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ABSTRACT

Catalytic Pyrolysis of Olive Mill Wastewater Sludge

by

Hamza Abdellaoui, Master of Science
Utah State University, 2015

Major professor: Dr. Foster Agblevor
Department: Biological Engineering

Olive mill wastewater sludge (OMWS) is the solid residue that remains in the
evaporation ponds after evaporation of the majority of water in the olive mill wastewater
(OMW). OMWS is a major environmental pollutant in the olive oil producing regions.
Approximately 41.16 wt. % of the OMWS was soluble in hexanes (HSF). The fatty acids
in this fraction consist mainly of oleic and palmitic acid. Catalytic pyrolysis of the OMWS
over red mud and HZSM-5 has been demonstrated to be an effective technology for
converting this waste material into fuel. Red mud-catalyzed pyrolysis gave higher organics
yields than the HZSM-5 catalysis. The viscosity as well as the oxygen content of the
catalytic pyrolysis oils were significantly lower than those of the non-catalytic oil. The
reaction pathways of red mud and HZSM-5 were different. The catalytic pyrolysis of the
HSF gave an acidic oil with low viscosity and high energy content, and was nitrogen and
sulfur free, whereas the catalytic pyrolysis of the solid residue after hexanes extraction

(SR) gave an oil with higher viscosity, close to neutral pH, lower energy content, and had



high nitrogen content and traces of sulfur.

(153 pages)



PUBLIC ABSTRACT

Catalytic Pyrolysis of Olive Mill Wastewater Sludge

Hamza Abdellaoui

From 2008 to 2013, an average of 2,821.4 kilotons/year of olive oil were produced
around the world. The waste product of the olive mill industry consists of solid residue
(pomace) and wastewater (OMW). Annually, around 30 million m* of OMW are produced
in the Mediterranean area, 700,000 m® year ! in Tunisia alone. OMW is an aqueous effluent
characterized by an offensive smell and high organic matter content, including high
molecular weight phenolic compounds and long-chain fatty acids. These compounds are
highly toxic to micro-organisms and plants, which makes the OMW a serious threat to the
environment if not managed properly. The OMW is disposed of in open air evaporation
ponds. After evaporation of most of the water, OMWS is left in the bottom of the ponds.
In this thesis, the effort has been made to evaluate the catalytic pyrolysis process as a
technology to valorize the OMWS. The first section of this research showed that 41.12
wt. % of the OMWS is mostly lipids, which are a good source of energy. The second section
proved that catalytic pyrolysis of the OMWS over red mud and HZSM-5 can produce green
diesel, and 450 °C is the optimal reaction temperature to maximize the organic yields. The
last section revealed that the HSF was behind the good fuel-like properties of the OMWS

catalytic oils, whereas the SR hindered the bio-oil yields and quality.



Vi

ACKNOWLEDGMENTS

I’d like to thank my major professor, Dr. Foster A. Agblevor, for his continuous
support, patience, and tough love for all of his students. I’d like to thank my committee
members, Dr. Ronald Sims and Mr. Isaa Hamud, for their support and willingness to be a
member of my committee. I shouldn’t forget to thank Dr. Seung-Soo Kim for his advice
and help with the GC/MS analysis of my samples. I would like to express my appreciation
for Utah State University for making it possible for me and other international students to
pursue our higher education in the U.S.A, and the Biological Engineering staff for their
unconditional help and advice. Thank you all.

I also would like to thank my wife, Tatiana Drugova, for her unconditional love and
support. I wouldn’t have made it without her. I’d like to thank the Abdellaoui family for
their support and for believing in me. Last but not least, to all my colleagues in the
Bioinnovation center, thank you for your help whether it was technical or psychological.

Hamza Abdellaoui



vii

CONTENTS
Page
ABSTRACT ettt ettt bt ettt nan e be e re e e e ii
PUBLIC ABSTRARCT ..ttt sttt ettt e nbe e enbeeannee s v
ACKNOWLEDGMENTS ...ttt Vi
LIST OF TABLES ...ttt ettt sbe e e xii
LIST OF FIGURES ...ttt XV
CHAPTER
1. LITERATURE REVIEW ... 1
1.1, HIStory OF OlIVE FrUIT ......ooiiiiiece e 1
1.2. Manufacturing process 0f OliVe Oil ...........ccccuoiiiiiiiii 1
1.2.1. Cold press DAtCh PrOCESS.......ccueiveiirieiiriesii et 2
1.2.2. Centrifugation CONLINUOUS PrOCESS.......ccueruerreeeeeerreseestestesiesseeseeeeseesseseessessesneas 2
1.2.2.1. THree-phase PrOCESS........coeiiierierieiieiieiee et 3
1.2.2.2. TWO-PNASE PIrOCESS. ... .eeueimieiiieitesiesieeie ettt 3
1.3. Worldwide generation of olive mill wastewater............ccocovvriiiniiiencnencse e 5
1.4. Olive mill industry waste product handling..........cccccooviiiiiiniin e 6
1.5. Management and handling of the olive mill wastewater .............cccccceecvvivivcinrennne. 8
1.5.1. Composition and characteristics of the OMWW ...........ccccocevieviveiniinnieeree 8

1.5.2. Direct application 0f the OMWW ..........ccoiiiiiiiie e 9



1.5.3. Processing 0f the OMWW ........ccoooiiiiiieii e 9
1.6. Recovery/production of high-added-value products from the OMWW ................. 10

1.7. Pyrolysis: a potential thermochemical process for the valorization of OMWW .... 12

O I oY £ Y] £ SRS PSTPR 12
O - T )Y/ (0] V] S USSR 14
1.8. Applications of the fast pyrolysis Dio-0il............cccccooviiiiiiiici e 15
1.9. Application of bio-oil for energy/power generation ...........c.cceccveveiieeieeveciieseenns 17
1.10. Problem STAtEMENT............oiiiiiieeie e e 20
1.11. ReSEarch NYPOLNESIS.......ccuieiiiiieciecie st 20
1.12. Research goals and ODJECHIVES .........cccveiieiiiiieie e 21
1,13, RETEIBNCES ...ttt 21
2. CHARACTERIZATION OF THE OLIVE MILL WASTEWATER SLUDGE......... 29
ADSEFACT ... 29
2.1, INEFOTUCTION ...ttt 30
2.2. Materials and MEthOdS ..........ooiiiiiice e 31
2.2.1. MALEIIAIS ... 31
2.2.2. IMEBENOUS. ...t 32
2.2.5. IMIOISEUIE ...t 32



2.2.5. Volatile organic matter and fixed carbon............ccccccevvveviiieiievicicsiee 33

2.2.6. UILIMALe @NAIYSIS.......ecveiieeie et 34

2.2.7. Higher heating ValUe ............ccceiieii i 35

2.2.8. PHu e 35

2.2.9. Sequential eXIraCtioN.........ccceiveiiiere e 35
2.2.10. Hexanes extraction of the OMWS ...t 36
2.2.11. Optimal extraCtion tiMe ..........cceviiiiiieeie e 36
2.2.12. Elemental composition of the HSF and the SR ...........cccoe e 37
2.2.13. Gas chromatography/mass SPECtrOSCOPY .....ccververveireerieseeseesieseesaeseens 37
2.2.14. Saponification VAIUE............cceiveiieiiiiece e 38

2.3. RESUIS aNd AISCUSSION ....c.viiviiiiