperature[163]. This catalyst surface area (Sger) was
determined via the BET method in addition to the pore volume (V,) and pore diameter

(Dp) via the BJH method. The N, adsorption- desorption isotherms for the catalysts
investigated are shown below in

Figure 5-1.

Volume (cc/g)
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Figure 5-1. N, adsorption-desorption isotherms (a) ZSM-5, (b) 1Ni/ZSM-5, (c) 2Ni/ZSM-5, (d) 5Ni/ZSM-5, (e)
10Ni/ZSM-5

The five isotherms are fairly similar in terms of adsorption and also desorption with the
exception of a difference in the desorption isotherm for the 2Ni/ZSM-5 catalyst. When
considering the IUPAC (International Union of Pure and Applied Chemistry) it is

possible to identify these isotherms as a Type IV isotherm from Figure 5-2 below.

Amount adsorbed ——

Relative pressure ——»

Figure 5-2. IUPAC adsorption-desorption isotherms[203]

This isotherm type is typically associated with mesoporous materials. A further feature

of Type IV isotherms as seen in Figure 5-2 is the hysteresis loop which can present
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itself in different ways as shown by Figure 5-3 below. This is of significance as the
different shapes in this hysteresis loop are indicative of the pore size distribution and
shape of the catalyst pores[132, 140, 203].

Amount Adsorbed —»

Relative pressure —h

Figure 5-3. Hysteresis loops in type IV and type V isotherms[203]

From Figure 5-3 the hysteresis loop observed from the isotherms obtained in this work
when compared to

Figure 5-1 is quite broad and match best with the H4 hysteresis loop. This type of loop
is associated with narrow slit like pores. These results are similar to those presented
by several authors including Sakar 2012 et al., Teh et al. 2015, Hoan et al. 2019 and
Wei et al. 2020, whom all observed similar type IV isotherms with a hysteresis
loop[204-207]. The main difference in these results is the 2Ni/ZSM-5 desorption
isotherm does not seem to follow completely the same trend. At lower pressures unlike
the other catalysts there is near to no overlap in the adsorption and desorption curves.
Wei et al. 2020 suggests the overlap of these branches suggests the presence of both
microporous and mesoporous structure. As type IV isotherms are associated with
mesoporous materials it suggests that perhaps the 2Ni/ZSM-5 has different pore
structure to the other catalysts.

This can be evaluated by considering the pore diameter and pore volume values
obtained from the N physisorption analysis which are presented alongside the surface
area in Table 5-2 below. The presented values are averages of two or more data

points.
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Table 5-2. Properties of Ni/ZSM-5 catalysts

V, D, SgeT
(cclg) (nm) (m?/g)
ZSM-5 0.195 +£0.001 1.505 £0.064 383.0 +9.6
1Ni/ZSM-5 0.197 £0.012 1.528 £ 0.012 370.0 £8.7
2Ni/ZSM-5 0.234 +0.027 2.021 £ 0.011 332.2 +64.3
5Ni/ZSM-5 0.186 +0.014 1.606 £ 0.350 347.6 +21.5
10Ni/ZSM-5 0.144 +0.072 1.555 £ 0.016 317.4 £3.2

From the data presented in Table 5-2 the pore volume and pore diameter appear to
increase with Nickel loading to a point and then decrease again at higher loadings. For
both the pore volume and pore diameter maximum values are obtained from the
2Ni/ZSM-5 of 0.234 cc/g and 2.021 nm respectively. When considering pore diameter
it is of significance to note that materials 2-10 nm are considered mesoporous
materials[137]. Therefore, the earlier assumption that the 2Ni/ZSM-5 catalyst may
have larger pores due to less overlap in the adsorption and desorption isotherms was

correct.

Furthermore, it can be observed for the most part that as the nickel loading of the
catalyst is increased the surface area of the catalyst is decreasing. This is with the
exception of the value obtained for 2Ni/ZSM-5. Although, the surface area of the
2Ni/ZSM-5 catalyst is slightly lower than anticipated at 332.2 +64.3 m?/g it was only
possible to obtain 2 data points for this value and as such the standard error is fairly
significant, therefore the actual surface area of the catalyst could still follow this trend.
This would be also be supported by literature as the reduction in BET surface area of
the catalysts with increasing nickel loading was expected and has been observed by
others including Dewajani et al. 2016, Sriatun 2019 and Wei et al. 2020 [152, 207,
208]. These authors highlight that the reduction in surface area is attributed to the
distribution of the nickel metal across the ZSM-5 surface, the nickel metal is
accumulated either at the mouth of the pore or is unevenly distributed across the
surface of the ZSM-5.
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5.2.3. X-ray diffraction (XRD)

XRD analyses were carried out on fresh catalyst samples (ZSM-5, 1Ni/ZSM-5,
2Ni/ZSM-5, 5Ni/ZSM-5 & 10Ni/ZSM-5) in order to identify the crystalline phases
present. The analysis was completed using a Bruker D8 Advance diffractometer in
Bragg Brentano mode using parameters earlier defined in Chapter 3.0, experimental
methodology, section 3.3.2.3. The data obtained from the analyses by the DIFFRAC
EVA 3.0 software is presented below in Figure 5-4.
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Figure 5-4. XRD Diffraction Pattern for a) ZSM-5 b) 1Ni/ZSM-5 c) 2Ni/ZSM-5 d) 5Ni/ZSM-5 e) 10Ni/ZSM-5

The XRD pattern in Figure 5-4 shows various peaks some of which are attributed to
the ZSM-5, whilst others are associated with the differing amounts of nickel on each of
the catalysts. The main peaks associated with the ZSM-5 catalyst were visible in in the
range 23 ° to 25 ° as denoted by the asterisks. This agrees with results reported in the
literature [46, 71, 111], which also indicates that the preparation method used has not
altered the ZSM-5 zeolite’s structure. The next peaks to consider, that are of most
significance is those associated with the nickel addition. The DIFFRAC EVA database
was used to analyse the diffraction patterns to ascertain what peaks were suggested
to be associated with the nickel metal. It highlighted several peaks for both nickel and

nickel oxide in two different searches which appear as peak lists.
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The identified peaks all of which were determined to be nickel oxide. The peaks were
observed at 206 = 37.2°, 43.3°, 62.9° and 75.2°. These peaks correspond to the (111),
(200), (220) and (311) crystal faces respectively [209, 210] These peaks are shown in
closer detail in Figure 5-5a , b, c and d below. It can be observed that almost of these
peaks are fairly broad perhaps with the exception of the 37.5° and 43.3° peak for
10Ni/ZSM-5.
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Figure 5-5. XRD NiO peaks at 26, a) 37.2° b) 43.3° c) 62.9° d) 75.2°

The peaks observed in Figure 5-5 are also identified by multiple other studies who
obtained similar peaks with nickel modified catalysts [57, 117, 155, 209, 210]. From
these images (Figure 5-5 a-d) it is clear that these are broad peaks which can be
indicative of poor crystallinity [209]. It is suggested in literature that poorer crystallinity
catalysts maybe able to yield higher proportions of liquid products because that
structure maybe more accessible for larger molecules[49]. This is desirable as it was
indicated in section 2.3 that aromatic compounds including BTX are typically contained

within the liquid products.
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5.3.Catalytic decomposition using a pyroprobe GCMS

5.3.1.Introduction and aims

This section will assess the products from the pyrolysis of oleic acid and jatropha oil in
the presence of a catalyst (ZSM-5, 1Ni/ZSM-5, 2Ni/ZSM-5, 5Ni/ZSM-5 & 10Ni/ZSM-5)
at three different temperatures (400 °C, 500 °C, and 600 °C). The pyrolysis tests will
ascertain if the utilisation of different temperatures in conjunction with a catalyst has
an impact upon the yield and distribution of aromatics including BTX as well as other

major functional groups.

These investigations were conducted in a Pyroprobe CDS 5200 system as described
in section 3.3.4.1. The advantages of using this system i.e., small sample size, short
analysis time etc., were highlighted earlier in section 4.1., concerning the non-catalytic
decomposition of oleic acid and jatropha oil. In these investigations, the preparation
steps and analysis as in section 4.2 concerning the non-catalytic pyrolysis of oleic acid

and jatropha oil.

It is intended that studying the catalytic decomposition of both oleic acid and jatropha
oil will allow the deduction of the decomposition pathways, focusing on the production
of high value aromatic compounds such as benzene, toluene, and xylenes. From
literature there are some catalytic decomposition pathways of triglycerides as well as
those that consider the production of aromatics from triglycerides components i.e.,
glycerol [120]. The data obtained in these investigations will be utilised in future work
to optimise the investigations in the fast pyrolysis fluidised bed system for the
production of aromatics. This will require the selection of the catalyst and temperature

that favours the production and yield of the most desirable aromatic compounds.
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5.3.2.Catalytic pyrolysis of oleic acid at different temperatures

A variable distribution of products from the catalytic pyrolysis of oleic acid (ZSM-5,
1NI/ZSM-5, 2Ni/ZSM-5, 5Ni/ZSM-5 & 10Ni/ZSM-5), at different temperatures (400 °C,
500 °C and 600 °C) was observed. Overall, it was noted that at 400 °C for any of the
catalysts tested, the acid functional group was the major group in the products, with
between 48.4% and 69.7%. This contribution was reduced to around 26.8 % to 48.4%
by increasing the temperature to 500 °C, leading to the formation of aromatics in the
range of 33.5 % to 44.4%, for any of the catalysts tested as shown later in Figure 5-7.
Finally, at 600 °C it was observed that the predominant group of compounds was
heavily dependent upon the catalyst used. For example, in the presence of the ZSM-
5, 1Ni/ZSM-5 and 10Ni/ZSM-5, acids remained as the dominant product, whilst in the
presence of the 2Ni/ZSM-5 and 5Ni/ZSM-5, aromatics were the predominant

compound.

The predominant functional identified at all three temperatures included acids,
aliphatics and smaller amounts of alcohols which were similar to those from the non-
catalytic pyrolysis of oleic acid (Chapter 4.0, section 4.2.1). However, there was also
the addition of a much larger proportion of aromatics alongside the groups above,

although their distribution was significantly different in the presence of the catalysts.

A comparison between the GC-MS chromatograms obtained from the non-catalytic

and catalytic (ZSM-5) pyrolysis of oleic acid at 400 °C is shown below in Figure 5-6.
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Figure 5-6. Py-GCMS chromatogram for the pyrolysis of oleic acid at 400 °C: without catalyst (red); and with ZSM-5 (blue).
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From Figure 5-6 above the peaks at around 70.7 minutes are attributed to the
feedstock oleic acid as identified in the non-catalytic pyrolysis of oleic acid using
OpenChrom and NIST in Chapter 4.0, section 4.2.1. In the presence of the ZSM-5
catalyst (Figure 5-6, blue peaks) the oleic acid peak is significantly smaller than for the
non-catalytic test. About 0.1 pL were used for non-catalytic investigations, whilst
0.5 pL were used for those with a catalyst, nevertheless the larger sample still shows
a much smaller peak for the oleic acid (~70.7 min), which demonstrates the efficiency

of the ZSM-5 catalyst to break down the initial oleic acid structure into other products.

The decomposition of the oleic acid feedstock to a wider range of lower molecular
weight products is reflected in the number and intensity of the peaks on the left-hand
side of the chromatogram (Figure 5-6, blue peaks). These products include aliphatics
(cyclopropane 1-2, dimethyl (1.7 minutes), 1-petene, 3-methyl (1.9 minutes) and
aromatics (benzene (2.6 minutes), toluene (4.1 minutes), p- xylene (6.5minutes),
benzene,1 -ethyl, 4 -methyl (10.6 minutes) and mesitylene (12.2 minutes). As for peaks
on the right-hand side of the chromatogram these still make up most of the products
with oleic acid at 70.7 minutes as discussed earlier in addition to other compound such
as 6-octadecenoic acid, methyl ester at 64.6 minutes, 9-12-octadecanoic acid at 66.0
minutes and 13-octadecanal at 68.0 minutes. The increased prominence of the lower
molecular compound peaks is desirable as it indicates that the feedstock has been

broken down into more compounds due to the presence of the catalyst.

The difference in the distribution of the major products can be observed in the graphs
below at the different investigation temperatures (Figure 5-7). This shows the
proportions of the different functional groups present such as acids, aromatics,

aliphatics etc. at each of the process temperatures with each catalyst.
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From Figure 5-7, it is clear that acid compounds (red colour) are a prominent functional
group for all the pyrolysis tests. For the three temperatures tested (Figure 5-7), a major
reduction of this group of compounds is observed when adding ZSM-5 and Ni/ZSM-5
catalysts. At 400 °C (Figure 5-7a), the acids content dropped from 96.1% to 48.4% and
51.2% upon addition of ZSM-5 and 1NiZSM-5 respectively. Whilst at higher nickel
loadings (2Ni/ZSM-5, 5Ni/ZSM-5 and 10Ni/ZSM-5), the lowest proportion of acids was
64.2% with the 5Ni/ZSM-5 catalyst. At 500 °C, similar observations were made with
the presence of acids being lowest for the 1Ni/ZSM-5 catalyst (26.8%), with similar
proportions present using the 5Ni/ZSM-5 catalyst (31.1%). However, at the final
reaction temperature the proportion of acids was lowest in the presence of the

5Ni/ZSM-5 catalyst which is different to all the other reaction temperatures.

A reduction of acid compounds in the presence of catalyst was anticipated as it was
expected a catalytic cracking of oleic acid components will be favoured. When
considering the catalyst characterisation data provided in Table 5-2 it is possible that
the slightly increased pore diameters of the 1Ni/ZSM-5 and 5Ni/ZSM-5 catalysts of
1.528 nm and 1.606 nm versus 1.505 nm of the ZSM-5 have allowed these catalysts
to be more effective. This is due to a report in literature by Weber et al. 2021 suggesting
that larger pore ZSM-5 catalysts can give greater selectivity to aromatic products[211].
Although the 2Ni/ZSM-5 catalyst was identified to have the largest pore diameter at
2.021nm it also had the smallest surface area at 332.2 m?/g whilst the 1Ni/ZSM-5 and
5Ni/ZSM-5 had the increased pore diameters alongside a less significant reduction in

surface area to just 370.0 m?/g and 347.6 m?/g respectively.

In addition to the acid compounds the second most prevalent groups of compounds
were aromatics alongside smaller amounts of alcohols, polyaromatic hydrocarbons,
aldehydes and esters. Considering Figure 5-7 it can be observed at all three-reaction
temperatures there was a clear increase in the presence of aromatics when utilising a
catalyst alongside the reduction in the proportion of the acids. The highest proportion
of aromatics is obtained at 500 °C with the 1Ni/ZSM-5 catalyst. In this case the
proportion of aromatic compounds is 44.4 % and acids 26.8 % compared to 0.3 %
aromatics and 96 % acids in the absence of a catalyst. This increase in aromatic
compounds is highly desirable as it is aromatic compounds that are the focus of this
work. It is of even greater significance because BTX compounds were identified in this

group of aromatic compounds.
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The higher proportion of aromatics under these conditions (1Ni/ZSM-5 and 500 °C)
could be associated with the catalyst characteristics mentioned earlier, with the
1Ni/ZSM-5 catalyst having a slightly increased pore diameter alongside its surface
area being most similar to the parent ZSM-5 catalyst, as a higher catalyst surface area
will allow for more catalytic reactions to occur. Furthermore, the temperature of 500 °C
could be influencing the proportion of aromatics as when considering the proportions
of aliphatic compounds present in Figure 5-7b and ¢ (~9 % to ~20 %) versus those in
Figure 5-7a (~4 % to 6 %). This is of significance as it was identified that aliphatic
compounds are precursors to aromatics in the decomposition pathway that is proposed
by Schwab et al.,1998 (Chapter 4.0, section 4.2.1,Figure 2.11)[119]. Overall, this
increased proportions of aromatics suggests that the presence of the ZSM-5 or
Ni/ZSM-5 is favouring the decomposition of the fatty acids to these compounds via this

pathway.

In addition to the proportions of aromatics compounds present it is also important to
consider their yield (peak area per mg of feedstock). As although they may contribute
the most to the overall composition it doesn’t convey which catalyst and temperature
combination may provide the highest yield of aromatics but rather the selectivity
towards different groups of compounds. Therefore, the yields (peak area per mg of
feedstock) of the groups that are of most significance including the acids, aliphatics

and aromatics are presented in Figure 5-8 below.

It can be observed in Figure 5-8 that the aromatics content is highest at a temperature
of 500 °C, the same temperature at which the highest proportion of aromatics was also
obtained. The fact that aromatics yields were typically highest at this temperature
irrespective of the catalyst utilised suggests that this temperature is preferable for the

formation of aromatic compounds.
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Figure 5-8. Yield of major compound groups in the catalytic pyrolysis of oleic acid (average values from duplicate runs)
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The preference to temperatures of 500 °C for the production of aromatics is likely
associated with the fact literature suggests pyrolysis of triglycerides at temperatures of
400 °C to 500 °C results in cracking with the formation of short chain hydrocarbons
[103]. Itis these short chain hydrocarbons that are initial decomposition products which
is observed in the decomposition mechanism Figure 5-9 below forming aromatics as
well as that by Schwab et al. in the non-catalytic decomposition of oleic acid(Chapter
4.0, section 4.2.1, Figure 4.5)[119].

Furthermore, according to Fréty et al. 2014 at temperatures of 400 °C to 500 °C
hydrocarbons are able to reduce nickel oxide to metallic nickel, which may also have
a role in the formation of aromatic compounds[117]. The presence of nickel is reported
in literature to promote the conversion of oxygenated and nitrogen compounds to
aliphatics and aromatics. Its presence is believed to favour the production of carbon
dioxide and reduce presence of water so that more hydrogen can be incorporated into
the products[212]. Therefore, as the cracking and reduction of the nickel occur in the
same temperature range it is possible that it is the combination of these two factors

that are giving the improved yields of aromatics at the temperature of 500 °C.

The preference to this pathway in the catalytic decomposition of oleic acid is supported
by the fact that the proportions of the other groups of compounds such as alcohols,
aldehydes and polyaromatic hydrocarbons have not increased in the same way and
remain in similar proportions to investigations that did not utilise a catalyst.
Furthermore, the evolution of aromatics specifically from the decomposition of oleic
acid with ZSM-5 catalyst can be further supported by Benson et al., 2008. Benson et
al. proposed the decomposition in Figure 5-9 for the conversion of oleic acid to
aromatic compounds in the presence of a H-ZSM-5 catalyst at 400 °C using a Quatra
C reaction device with GC-TCD and MS.
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Figure 5-9. Decomposition of oleic acid to aromatics in the presence of H-ZSM-5 catalyst, Benson et al.
2008[213]

Other studies in addition to Benson et al. that considered the decomposition of oleic
acid or feedstocks that contained oleic acid also observed several compounds from
Figure 5-9 [214, 215]. The compounds benzene, toluene, xylenes in addition to other
benzene derivatives have been identified in this work. Although Benson et al. observed
other aromatic compounds such as naphthalene, m-xylene and mesitylene which were
not identified in this work differences in product composition could be attributed to
factors including different types of reactor system, different scale systems, or the

catalyst preparation methods.

In Figure 5-8 the catalyst with the highest peak area contributing towards aromatic
compounds was the 1Ni/ZSM- catalyst at a temperature of 500 °C, the same conditions
and catalyst that was also identified to have the highest proportion of aromatics. With
the more highly weighted nickel catalysts (2Ni/ZSM-5, 5Ni/ZSM-5 and 10Ni/ZSM-5) all
having a lower yield of aromatics at any of the reaction temperatures. The second
highest peak area was associated with the unmodified ZSM-5 catalyst at the same

temperature.
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This suggests that the addition of nickel may only be enhancing the decomposition of
the oleic acid to aromatic products when present in smaller amounts. However, this is
desirable as the lower the amount of nickel the less costly it is to manufacture the

catalyst at same time it is potentially increasing the value of the products.

In terms of the aromatic compounds themselves, those of interest include the benzene,
toluene, and xylenes due to being high value compounds. The presence of these
compounds alongside ethylbenzene in addition to other benzene derivatives were
identified in all of the catalytic runs at all three reaction temperatures. In addition to the
yields or these aromatics shown in Figure 5-8, it is of importance to consider what
proportions of these aromatic compounds are present as some have more uses than

others and therefore of even higher value.

For example considering Chapter 2.0, section 2.3.1 evaluating the significance of
aromatic compounds it is highlighted in Figure 2.9 that when it comes to toluene, 28 %
of it is used to make benzene and 30 % of it used to make xylenes, suggesting that
these two other chemicals have more value than toluene[108]. Although Toluene may
have fewer uses the fact that it can be used in the manufacture of some of the other
high value products may mean that the product is more versatile. In order to compare
the effect of temperature and the use of different catalysts on the presence of different
high value compounds the graphs (Figure 5-10, Figure 5-11 and Figure 5-12) below
show what proportion of benzene, toluene, ethylbenzene, xylenes (BTEX) and other

aromatics are present in each run.
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Figure 5-10. Proportions of aromatics from pyrolysis of oleic acid at 400 °C
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Figure 5-12. Proportions of aromatics from pyrolysis of oleic acid at 600 °C

From Figure 5-10, Figure 5-11 and Figure 5-12 multiple observations and comparisons
can be considered about the effect of the temperature and different weighted nickel
ZSM-5 catalyst on the proportions of the BTEX present and the overall proportion of
aromatics yielded. It is known that the BTEX aromatic compounds can easily diffuse
through the pores of the ZSM-5 catalyst and show shape selectivity a catalyst
phenomenon described in Chapter 2.0, section 2.3.3.3. The shape selectivity of
catalyst can be related to catalyst characteristics such as the pore diameter as if this
is reduced it can mean that certain compounds can make it more difficult for the

compounds to diffuse through the pores of the catalyst as easily or at all [1, 216].
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The pore diameter for the catalysts used in this work was reported in section 5.2.2,
Table 5-2. A slight increase in pore diameter was observed between the ZSM-5 and
the 2Ni/ZSM-5 catalyst from 1.505 £0.064 nm to 2.021 + 0.011 nm, although values
were also marginally higher for the other Ni/ZSM-5 catalysts (1/Ni/ZSM-5, 2Ni/ZSM-5
and 10Ni/ZSM-5) the increases there were deemed negligible. Alongside the
increased pore diameter an increase in pore volume was observed from 0.195 +0.001
cc/g (ZSM-5) versus 0.234 +0.027 cc/g(2Ni/ZSM-5). This was in conjunction with a
reduced surface area of 332.0 + 64.3 m?/g down from 383.0 +9.6 m?/g for the 2Ni/ZSM-
5 and ZSM-5 catalysts respectively. This reduction was associated with deposition of
the Nickel at the mouth of pores of the catalyst reducing its overall surface area
(section 5.2.2). These changes in catalyst characteristics could be associated with the
drop in yields of aromatics from the 2Ni/ZSM-5 catalyst as at 400 °C and 500 °C at just
17.0 % and 33.5 % respectively.

However, the same trend was not observed at the highest temperature of 600 °C where
the aromatics yields for the ZSM-5, 1Ni/ZSM-5 and 2Ni/ZSM-5 are all fairly similar at
32.3 %, 35.35 % and 37.0 % respectively. This could perhaps be due to that fact that
at the highest temperature of 600 °C more reactions are promoting the formation of

coke which is known to cause issues with deactivation of catalysts like ZSM-5[217].

Overall, it was determined that aromatic compounds including BTEX can be obtained
from the catalytic pyrolysis of oleic acid. It was concluded that the presence of the
ZSM-5 catalyst increased the presence of the aromatic compounds due to a greater
catalytic decomposition of the oleic acid from aliphatics to aromatics as shown by the
pathway in Figure 2.11. It is possible that small amounts were produced by thermal
cracking also or that the thermal cracking of the oil and producing aliphatics contributed
towards producing some of the aromatic compounds. It was determined that a
temperature of 500 °C was most favourable for yielding aromatic compounds with the
1Ni/ZSM-5 catalyst with a proportion of 44.4 % aromatics. However, similar proportions
were also obtained of 44.0 % also at the temperature of 500 °C and with the ZSM-5
catalyst. Therefore, although the presence of Nickel may have influence on the
production of aromatic compounds it was observed from Figure 5-11 that more xylenes
are produced from the ZSM-5 catalyst alone at 500 °C so in this processes application
it will be important to decide if whether a higher presence of a specific aromatic

compound or overall presence of aromatics is desired.
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5.3.3.Catalytic pyrolysis of jatropha oil at different temperatures

The decomposition products of jatropha oil in the presence of different catalysts (ZSM-
5, 1Ni/ZSM-5, 2Ni/ZSM-5, 5Ni/ZSM-5 & 10Ni/ZSM-5), and at different temperatures
(400 °C, 500 °C and 600 °C) were variable. The groups were identical to the major
functional groups that were identified in the non-catalytic pyrolysis of jatropha in
Chapter 4.0, section 4.2.2., although their distribution appears significantly different in
the presence of the catalysts. At all 3 temperatures in the presence of the catalysts,
aromatic compounds were the most prevalent contributing between 51.5 % to 80.0 %
of the total peak area. In each case other groups of compounds were also present
including acids and smaller amounts of aliphatics, polyaromatic hydrocarbons and
alcohols. In Figure 5-13 below the chromatograms for the decomposition of jatropha
oil in the absence of a catalyst at the lowest temperature of 400 °C, alongside its
decomposition at the same temperature in the presence of the commercially available

ZSM-5 zeolite catalyst can be compared.
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Similarly, to the catalytic decomposition of oleic acid as seen in section 5.3.1, Figure
5-6, there is an increased presence and intensity of peaks from numerous lower
molecular weight products on the left-hand side of the blue chromatogram observed in
Figure 5-13 . This observation indicates that the catalytic decomposition of jatropha oil
is affected by the addition of the ZSM-5 catalyst. Furthermore, the peaks on the blue
catalytic chromatogram at 64.5 minutes, 70.7 minutes and 71.2 minutes that are
attributed to palmitic, oleic and linoleic acid respectively are significantly smaller than
the same peak from the red non-catalytic chromatogram. This once again is despite
the difference in sample size for catalytic and non-catalytic experiments, as just 0.1 L
were used for non-catalytic investigations, whilst 0.5 yL were used for those with a
catalyst. Although an increase in the number of lower molecular weight products was
observed in the non-catalytic investigations their presence here with the ZSM-5
catalyst is vastly more prominent with the blue peaks in Figure 5-13 being larger and
more frequent. The proportion of acid compounds alone at 400 °C (mostly attributed
to the major fatty acids oleic, linoleic, and palmitic acid) dropped from 76.6 % of the
peak area when pyrolyzed in the absence of a catalyst to 10.5% of the peak area with
the ZSM-5 catalyst. This can be observed below in Figure 5-14a alongside additional
graphs showing the distribution of the products present from the catalytic pyrolysis of
jatropha oil at 400 °C, 500 °C and 600 °C.
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Figure 5-14. Functional groups products from the pyrolysis of jatropha oil with and without catalysts at: (a) 400 °C; (b) 500 °C; (c) 600 °C
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It can be observed from Figure 5-14a that the reduction in the proportion of acids is
most significant in the presence of the 1Ni/ZSM-5 and 2Ni/ZSM-5 catalysts unlike oleic
acid where the proportion of acids were lowest with the ZSM-5 catalyst. The major
catalytic products were aromatics alongside some aliphatics in addition to small
amounts of polyaromatics and aldehydes. The implication of utilising a catalyst on the
distribution of products at different reaction temperature was also considered with the
product distribution for at 500 °C and 600 °C shown in Figure 5-14b and Figure 5-14c.

When considering the above data from Figure 5-14a-c together it is apparent that in
the presence of the catalysts, (ZSM-5 and differently weighted Ni/ZSM-5) aromatics
form the majority of the products. The highest proportions of aromatics at 76.1 %,
75.8% and 75.5% were obtained at 500 °C with a 1Ni/ZSM-5 catalyst and then 400 °C
with the ZSM-5 and 1Ni/ZSM-5 catalyst respectively. Similarly, the highest proportion
of aromatics at 44.4% from the catalytic decomposition of oleic acid was also obtained
at 500 °C with the 1Ni/ZSM-5. This is different to the non-catalytic experiments where

the highest aromatics yields were obtained at the highest temperature of 600 °C.

As with the catalytic decomposition of oleic acid BTX compounds were also identified
in the catalytic pyrolysis of jatropha oil in varying proportions. It is dependent on the
temperature and catalyst utilised but the presence of aromatics and BTX in the
products is greater than that of any of the catalytic decomposition of oleic acid
investigations. In Chapter 4.0, section 4.2.2 in addition to the decomposition of the fatty
acid components the decomposition of glycerol was also discussed. Glycerol is
present in triglyceride molecules with its decomposition to aromatics being covered in
various resources. There are several examples of different pathways of significance
including those by Mitrea 2017 et al. as well as several reviewed by Zakira et al. 2013
which include those by Corma et al. 2008 and Hoang et al. 2007[120, 198, 201, 218].
The pathway by Hoang et al. 2007 (Figure 2.12) shows the decomposition of glycerol
to C6+ aromatics in the presence of a ZSM-5 catalyst similar to the one utilised in this
work, although reactions were conducted under different conditions (300 °C- 400 °C &
2.1MPa).

Similary, it can be observed from the pathway by Corma et al. 2008 shown below in
Figure 5-15, that aromatics alongside other groups of compounds such as alcohols
were also considered a decomposistion product. In this work glycerol was converted
at temperatures of 500 °C to 700 °C in the presence of an Nz flow in a micro activity
reactor[198].
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Figure 5-15. Decomposition of glycerol, Corma et al. 2008 [198]

In either the case of Hoang et al. or Corma et al. the first steps in both pathways are
similar with C3 oxygenates by Hoang et al. referring to Cs aldehydes and alcohols
agreeing with the work by Corma et al. These decomposition mechanisms (Figure
2.12and Figure 5-15) demonstrate how the glycerol maybe contributing to the much
higher aromatics content alongside the fatty acid compounds such as oleic acid,
linoleic acid, and palmitic acid. Whilst the fatty acids within jatropha oil could use similar
pathways to those discussed in section 5.3.2 including the pathway by Benson et al.
as shown in. Further mechanisms that consider the decomposition of fatty acids such
as linoleic or palmitic acid in the presence of ZSM-5 catalysts include the below
mechanism proposed in Figure 5-16 by Fischer et al. 2015, considering the

decomposition of palmitic acid to aromatic compounds[215].
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Figure 5-16. Decomposition of palmitic acid to aromatic compounds, (1A) decarboxylation, (1B)
decarbonylation, (1C) ammonia substitution, (2A) thermal cracking, (2B) amine pyrolysis, (3) catalytic

cracking, (4) oligomerization, cyclization, and aromatization, Fisher et al. 2015[215]

Similar work to Fischer et al. concerning the decomposition of palmitic acid in the
presence of ZSM-5 has been carried out by Shi et al. 2017, whom suggested that the
ZSM-5 catalyst favoured the decarbonylation pathway as shown in Figure 5-16.Here
path 1B gives rise to carbon monoxide and water and then hydrocarbon product 1-

pentadecene whilst decarboxylation gives rise to pentadecane.

These two aliphatic compounds were not identified in the catalytic pyrolysis of jatropha
oil in this work. However, this could just mean that all they were converted to aromatics
as they are the precursor to the aromatic compounds when considering the pathway
in Figure 5-16. The evolution of aliphatic compounds is of significance because this is
the second largest group of compounds present in from the catalytic decomposition of
jatropha oil as observed in the graphs shown in Figure 5-14a-c. In Chapter 4.0, section
4.2.2 it was identified in the non-catalytic pyrolysis of jatropha oil these aliphatic
compounds are precursors to aromatics. The aliphatic compound in the absence of a

catalyst were identified as thermal decomposition products of the fatty acid compounds
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in pathways by authors including Schwab et al., Idem et al. and Frankel et al. (Chapter
4.0, Figure 4.5, Figure 4.11, and Figure 4.12)[119, 123, 191].

Whilst in the presence of a catalyst these compounds can evolve as a result of thermal
or catalytic cracking. A primary example of this is the pathway above in Figure 5-16
showing the decomposition of palmitic acid where the initial decomposition products
which are aliphatics are formed using thermal cracking but then go onto form aromatics
in the presence of a catalyst. This means when the proportion of acids are low it is
expected more aliphatics and in turn more aromatics maybe produced. The yields of
each of these groups of compounds present from the catalytic decomposition of
jatropha oil are presented in the graph Figure 5-17 using the same format utilised

earlier for oleic acid in Figure 5-8 in section 5.3.1.

It can be observed from Figure 5-17 below that the catalyst with the highest peak area
contributing towards aromatic compounds was the 1Ni/ZSM- catalyst at a temperature
of 500 °C, the same conditions and catalyst that was also identified to have the highest
proportion of aromatics at 76.1% of the peak area in Figure 5-11. With the more highly
weighted nickel catalysts (2Ni/ZSM-5, 5Ni/ZSM-5 and 10Ni/ZSM-5) all having a lower
yield of aromatics at any of the reaction temperatures. The second highest peak area

was associated with the unmodified ZSM-5 catalyst at the same temperature.

This suggests that the addition of nickel may be enhancing the decomposition of the
jatropha oil to aromatic products when present in smaller amounts. The observations
from Figure 5-17 regarding the yields of aromatics from the catalytic decomposition of
jatropha oil are identical to those deduced from Figure 5-8 considering the catalytic
decomposition of oleic acid in section 5.3.1. Such similarities in the decomposition of
jatropha oil to oleic acid were anticipated owing to the fact that the oil is ~46 wt.% oleic

acid and the second major compound linoleic acid is also a similar compound.
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In addition to the yields of aromatics shown above in Figure 5-17, consideration should

also be given to the types of aromatic compound present. This is because of the fact

that it is the higher value aromatic compound BTX that are of most significance in this

work. The proportions of these aromatic compound alongside the overall proportion of

the peak area they cover are presented in the graphs Figure 5-18, Figure 5-19 and

Figure 5-20 below.
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Figure 5-20. Proportions of aromatics from pyrolysis of jatropha oil at 600 °C

From Figure 5-18, Figure 5-19 and Figure 5-20 multiple observations and comparisons
can be considered about the effect of the temperature and different weighted nickel
ZSM-5 catalyst on the proportions of the BTEX present and the overall proportion of
aromatics yielded. It was mentioned earlier in section 5.3.1 how the characteristics of
the different catalysts may implicate the presence of different aromatics. The overall
yields of aromatics for Jatropha oil with the highest still at a temperature of 500 °C and
in the presence of a 1 Ni/ZSM-5 at 76.1%, the cumulative proportion of BTEX was

similar to that of the other catalysts at the same temperature.

Similar proportions of aromatics at 75.8 %, just 0.3 % less were obtained using the
same catalyst but a temperature of 100 °C less. This is of significance as the BTEX
products are also present in similar distributions which means it could be possible to
achieve similar results at the lower temperature. In general, lower process
temperatures are desirable as they make them more economically viable as less power
is required. However, in this case the yield of the aromatics at this temperature is
significantly lower when you compare 1Ni/ZSM-5 aromatics at 400 °C and 500 °C in
Figure 5-17.

Overall, it was determined that aromatic compounds including BTEX can be obtained
from the catalytic pyrolysis of jatropha oil. The presence of the ZSM-5 catalyst as seen
in the case of the oleic acid increases the presence of the aromatic compounds due to
the catalytic decomposition of the fatty acids and in the case of jatropha oil perhaps
also the glycerol that is part of the triglyceride molecules.
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It has been concluded the aromatics present were obtained via the decomposition
pathways shown in Figure 2.12, Figure 5-15 and Figure 5-16 respectively. In addition
to obtaining these compounds from catalytic decomposition it is also feasible that small
amounts of aromatics along with the other groups of compounds present were
produced by thermal cracking utilising the pathways discussed in Chapter 4.0, by
Schwab et al and Idem et al (Figure 2.11, Figure 2.15). It was determined that a
temperature of 500 °C, with the 1Ni/ZSM-5 catalyst was most favourable to achieve

both the highest yield (Figure 5-17) and proportion of aromatics (76.1 %,Figure 5-14).
5.4. Comparing catalytic decomposition of oleic acid and jatropha oil

The most obvious similarity between the catalytic decomposition of oleic acid and
jatropha oil was the increased presence of aromatic compounds and reduction in acids
with the ZSM-5 and Ni/ZSM-5 catalysts present. It is apparent that the increase in
aromatics seen in the products from the conversion of jatropha oil is a lot more than
that from oleic acid. The maximum proportion of aromatics obtained from oleic acid
was just 44.4 % with the 1Ni/ZSM-5 catalyst at a temperature of 500 °C, whilst
proportions of 76.1 % were achieved from the conversion of jatropha oil with the same
catalyst and temperature. Such difference in the increased presence of aromatics from
jatropha oil compared to oleic acid is potentially attributed to the other components in
jatropha oil such as glycerol as well as other fatty acids such as linoleic and palmitic
acid. The decomposition of these components could have contributed more to the
formation of aromatics due to the fact that they could have assisted in the production
of aromatics via either catalytic or thermal decomposition mechanisms discussed in
this chapter. The jatropha oil components would have undergone catalytic
decomposition via the pathways Figure 5-9,Figure 2.12 ,Figure 5-15 and Figure 5-16.
In addition, the fatty acids could decompose via thermal pathways discussed in
Chapter 2.0 such as Figure 2.11 and Figure 2.15 with the initial decomposition such
as aliphatics and then follow the catalytic pathways to form aromatics more readily.
This would make sense as aliphatics were identified as precursors to aromatic

compounds in Chapter 4.0.

In terms of differences between the products from the catalytic pyrolysis of oleic acid
and jatropha oil small proportions of alcohols (2 % to 5 %,Figure 5-7) had been
observed from oleic acid at all temperatures whilst the proportions from jatropha oil

were closer to negligible (0.5 % to 2 %,Figure 5-14).
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Given that the polyaromatic hydrocarbons would have been formed using similar paths
to the aromatics it makes sense that in the case of jatropha oil where there is a more
significant presence of aromatics there is also a more significant presence of
polyaromatics. It is possible that the production of these polyaromatics can be
associated with the lower alcohol content from jatropha oil pyrolysis in the presence of
a catalyst. This is supported by the decomposition pathway in Figure 5-15 which shows

alcohols are a precursor to aromatics in the decomposition of glycerol.
5.5.Conclusions

It was possible to conclude from the catalytic pyrolysis of oleic acid and jatropha oil at
the temperatures of 400 °C, 500 °C and 600 °C that in the presence of a catalyst the
proportion of aromatics is substantially increased, and acids decreased. For oleic acid
the proportion of acids dropped from a range of 96.0 % to 82.0 % in the absence of a
catalyst to 69.7 % to 23.7 % in the presence of ZSM-5 and Ni/ZSM-5 catalysts (Figure
5-7). Whilst the aromatics content rose from within the range of 0.1 % to 1.7 % to 17.0
% to a maximum of 44.4 % which was achieved at a temperature of 500 °C, with the
1Ni/ZSM-5 catalyst (Figure 5-7). At this maximum aromatic proportion, the compound
benzene, toluene, xylenes, and ethylbenzene were identified to account for 11 %, 27
%,17 % and 8 % of the total aromatic compounds present whilst the remaining 37
% were defined as other aromatics (Figure 5-11). As for jatropha oil the proportion of
acids dropped from a range of 76.6 % to 39.3 % in the absence of a catalyst, to 14.4
% to 1.0 % in the presence of ZSM-5 and Ni/ZSM-5 catalysts (Figure 5-14). Whilst the
aromatic content rose from within a range of 0.8 % to 6.4 % to 51.5 % to a maximum
of 76.1 % which was achieved at 500 °C with the 1Ni/ZSM-5 the same as with oleic
acid. At this maximum proportion, the compounds benzene, toluene, ethylbenzene,
and xylene were identified to account for 10.9 %, 26.6 %, 4.2 % and 27.1 % of the total
aromatic compounds present whilst the remaining 31.3 % was defined as other

aromatics (Figure 5-19).

With both feedstocks (oleic acid and jatropha oil) the yield and proportion of aromatics
was highest in the presence of the 1Ni/ZSM-5 catalyst (oleic acid- Figure 5-8 and
Figure 5-11, jatropha oil- Figure 5-17 and Figure 5-19). The proportion of aromatics
was 6% greater than using the ZSM-5 catalyst in the case of jatropha oil. This is of
significance as such as increase for a small addition of nickel is of great benefit. The
small increase in the presence of the 1Ni/ZSM-5 catalyst was attributed to its slightly
larger pore volume and diameter established as part of the catalyst characterisation

summarised in Table 5-2.
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Overall, looking back to Chapter 2.0, section 2.4 where the research objectives were
discussed it is possible to state that from the data presented in this chapter that BTX
compounds are obtainable from the catalytic Py-GCMS of jatropha oil and that the
utilisation of the 1Ni/ZSM-5 at a temperature of 500 °C provides the highest yield and
proportion of aromatic products. A lower Nickel loading gives the slight increase in
aromatics due to higher pore diameter and volume whilst almost maintaining the
surface area of its parent ZSM-5 catalyst. The use of the oleic acid feedstock in
conjunction with the jatropha oil has helped highlight different pathways and that
aromatics and other compounds present in the jatropha oil will come from other

compounds within the oil including the other fatty acids and glycerol.
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CHAPTER 6.0 FLUIDISED BED FAST PYROLYSIS OF JATROPHA OIL
6.1.Introduction and aims

This chapter will consider the investigations completed for the thermal conversion of
jatropha oil using the fluidised bed fast pyrolysis reactor system as described in section
3.34.2.

A process flow diagram of the fluidised bed reactor for the pyrolysis of inedible
vegetable oils is provided in Chapter 3.0, section 3.3.4.2. These two process flow
diagrams show the changes implemented to make the system more effective and
reliable. The system was re-commissioned from a reactor previously used for the
pyrolysis of solid feedstocks. A summary of the operational and design parameters
used for the fluidised bed fast pyrolysis investigations is summarised in Table 6-1.
These include values utilised to calculate parameters such as the fluidisation velocity,

with complete calculations available in Chapter 8.0, Appendix Two.

Table 6-1. Summary of fluidised bed fast pyrolysis reactor parameters

Parameter Value
Feed Rate 90 gh!
Reactor Diameter 6.69 cm
Reactor Height 35.1 cm
Average sand particle size 300 um
Mass of Sand 300 g
Minimum fluidisation velocity at operating temperature 4.47 L min-!
Nitrogen Pre- heater temperature 500 °C
Furnace temperature 470 °C
Heating Tape temperatures (Top, Bottom) 520 °C, 450 °C
Chiller Temperature -4 °C
Overall Reactor Operating Temperature 450 °C

The purpose of these investigations was to ascertain if it was possible to undertake
fluidised bed pyrolysis of a liquid triglyceride feedstock. The selection of reactor type
was novel because no prior literature indicated this type of continuous reactor had
been used to process this type of feedstock either thermally or catalytically.

Furthermore, it was intended to analyse the effect of thermal processing on jatropha
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oil feedstock and determine if it yielded similar results to those from the Pyroprobe
GCMS investigations. This would allow clarification if similar decomposition products
could be observed from both systems and determine how representative is the data
obtained from the Pyroprobe GCMS investigations. It is highly beneficial to understand
how similar data obtained from the reactor is to that of the pyroprobe because of the
massively reduced time for the preparation and running of a Pyroprobe GCMS sample

versus a couple of days for investigation in the fluidised bed fast pyrolysis reactor.
6.2.Feedstock characterisation

This section covers the characterisation of the fresh jatropha oil feedstock utilised in
the fluidised bed fast pyrolysis reactor. The relevant results for the feedstock’s heating
value, viscosity, fatty acid composition and water content are presented in sections
6.3.1 t0 6.3.4 below. The use of elemental analysis to investigate the CHNOS content,
in addition to thermogravimetric analysis to assess the feedstock’s thermal behaviour,
was considered but was not possible due to a combination of equipment availability
and concerns about potential damage to the analysis equipment. However, the data
collected from these analyses will be compared against liquid product characteristics

from the fluidised bed fast pyrolysis investigations to assess the changes.

6.2.1.Heating value

The higher heating value of fresh jatropha oil was obtained in duplicate using the Parr
6100 Calorimeter as per the method described in Chapter 3.0, section 3.3.1.3. The
values obtained were duplicated, giving an average value of 39.73 MJ/kg + 0.19.
Compared to literature, this is within the range of 37.46 MJ/kg - 46.91 MJ/kg suggested
by various sources [45, 47, 48, 65, 70, 71]. Furthermore, the values are similar to those
obtained by Omran 2017 (39.74, 39.47 and 39.18 MJ/kg), who used the same
equipment to determine the higher heating value of jatropha oil from the same source
[219].

6.2.2.Viscosity

The viscosity of jatropha oil was assessed using a Brookfield rotational viscometer;
model DV-II+ Pro. The oil's viscosity was first assessed at room temperature and then
from room temperature to 90 °C. The full methodology is explained within Chapter 3.0,
section 3.3.1.2.
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The viscosity of jatropha oil at room temperature (22.3 °C) was reasonably consistent
56.4 mPa.s, similar to the value of 55 mPa.s found in the literature[63]. Owing to the

need to pump the oil, low viscosity and consistency are preferable for the feedstock.

To assess if there could be any implications on the viscosity when being heated, the
change in its viscosity was monitored from room temperature to 90 °C. At the increased
temperature, the viscosity of the jatropha oil reduced from 52.40 mPa.s and 56.92
mPa.s to 8.17 mPa.s and 8.10 mPa.s in Run 1 and Run 2, respectively. This makes
the viscosity seven times lower at temperatures near 90 °C than that at room
temperature. Although the reactor's operating temperature is significantly higher than
this (450 °C), the reduction in viscosity is preferable as it means that the oil is unlikely

to cause a blockage in the pump or reactor inlet when heated.

6.2.3.Fatty acid composition via GCMS

The fatty acid composition of jatropha oil was determined via GC-MS as per the
method denoted in Chapter 3.0, section 3.3.1.5, which included the filtration and
dilution of the jatropha oil sample. However, the chromatogram was not clear enough
using a dilution of 3 parts acetone to 1-part jatropha oil, so this ratio was reduced to
2:1, with the analysis being duplicated to ensure consistency. The chromatogram for
acetone: jatropha (2:1) is shown below in Figure 6-1 shows a closer view of the peaks
of interest (X, Y, and Z), corresponding to palmitic acid, oleic acid, and linoleic acid,

respectively.
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Figure 6-1. GCMS chromatogram of acetone with jatropha oil and peak identification (2:1)
The analysis of the chromatograms was completed using NIST and OpenChrom
alongside considering the fatty acid composition of jatropha oil as discussed in Chapter
2.0, section 3.3.1.5. A summary of the relevant peaks identified from the chromatogram

in Figure 6-1 is presented below in Table 6-2.
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Table 6-2. Fatty acids identified in GCMS of jatropha oil

Peak Time Identified Compound Formula
min
X 37.2 n-Hexadecenoic acid HOW
(Palmitic Acid) :
v 411 9-Octadecenoic Acid
HO /
Z 41.2 9,12-Octadecenoic Acid
HO. /
(e]

From the literature, it was expected that these fatty acids would be identified as they
make up the most significant proportion of jatropha oil (~87.3%) [3, 6, 8]. Although
these results are quantitative, the area of the peak on the chromatogram is indicative
of the abundance of each compound. The first peak (X) is the most minor and is-
palmitic acid (~10.3% of jatropha oil), whereas the more significant peaks Y and Z are
oleic (~46% of jatropha oil) and linoleic acid (~31% of jatropha oil) respectively. These
two peaks overlap one another and merge because oleic and linoleic acid are isomers
of one another. The chromatogram obtained (Figure 6-1) will be compared with those
obtained from the liquid pyrolysis product to determine how fluidised bed fast pyrolysis

affects the jatropha oil feedstocks.
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6.2.4.Water content via Karl-Fischer titration

The water content was determined using a Mettler Toledo V20 241 Karl Fischer (KF)
titrator in triplicate using the methodology specified in Chapter 3.0 section 3.3.1.1. The
values obtained are presented below in Table 6-3 alongside an average value and the

standard deviation.

Table 6-3. Water content (%) of jatropha and neem oil by KF titration

Feedstock Water Content (wt. %)

Average

Jatropha Oil | 0.024 | 0.043 | 0.042 | 0.036 + 0.009

From Table 6-3, the results show that the average water content of jatropha oil is near
to negligible. This was anticipated due to the immiscible nature of triglyceride
feedstocks and is supported by several literature sources that suggest it is typical for
jatropha oil to have a water content of ~0.2 wt.%[72]. This is highly desirable for a
pyrolysis feedstock as typically water contained within the feedstock will also be
present in the product, reducing the higher heating value and reducing the stability of

the liquid bio-oil products.
6.3. Non — catalytic fluidised bed fast pyrolysis

The jatropha oil feedstock was processed in the fluidised bed fast pyrolysis reactor
without a catalyst at a temperature of 450 °C. A total of eight investigations were
conducted in developing and altering the fluidised bed fast pyrolysis system to obtain
sufficient data to complete a mass balance and characterising the liquid, gas, and solid
products. The characterisation of the liquid, gas and solid pyrolysis products is
presented in section 6.3.1. In addition, three of the eight runs provided the data to
complete a mass balance which is presented in section 6.3.2 and reported as Run 1,
Run 2, and Run 3. The triplicate values allow the calculation of an average composition

with a standard deviation.

6.3.1. Fluidised bed fast pyrolysis products and characterisation

The fluidised bed reactor products have been investigated, specifically the liquid
product whose viscosity, heating value, water content, and composition can be
compared against the fresh jatropha oil feedstock. In addition, the composition of the

gaseous products has been assessed using data obtained from the micro-GC and
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solids content determined using either thermogravimetric analysis or the muffle

furnace.

6.3.1.1. Liquid products

The gases from the fluidised bed reactor were cooled in a downstream condensing
train with three collection points for liquid products, as shown in Chapter 3.0, section
3.3.4.2, Figure 3.17. These liquid products were collected after each investigation once
the glassware of the condensing system had cooled. The liquid product's appearance

differed from fresh jatropha oil feedstock, as shown in Figure 6-2.

Figure 6-2. Visual comparison of fresh jatropha oil (left) and fluidised bed fast pyrolysis liquid product (right)

In addition to the visual changes, there were minor differences in the characteristics of
the liquid product, including water content, heating value and viscosity. These are
presented below in Table 6-4 alongside the fresh jatropha oil characteristics for

comparison.

Table 6-4. Characteristics of liquid fluidised bed fast pyrolysis product and jatropha oil feedstock

Run Water Content (wt. HHV (MJ/kg) Viscosity at Room
%) Temperature (mPa.s)
1 0.0525 40.64 20.50
2 0.0425 40.83 22.00
3 0.0403 40.76 20.50
average liquid 0.0451 £ 0.01 40.74 £ 0.1 21.00 £ 0.87
pyrolysis product
jatropha oil 0.036 + 0.009 39.73 £ 0.19 56.40

From Table 6-4 it is apparent that the increase in the higher heating value (HHV) and

water content in the liquid pyrolysis products, compared to those of fresh jatropha oil,

are of little significance, particularly the very low water content. As for the viscosity of

the fresh jatropha oil, it had decreased from a value of 56.40 mPa.s to 21.00 mPa.s

+0.087. Similar changes were observed by Wang et al. 2016 who considered the

thermal decomposition of jatropha oil at a temperature of 410 °C with the jatropha oils’
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kinematic viscosity decreasing from 33.56 mm?s™ to 1.76 mm?s™ [47]. Wang et al.,
2016 attributed the changes in viscosity to the formation of short-chain hydrocarbons
and fatty acid compounds, also observed in this work. The product's viscosity is
significant because high viscosities can make its transportation and storage more
challenging and costly[220]. It is of significance to note that the liquid product had a
very low viscosity in this work. This was despite its low water content as typically high-
water content feedstocks have low viscosities and vice versa. It is shown in work by
Nolte et al. 2010 in Figure 6-3 the implication of these characteristics have on a variety

of biomass feedstocks[221].
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Figure 6-3. Relationship between water content and viscosity of pyrolysis bio-oils, Nolte et al. 2010 [221]
In addition to the characteristics of the liquid product, its composition was also
considered, with the analysis of the liquid product being carried out in duplicate and

using the same method as described in section 3.3.1.5. All samples were 0.5 pl and
used a ratio of three parts of acetone.

The graphs shown below (Figure 6-4, Figure 6-5 &) are the chromatograms from the
first runs. The duplicates were almost identical and did not show any anomalies of
significance.
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Figure 6-4. GCMS chromatogram acetone: liquid pyrolysis product (3:1) from run 1
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Figure 6-5. GCMS chromatogram acetone: liquid pyrolysis product (3:1) from run 2
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6-6. GCMS chromatogram acetone: liquid pyrolysis product (3:1) from run 3

The GCMS data shown in the chromatograms (Figure 6-4, Figure 6-5 & Figure 6-6

above) are very consistent compared to one another. The duplicate chromatograms

further verify these. Overall, 14 key peaks were identified using OpenChrom and NIST.

The potential compounds labelled in Figure 6-6 have each been matched to a retention

time, with the key peaks being summarised in

Table 6-5 below:

Table 6-5. Summary of key peaks from GCMS of liquid pyrolysis product

21.2

1 7-Tetradecene Aliphatic, C14H2s

2 22.6 17-Octadecynoic acid Acid, C1sH3202

3 23.6 Oxirane-Tetradecyl Ether, C16H320

4 25.1 Unidentified Unidentified

5 26.1 13-Octadecenal Aldehyde,C1sH340

6 27.98 cis-9-Hexadecanal Aldehyde,C1sH300

7 28.26 Aspidospermidin-17-ol, 1-acetyl-19,21-epoxy- Nitrogen compound-
15,16-dimethoxy- C23H30N20s5

8 36.12 cis-13-Eicosenoic acid Fatty Acid- C20H3802

9 37.40 i-Propyl 14-methyl-pentadecanoate Ester, CroHssO2

10 39.50 Ethanol,2-(9-octadecenloxy)-, (Z) Ether, C,,H,,0,

11 39.78 E, E, Z-1,3,12-Nonadecatriene-5,14-diol Alcohol- C19H3402

12 40.97 i-Propyl 11-octadecenoate Ester,C21H4002

13 44.32 Linoleic acid ethyl ester Ester, C2o0Hs602

14 4512 Oleic anhydride Fatty acid anhydride-

C36HeeO3
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From the chromatograms (Figure 6-4, Figure 6-5 and Figure 6-6) alongside

Table 6-5, it can be observed that the most prevalent compounds are peaks 9 and 12,
corresponding to the ester compounds i-Propyl 14-methyl-pentadecanoate and i-
Propyl 11-octadecenoate at 37.40 minutes and 39.78 minutes, respectively. The
abundance of these ester compounds and others is very noticeable in Figure 6-7
below. This graph shows the percentage of the peak area of the major groups of

compounds present in the liquid product of the products from each of the runs.
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Figure 6-7. Pyrolysis liquid products from jatropha oil in a fluidised bed reactor at 450 °C

From both Figure 6-7 and

Table 6-5, it is clear that the liquid pyrolysis product composition is more complex than
the jatropha oil feedstock owing to the presence of a much greater number of peaks
than observed in the analysis of the feedstock (Figure 6-1). The presence of the
compound i-Propyl 11-octadecenoate makes sense as this is an ester (EST) of Oleic
acid which contributes to ~46 wt.% to the jatropha oil composition. Oliveira et al. 2013
report that esters of the fatty acids, including Oleic acid ethyl ester and Palmitic ethyl
ester, have a heating value in the region of 41 to 41.5MJ/kg[222]. The evolution of
ester compounds from triglyceride feedstocks, including oleic, linoleic, and palmitic
acid, found in jatropha oil, was discussed in work by Ildem et al. earlier in Chapter 4.0,

section 4.2.1 and 4.2.2. It was suggested by Idem et al. that the production of these
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esters is a result of the initial decomposition of the triglyceride molecule alongside other

compounds such as aldehydes, alcohols, and smaller fatty acids.

Therefore, the presence of such fatty acid esters could be the reason for the marginal
increase in the heating value of the liquid product, as reported from 39.73MJ/kg to
40.74MJ/kg.

When focusing on esters, Idem et al. suggest their formation usually occurs at the
lower temperatures between 240 °C and 300 °C[123]. In light of this temperature range
and the smaller proportions of aldehydes and alcohols, it could be concluded that the
residence time was too short or the oil was not exposed to high enough temperatures
to decompose it further. As the internal reactor temperature was monitored and
observed to go above 450 °C, it must be that the residence time is too short. This would
result in the vapours exiting the downstream condensing train too quickly for further

decomposition reactions.

Other compounds identified in the liquid products included acids, ether, alcohol, and
aldehyde compounds (Figure 6-7). These included the fatty acid compounds, oleic acid
and linoleic acid, which were identified in Table 6-2, discussing the composition of the
jatropha oil feedstock prior to the conversion of the feedstock in the fluidised bed fast
pyrolysis system. Following conversion in the fluidised bed reactor, only a small
amount of acids are present at a maximum of 7.0% and a minimum of 1.6% of the
peak area, as shown in Figure 6-6. This was attributed to the presence of cis-13-
Eicosenoic acid, which must have been formed from the decomposition of the

triglyceride compounds as this fatty acid is not present in jatropha oil.

As for the ether and alcohol compounds in the literature, it is suggested by Wang et al.
that these compounds can be produced from the deoxygenation of fatty acids, with the

decomposition scheme for Oleic acid shown below in Figure 6-8 [223].
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Figure 6-8. Decomposition scheme for oleic acid to alcohols and ethers, Wang et al. [223]
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Considering the scheme in Figure 6-8 and considering fatty acids such as palmitic and
the cis-13-eiconsenoic acid decomposing in the same way then this could give rise to

some of the compounds listed in

Table 6-5. It is possible that the ether compound Oxirane- Tetradecyl (23.6 minutes)
was produced from Palmitic acid by following pathways 2 and 3 or 5, 7 and 4. Then
the alcohol compound Ethanol,2-(9-octadecenloxy)-, (Z) (39.5 minutes) from cis-13-

eiconsenic acid via pathways 2 or 5and 7.

As for the small amount of aldehyde products visible in Figure 6-7, these only
contribute 2.2 %, 1.6% and 2.7% of the peak area in run 1, run 2 and run 3. It is
anticipated that these were produced via similar pathways to those observed in the
non-catalytic pyrolysis of jatropha oil in the Py-GCMS system. The relevant pathways
for the production of aldehydes in Chapter 4.0 include those by Frankel et al. and Shi
et al. as per Figure 4.12 and Figure 4.13 from section 4.2.2. The major aldehyde

compound was cis-9-hexadecanal, was identified in Figure 6-6 and
Table 6-5 as peak 6.

Finally, the last peak of the chromatograms (Figure 6-4, Figure 6-5 and Figure 6-6)
was attributed to the compound Oleic anhydride. Similar anhydride compounds were
observed by Gosselink et al., 2013, who investigated Stearic acid decomposition [75].
In contrast to Gosselink, no ketones and negligible amounts of aliphatics, including the
straight-chain alkenes and alkanes, were observed in this work. This observation
suggests that the pathways for the production of ester compounds were most definitely
favoured in this work. This preference towards esters agrees with the earlier statement
that perhaps the high proportion of esters arises from the initial decomposition of the

triglyceride occurring at the lower temperatures of 240 °C and 300 °C[123]

6.3.1.2. Gaseous products

The gaseous products from the fluidised bed fast pyrolysis reactor were analysed by
an online Micro GC system described in section 3.3.3. The system analysed the
pyrolysis gases at regular intervals of 150 seconds throughout each run. The gas
composition was variable between the three completed investigations. Therefore, the
total mass of gaseous products has been calculated as part of the mass balance in the

following section (6.3.2).

The gas composition was measured throughout the investigation from the heating up

of the reactor and throughout the initial reactor cool down when oil had been stopped
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being fed into the reactor. For evaluating the gas composition, an average has been
calculated using values from the Micro GC during the reaction period. The average
proportion of gases present throughout the reaction period are presented in Table 6-6
below. The calculations assumed that all Nitrogen in the gaseous product is from its
use as the inert fluidising and carrier gas, and the reaction period is assumed to be
from the point at which the oil feed was started until no visible vapour products were

observed after the oil feed was turned off.

Table 6-6. Average gas products composition from the pyrolysis of jatropha oil

Gases Run1 Run2 Run3

(vol. %)  (vol.%) (vol.%)

co 245 0.0 0.0
CO; 33.0 26.4 48.4
CHa 0.0 24 7.6
Co= 14.1 4.3 14.9
C: 7.7 3.2 9.5
Cs= 11.3 58.9 12.6
Cs 4.8 4.7 7.1
Cs= 3.2 0.0 0.0
Ca 1.4 0.0 0.0
H: 0.1 0.0 0.0

From Table 6-6, it can be seen that the product gases include CO, CO; and a range
of hydrocarbons, including CH4, C,, C3 and Cs4 alkenes and alkenes and in the case of
Run 1, also a small amount of hydrogen. The first observation is the absence of CO in
the second and third run, which was identified as an issue with the equipment recording
this proportion of gas. A comparison of the different gases present is shown below in

graph Figure 6-9.
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Figure 6-9. Comparison of the composition of gaseous products from the pyrolysis of jatropha oil

A comparison of the overall composition from Figure 6-9, as anticipated, shows that
there are some similarities with each run sharing CO; and almost all of the light
hydrocarbon gases (C.= to C3) as common products. The absence of CO from the
second and third run was attributed to an error within the Micro-GC, which meant that
it was impossible to identify this product in the gas stream, making the overall gas
composition of Run 2 in particular vastly different. The composition from Run 1 and
Run 3 was the most similar, with them sharing similar proportions of the light
hydrocarbon gases including C>= (14 vol.% and 15 vol.%), C2 (8 vol.% and 9 vol.%),
Cs= (11 vol.% and 13 vol.%) and Cs(5 vol.% and 7 vol.%).

The identified gas composition in this work was anticipated, as other studies
considering the pyrolysis of triglycerides have shown the production of similar gas
components [2, 48]. For example, Beims et al., 2018; the pyrolysis of mixtures
consisting of different proportions of soyabean oil and hydrogenated fat were
investigated. The feedstocks were processed in a plug flow reactor at 525 °C. Their

reported gas composition is shown in Figure 6-10 below.
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Figure 6-10. Beims et al., 2018, Composition of gaseous fractions produced in thermal cracking of soybean

0il(SO) and soybean oil:hydrogenated fat mixtures (SH)[2]

From Figure 6-10, although similar gases to those produced in this work are observed,
the amounts of the different gases present are very different. For example, in work by
Beims et al., the light hydrocarbon gases (C:z to C4 hydrocarbons), as shown in graph
Figure 6-10, made up most gas products in the range of 60 vol% to 90 vol%. However,
in this work, as shown by Figure 6-9 Run 1 and 3, these products attributed for just
~42.5 vol.% and 44 vol.% of the light hydrocarbon gases, respectively. Furthermore, a
large difference was observed in the amounts of CO2and hydrogen present with Beims
et al. observing ~2 vol.% to ~7 vol.% CO2 and ~3 vol.% to ~7 vol.% hydrogen compared
to values of 33.0 vol.% and 48.4% vol.% The similarities in terms of the different gases
present are potentially attributed to the soybean oil used by Beims et al. containing
similar fatty acids to jatropha oil, including oleic and palmitic acid. However, the large
differences in the proportions present in the light hydrocarbons, CO, and hydrogen
could be attributed to multiple factors, including the different type of reactor system,
utilisation of an argon carrier gas instead of nitrogen as well as the feedstock

containing different proportions of these similar fatty acids [2].
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6.3.1.3.Solid Products

The mass of solids from the non-catalytic fast pyrolysis of jatropha oil was determined
by thermogravimetric analysis for Run 2 and using a muffle furnace for Run 3 (section
3.3.2). It was not possible to calculate this value for Run 1; so, for mass balance
purposes, a value of 0.1% was assumed as determined by the thermogravimetric
analysis has been used as this is the more precise methodology. This gave an average
solids content near to negligible at just 0.72 wt.% £0.27. These methods were utilised

due to time restraints and equipment availability.

The low proportion of solid products was very apparent in the initial investigations. In
addition, it showed there was no requirement for a char pot, unlike when the system
was previously utilised to process solid feedstocks like the lignocellulosic feedstocks
discussed earlier in section 2.1.2. This absence of char is likely attributed to the

composition of the feedstock as jatropha oil.

In a work by Biswas et al. 2013, the thermal cracking of jatropha oil was undertaken in
a batch reactor at temperatures of 300 °C, 350 °C and 375 °C at atmospheric pressure
with an inert nitrogen atmosphere for different lengths of time. No solid products were
observed at the lowest temperature, only gases and liquids alongside some unreacted
feedstock. As for the higher temperatures, 350 °C and 375 °C, the char yields were
dependent upon the reaction time. At around 2 minutes, the char accounted for ~25%
or 20% at a temperature of 350 °C and 375 °C. This dropped significantly at a reaction
time of 4 minutes to values of ~5% and near 0% at a temperature of 350 °C and 375
°C, respectively. Beyond this reaction time at 350 °C, the amount of char was near to
0% up till around 10 minutes, whilst at the higher temperature of 375 °C, it to be 0%
from around 5 minutes. This indicates that higher temperatures may reduce char
yields, so at a temperature of 450 °C, as in this work, similar negligible solids yields

may be observed[71].
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6.3.2.Mass balance

A mass balance has been conducted for the fluidised bed fast pyrolysis of jatropha oil.
In the process of completing the mass balance, the following assumptions have been

made:

o No solid product was collected in the char pot, so the only solid products were
assumed to be present in the sand. Therefore, the content value for Run 1 was
assumed to be the same as Run 3 as determined by TGA at a value of 0.1%.

o For the gas product, the average percentage composition from the micro-GC
data was utilised. The ideal gas law was used to calculate the mass of the gas
by using an average relative molecular mass (M;) of the gas.

e The liquid fed in was assumed to be that measured by the flow meter. The
liquid products out were calculated by the mass difference between the

glassware in the condensing train before and after the run.

The yields of the major products, including solids, liquids, and gases, in addition to the
losses, are presented below in Figure 6-11.
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Figure 6-11. Mass balance, composition of products for fluidised fast bed pyrolysis of jatropha oil

163



From Figure 6-11, it can be observed that the distribution of the products from jatropha
oil pyrolysis is relatively consistent. The amount of liquids was the highest in each run,
with an average of 88.21 wt.% +0.77. As for the solids and gases, their average values
were 0.72 wt.% £0.27 and 3.12 wt.% £0.78, respectively. The slightly increased
variation in the mass of solids for Run 3 could be because the solids content for the
final run was determined using the muffle furnace, which is not as accurate as the
thermogravimetric analysis used in Run 2. Overall, an average of 92.06 wt.% +1.83 of
the products was accounted for. The losses have been attributed to small glassware
leaks and a culmination of the errors associated with determining the proportion of
liquids, solids, and gases. In literature by M. S. Landis et al. 2012 values of 80% to

120% are quoted as acceptable[224].
6.4.Comparison of fluidised bed and pyroprobe systems

This section will compare the data obtained from the non-catalytic conversion of
jatropha oil in the fluidised bed fast pyrolysis reactor and the Pyroprobe (Py-GCMS).
This comparison aims to assess the similarities or differences in the yield and
distribution of the products. The comparison will be used to ascertain if data obtained
from the pyroprobe could be used as a reference point to predict what is obtainable

utilising the fluidised bed reactor.

The analysis will include a comparison of the jatropha oil decomposition pathways for
both systems and highlight major product compounds identified. This comparison is of
significance as shorter times (sample preparation, analysis, and data processing) are
needed when using the Py-GCMS system (~4 to ~6 hours); versus the times needed

to operate the fluidised bed fast pyrolysis system (3 to 4 days).

The pyrolysis products distribution for both systems were compared at similar
processing temperatures, including 400 °C and 500 °C for the Py-GCMS and 450 °C
for the fluidised bed. The major functional groups from both the Py-GCMS system (400
°C and 500 °C) and the fluidised bed (450 °C) are shown in Figure 6-12 below.
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Figure 6-12. Product distribution from non-catalytic pyrolysis of jatropha oil: a) Py-GCMS at 400 °C, b) Py-
GCMS at 500 °C; and c) fluidised bed at 450 °C.

When comparing the yield and distribution of the various products from the pyroprobe
(Figure 6-12a-b) and fluidised bed (Figure 6-12c) systems, the product distribution
differences can be attributed to how these systems process the feedstock. In literature,
Bressler et al. 2007, state that the results of pyrolyzing triglyceride feedstocks can be
dependent on factors such as the reactor type, residence time, reaction temperature,
and the procedures and analysis used for the assessment of reaction products [103].
Nevertheless, although the results are likely to have differences, there is still potential
for identifying similarities in the data, which is of great benefit owing to the reduced
time required for Py-GCMS analysis compared to investigations in the fluidised bed

fast pyrolysis reactor.

From the Py-GCMS results (Figure 6-12a-b), it is observed that changing the
temperature between 400 °C and 500 °C does not drastically alter the distribution of
the product, so it can be assumed that a similar product distribution for Py-GCMS test
at 450 °C would be obtained. However, major differences in terms of product
distribution are observed when comparing the Py-GCMS (Figure 6-12a-b) against the
fluidised bed fast pyrolysis system (Figure 6-12c). For example, while the jatropha oil
conversion in the pyroprobe results mainly in acids (~78%), the main products from

the jatropha oil conversion in the fluidised bed are esters (70.3%).
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With the major product from Py-GCMS being acids and aliphatics versus esters from
the fluidised bed fast pyrolysis reactor, it is apparent that the two systems favour

different major decomposition pathways.

In addition, to the presence of acids and esters, a small number of functional groups
were identified in both systems, including alcohols, aldehydes, and ethers. As well as
these compounds, nitrogen-containing compounds were identified in the fluidised bed
products, whilst in the Py-GCMS products, small amounts of aromatics and aliphatics
were present. The aliphatics and aromatics identified in the Py-GCMS investigations

included the higher value compounds BTX as discussed in Chapter 4.0, section 4.2.1.

The non-catalytic pyrolysis of jatropha oil (Py-GCMS) identified a preference for the
decomposition of fatty acid compounds into aliphatics. Whilst the acid compounds
present were simply unconverted fatty acid compounds from the jatropha oil feedstock.
These aliphatic compounds were identified as precursors of aromatic compounds in
the decomposition pathway by Schwab et al. 1998 (see Chapter 4.0, section 4.2.1,
Figure 4.5). Comparatively, in the fluidised bed (Chapter 6.0, section 6.3.3.1), a

preference was shown for the decomposition of jatropha oil to ester compounds.

The difference in preference could be attributed to several factors, with one of those
being residence time. The literature by Idem et al. 1996 stated that a low space velocity
and a long residence time are required to decompose triglyceride compounds into
intermediate products [123]. This means shorter residence times like those in the
Pyroprobe leads to the lack of conversion of acids initially present in the feedstock
(jatropha oil). This was supported by the proportion of acids shown in Figures 12a-b
(~75%). In comparison, longer residence times comparable to the fluidised bed
resulted in further feedstock conversion into other products such as esters (Figure
6-12c). When comparing this to the fluidised bed reactor (Figure 6-12c), a significantly
lower proportion of acids are present (~2.7%), demonstrating how the more extended

time has allowed for greater feedstock conversion to other products.

The evolution of ester compounds in the fluidised bed fast reactor is of significance as
similar observations were made in work by Biswas et al. A jatropha oil feedstock was
heated to 375 °C in a fixed bed tubular batch reactor in the absence and presence of
a ZSM-5 catalyst with the esters only present in the catalyst’s absence. [45]. This is of
interest as the observations from Biswas et al. and Idem et al. in Figure 4.11 Chapter
4.0, section 4.2.2, suggest that esters can further decompose into aromatics via
pathways 1,2,17 and 23.
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Although the conversion of jatropha oil in the fluidised bed reactor (450°C) showed no
aromatics production (Figure 6-12c), the high proportion of ester compounds identified
are relevant. It is feasible that these could be further converted into aromatics by
adding ZSM-5 catalysts as suggested by the two decomposition mechanisms below
from Habibi et al., 2018 (Figure 6-13 and Figure 6-14).
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Figure 6-13. Part one- conversion of esters to aromatics in the presence of a ZSM-5 catalyst, Habibi et al.,
2018 [22]
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Figure 6-14. Part two- conversion of esters to aromatics in the presence of a ZSM-5 catalyst, Habibi et al.,
2018 [225]

From Figure 6-14, it can be observed that aromatics are produced via reactions such
as dimerization, transalkylation and isomerisation reactions. This means that although
the non-catalytic decomposition of the jatropha oil in the fluidised bed fast pyrolysis
reactor shows no evidence of aromatic compounds (Figure 6-12c) and has a different
distribution of the major compounds, it still could be feasible for aromatics to be

produced in the presence of a catalyst.

Similar observations have been made by Singh et al. 2021 in work considering the
decomposition of the ester of steric acid (methyl octadecadienoate) being converted
to aromatics over ZSM-5 and ZnCo/ZSM-5 catalysts [226].
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Some similar compounds have been identified in this work in

Table 6-5 including i-Propyl 14-methyl-pentadecanoate, i-Propyl 11-octadecenoate
and Linoleic acid ethyl ester, which may decompose using the same decomposition
pathway as proposed by Singh et al. 2021 shown below in Figure 6-15.
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Figure 6-15. Decomposition of esters BTX aromatics, Singh et al., 2021[226]

In the context of this work, this mechanism suggested by Singh et al., 2021 (Figure
6-15) is of great significance. The mechanism shows the decomposition of ester
compounds into aromatics in the presence of a ZSM-5 catalyst via various reaction
steps, including cracking, decarbonylation or decarboxylation followed by cracking,
cyclization, and dehydrogenation. The evolution of aromatics from jatropha oil in the
presence of a catalyst could also arise from other components present in the
feedstock, such as glycerol. It was discussed in Chapter 5.0, section 5.3.3 that the
decomposition of glycerol to aromatics can occur in the presence of a ZSM-5 catalyst
with the pathway proposed by Hoang et al., 2017 in Figure 5-19[218]. When
considering the pathways presented by Habibi et al., Singh et al. and Hoang et al.
together, it indicates that aromatics, particularly BTX, may still be obtainable from the
fluidised bed fast pyrolysis of jatropha oil in the presence of a catalyst. However, it will
be difficult to assess the most appropriate temperature and catalyst combination to
yield the most aromatics in the fluidised bed system when using the Py-GCMS data.
This is owing to the two systems seemingly favouring two differing decomposition
pathways (Py-GCMS acids prefer to decompose to aliphatics versus Fluidised Bed

where acids decompose to esters).
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Overall, it can be concluded that the product distribution from non-catalytic pyrolysis of
jatropha in a Py-GCMS system do differ from those in a fluidised bed fast pyrolysis
system due to different decomposition pathways being favoured in each of the
systems. It has been concluded that these differences arise due to a preference for
different decomposition pathways, which is mainly influenced by the residence time of
the feed in each system. The data shows that smaller amounts of the jatropha oil
decompose to aliphatics in the Py-GCMS system with larger proportions of acid
compounds present in the products. Most of the jatropha oil decomposes to esters in
the fluidised bed system, with small proportions of acid compounds remaining in the

products.

Considering this difference, it is not possible to recommend that the Py-GCMS be used
to predict the products from the fluidised bed fast pyrolysis system. This means data
from the catalytic pyrolysis of jatropha in the Py-GCMS may not be suited to decide
the most appropriate catalyst and temperature combination for aromatics production
in the fluidised bed fast pyrolysis reactor. However, it has been suggested by a
culmination of decomposition pathways from Habibi et al. and Singh et al. that ester
compounds produced from the thermal decomposition of jatropha oil in the fluidised
bed could yield aromatics in the presence of a catalyst such as ZSM-5. This could be
in addition to the aromatics from the glycerol component of the jatropha oil as
discussed in Chapter 5.0, section 5.3.3, Figure 5-19. Therefore, in future work utilising
a catalyst, it could still be feasible to obtain aromatic compounds, including BTX, from

the fluidised bed fast pyrolysis system.
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6.5.Further recommendations

Several avenues could have been explored to further investigate the fluidised bed fast

pyrolysis reactor.

The first was to consider the use of catalytic pyrolysis of jatropha oil within the fluidised
bed fast pyrolysis system. The implementation of this may have allowed further
comparison of the Py-GCMS as the presence of a catalyst may influence the
decomposition pathways and fluidised bed system. However, it not possible to
undertake this due to successive delays in prior training and experimental work, which
were primarily attributed to lab closures and ongoing restrictions with the COVID-19

pandemic.

A catalyst was intended to be selected based on the Pyroprobe GCMS data prioritising
the yield and distribution of aromatic products. Its use in the fluidised bed reactor would
allow comparison of the same catalyst and temperature combination used in the Py-
GCMS investigations, i.e., 400 °C, 500 °C and 600 °C with the ZSM-5 1Ni/ZSM-5,
2Ni/ZSM-5, 5Ni/ZSM-5 and 10Ni/ZSM-5. The utilisation of a catalyst would have
involved the incorporation of the catalyst into the fluidised bed as an example of an in-
situ system. Alternatively, an ex-situ system could be developed to contain the catalyst
at the reactor outlet for the reaction vapours to pass through before they are carried
into the downstream condensing train. The use of a catalyst in this system would allow
for a huge range of studies considering the catalyst: feed ratio as well as the catalyst

lifetime

In addition to the above, other system improvements were also considered. These
included replacing the rotameters used to measure the flow of nitrogen for the original
solid feedstock feeder. The accuracy of these meters was highlighted in Chapter 3.0,
section 3.3.4.2.3. Their replacement would also involve an additional O; line so the
gas could be directly mixed with N2 in the fluidised bed instead of having an external
cylinder of an oxidising gas (40% O, 60%N2) for the regeneration of the fluidised bed.
An effective system for the regeneration of the fluidised bed is required even in non-
catalytic runs to ensure fresh sand. It requires the disassembly of the top part of the
reactor. This was incredibly time-consuming, taking around 2 days’ work to

disassemble and put back together after cleaning.
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CHAPTER 7.0 CONCLUSIONS, RECOMMENDATIONS AND FURTHER
WORK

7.1.Conclusions

From work conducted in the preceding chapters, the aims defined in the summary and

research objectives in Chapter 2.0, section 2.4 have been addressed.

A route for converting a triglyceride feedstock to yield higher value aromatic
compounds has been achieved via the catalytic fast pyrolysis of the inedible oil
feedstock jatropha oil in a Py-GCMS system. The inedible oil feedstock was processed
with ZSM-5 and Ni/ZSM-5 catalysts (1wt.%, 2 wt.%, 5wt.% and 10 wt.%) at
temperatures of 400 °C, 500 °C and 600 °C. This was in order to determine the effect
of different temperatures and the utilisation of a Nickel weighted catalyst upon the yield
and distribution of the pyrolysis products. The main product of interest was aromatic
compounds including benzene, toluene, and xylenes (BTX). It was noted that the small
addition of nickel (1wt.% Ni/ZSM-5) increased the aromatics yield by ~6% at 500 °C
with the jatropha oil feedstock to the maximum aromatic proportion observed at 76.1%

when compared with the ZSM-5 catalyst.

The higher aromatics content in the presence of Nickel was attributed to a slight
increase in pore diameter (1.505nm for ZSM-5 and 1.528nm for 1Ni/ZSM-5) alongside
the low amount of nickel, not drastically decreasing the catalyst surface area (383.0
m?/g for ZSM-5 and 370.0 m?%/g for 1Ni/ZSM-5). These findings demonstrate that the
temperature of 500 °C and 1Ni/ZSM-5 catalyst is most favourable in this type of system

for the decomposition of jatropha oil to aromatics, including BTX.

In addition to jatropha oil, oleic acid was used as a model compound and pyrolyzed in
the same Py-GCMS system to help establish the potential decomposition pathways of
the jatropha oil as a whole. In the absence of catalyst, acids formed a significant
proportion of the products from the pyrolysis of both oleic acid and jatropha oll,
min.82.0%, 600 °C and min. 39.3%, 600 °C, jatropha oil respectively.

These acid compounds were identified as unconverted fatty acids from the feedstock,
whilst the common decomposition product was identified as aliphatics. The proportion
of aliphatics was observed to increase with temperature. The proportions of aliphatics
from oleic acid rose from 0.7% to 0.8% then 1.7% at temperatures of 400 °C, 500 °C
and 600 °C, with similar observations made for jatropha oil with 2.7%, 7.1% and 23.9%
aliphatics at 400 °C, 500 °C and 600 °C respectively.
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This increase was in line with a rising aromatics content in the case of both feedstocks.
Therefore, in conjunction with the literature, it was concluded that aliphatic compounds,

including alkenes and alkanes, are precursors to aromatic compounds.

Furthermore, this work has demonstrated that a fluidised bed fast pyrolysis reactor can
be utilised to convert jatropha oil. This reactor type was not observed in past literature,
with most studies utilising fixed bed reactors or tubular reactors. Conversion of jatropha
oil at 450 °C and flow rate of 90 ghr'produced, on average, 88.21 wt.% +0.77 liquid
products, 3.12 wt.% +0.78 gases and negligible solids at 0.72 wt.% +0.27.

On average, the liquid product obtained from these investigations was predominantly
made of esters at around 70.3% of the product, with minimal amounts of acid
compounds remaining at just 4.2%. Therefore, it was concluded that esters were
formed as initial decomposition products due to the residence time being too short for

the components in the oil to decompose further to other products.

Finally, this work has compared the small scale Py-GCMS system and the bench-
scale fluidised bed fast pyrolysis system. In addition, the data obtained from the non-
catalytic conversion of jatropha oil in the fluidised bed fast pyrolysis reactor was
compared with the Py-GCMS data obtained at 400 °C and 500 °C. It was apparent that
the predominant compounds from each were very different with the Py-GCMS product
mainly consisting of acids (76.6% at 400 °C, 74.1% at 500 °C) with smaller amounts
of aliphatics (2.7% at 400 °C, 7.1 at 500 °C) and negligible amounts of aromatics (0.8
% at 400 °C, 1.6% at 500 °C) whilst the fluidised bed fast pyrolysis system product

was mostly esters (70.3%) with a small proportion of acids (4.2%).

This difference in composition was attributed to systems having a preference for
differing decomposition pathways associated with the systems residence times. It was
also concluded that in the future, aromatics could still be obtained from the fluidised
bed system if a catalyst was utilised based on evidence of esters being converted to

aromatics in several literature sources.
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7.2.Recommendations and future work

This section covers recommendations and further work. The suggestions focus on the

two different reaction systems utilised in this work

7.2.1. Py-GCMS Studies

The recommendation for further Py-GCMS studies would be to investigate other
predominant compounds within jatropha oil to ascertain if they decompose in the same
manner as oleic acid. The compounds of most interest would be linoleic acid due to
being so similar to oleic acid and the second most prevalent fatty acid in jatropha oil at
31.2 wt.% of the oil. This would be alongside the compound’s palmitic acid (10.33 wt.%
jatropha oil) and glycerol in triglyceride feedstocks with the fatty acid chains. The
investigation into these compounds, in the same manner, would help to validate further
the pathways suggested in Chapters 4.0 and 5.0. In addition, it would confirm the
potential involvement of the glycerol compound in the catalytic decomposition as it was
suggested this compound was attributed to the more significant increase in aromatics
content seen with catalytic pyrolysis of jatropha oil versus the catalytic pyrolysis of oleic
acid. In addition to considering alternative feedstocks, other metal modified ZSM-5
catalysts or other promising zeolite catalysts could be considered beyond ZSM-5,
favourably influencing the aromatics yield or selectivity. Other potential metals
discussed in the literature review within Chapter 2.0, section 2.3.4.2 include Platinum,

Rhenium, Gallium, Zinc and Tin.

7.2.2.Fluidised bed studies

In addition to the non-catalytic conversion of jatropha oil in the fluidised bed, it would
be desirable to conduct catalytic investigations using the catalysts from this work. It
would be desirable to compare the catalytic data from the Py-GCMS to that from the
fluidised bed reactor to ascertain: if the two systems still favour different decomposition
pathways, as well as if aromatics are indeed yielded from the ester compounds as
suggested by the decomposition mechanisms suggested in Chapter 6.0, section 6.4.
In order to conduct these catalytic investigations, either an in-situ or ex-situ system
must be defined and commissioned for its use. Further studies about the use of the
catalyst in the fluidised bed fast pyrolysis system could include those into the catalyst
lifetime to assess causes of catalyst deactivation and the effect of the catalyst to feed

ratio on the yield and proportions of aromatic products.
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CHAPTER 8.0 - APPENDICES

8.1.Appendix One- Reaction descriptors for the thermal cracking of canola
oil

The following table gives reaction descriptors for the decomposition pathway shown in
Chapter 2.0, section 2.2.3, Figure 2.15, in further detail. The letters | and Il denote

residual oil and organic liquid products, respectively.

Table 8-1. Descriptors of reactions occurring in the proposed reaction scheme for the thermal cracking of

canola oil

Number Reaction Information

1 Initial cracking of canola oil
2 C-C bond cleavage of unsaturated oxygenated hydrocarbons
3 Decarbonylation of saturated oxygenated hydrocarbons
4 Decarbonylation of saturated oxygenated hydrocarbons
5 Decarboxylation of short-chain oxygenated hydrocarbons
6 Decarbonylation of short-chain oxygenated hydrocarbons
7 Bimolecular dehydration of alcohols
8 Dehydration of ether
9 Bimolecular dehydration of short-chain alcohols to form short-chain ether
10 Dehydration of short-chain ether
11
15 Ethylene elimination, isomerization, and hydrogen transfer reactions
14
15 Cyclization to from Cs to Cs cycloolefins
16 Cyclization to form Cs to Cs cycloparaffins
17 Diels- Alder addition of dienes to olefins to form Ces+ cycloolefins
18 Dehydrogenation of Cs to Cs cycloparaffins to form Cs to Cs cycloolefins
19 Hydrogenation of Cs to Cs cycloolefins to form Cs to Cs cycloparaffins
20 Dehydrogenation of Ce+ cycloparaffins to form Ce+ cycloolefins
21 Hydrogenation of Ce+ cycloolefins to form Ce+ cycloparaffins
22 Polymerization/Dehydrogenation of olefins, to from dienes, acetylenes and
polyolefins
23 Aromatization of Cs+ cycloolefins to form Ce+ aromatics
24 Polymerisation of aromatics form polyaromatics
25 Coking from polyaromatics
26 Coking by polycondensation of oxygenated hydrocarbons
27 Coking by polycondensation of canola oil
28 Splitting of long-chain hydrocarbons into its elements and ultimately
hydrocarbons
29 Polymerization of olefins to form coke
30 Direct route for C1 to C5 hydrocarbon formation from the triglyceride
molecule
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8.2.Appendix Two- Estimation of nitrogen fluidisation velocity

8.2.1. Calculation of fluidisation velocity at room temperature

150(1 — smf) R?

Ar = 1/)28 e R+ [1.75 X —(lpsmf3)]

(Equation 1)

pr(pp — pr)9dy’
P—fz

Ar =

(Equation 2)
Y = Sphericity = 0.94 [227]
p = density of the sand = 2830kgm =3 [92]
ps = density of the Nitrogen gas at 20°C = 1.165 kgm™3 [228]
d, = diamter of the sand particles = 3 X 107*m
ug = absolute viscosity of Nitrogen gas at 20°C = 1.76 X 10~> Pas [229]
ems = Porosity of bed = 0.52 [230]
R= bed expansion ratio

Combining equations 1 and 2 gives a quadratic equation to solve in the form of:

150(1 — &) R> 1_ps(pp— pp)gdy’
— s 3 R +11.75 x i > =0
] Emf (ﬂsmf ) Mr
The first term to be calculated is (c)
- d,®> 1.165x (2830 — 1.165) X 9.81 X (3.0 x 107%)3
pr(Pp = Pr)gdy” _ ( ) ( )" _ 2847.99993

s B (1.76 x 1075)2
C=2847.99993

The next term is (b),

= 579.51777

150 X (1 —epf)]  [150 x (1 —0.52)
B2 3 | 09420523

B=579.51777
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Finally, the (a) term:

R? 1.75

L7 (Oey,®)  0.94x 0.523

= 13.24037

Using the quadratic equation, the value the Bed expansion ratio R is given, R=
5.572007299

Therefore, rearranging equation 6, the uns can be calculated:

Ruy  5.572007299 X 1.76 X 1075

S = 0.28059ms!
tms =0, 3x10-% x 1.165 0.28059ms

0.28059 ms~1! As a flow rate in the fluidization column

Diameter of column is 6.69cm = 0.0669m
Volumetric flow of N = % X Dg X Uy ==% x 0.0669 x 0.28059 = 0.000153383 m3s*
m3s™" to m3hr' by multiplying by 3600 — 0.552177602m>hr"’

Finally, to L/min as that is the units of the flowmeter, m®hr' to Lmin™' by multiplying by

16.6667— 9.20 L min-1
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8.2.2.Calculations at reactor operating temperature

150(1 — smf) R?

= R+ [1.75 X —m—
Ar= 7 )

P2t o |

(Equation 1)

pr(pp = pp)gdy’

Ar =
|J-f2

(Equation 2)

Y = Sphericity = 0.94 [227]

pp = density of the sand = 2830kgm™3

ps = density of the Nitrogen gas at 20°C = 0.469kgm™3[92]

d, = diamter of the sand particles = 3 X 10~*m

uy = absolute viscosity of Nitrogen gas at 20°C = 3.28 X 1075 Pas[228]
&ns = Porosity of bed = 0.6[230]

R= bed expansion ratio

Combining equations 1 and 2 gives a quadratic equation to solve in the form of:

150(1 — &5) R? pr(Po — pr)gdy’
B S E— R+ 1]1.75 % N~ > =0
B2ems (Bems®) Hy
The first term to be calculated is (c)
or(pp— pr)gdy’ _ 0469 x (0.469) X 9.81 x (3.0 x 107%)* _ 226.71749
s (3.28 x 1075)2 '
C=326.71749

The next term is (b),

= 314.37050

150 X (1 —epf)]  [150 x (1 —0.6)
B2, | 0.94%0.6°

B=314.37050
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Finally, the (a) term:

R* 175
(Bens3) 094 %06

1.75 X = 8.61899

Using the quadratic equation, the value the Bed expansion ratio R is given, R=
1.070706045

By rearranging, the uns can be calculated:

Ru;  1.070706045 x 3.28 x 107>
dpps 3 x107* x 0.469

-1

Upf = = ms

0.13638ms~1 As a flow rate in the fluidization column

Diameter of column is 6.69cm = 0.0669m
Volumetric flow of Nz =% X D Xty === X 0.0669 X 0.13638 = 7.455 x 105 m3""
m3s! to m*hr' by multiplying by 3600 — 0.26838015m*hr"’

Finally, to L/min as that is the units of the flowmeter, m3hr* to Lmin" by multiplying by

16.6667— 4.47 L min™
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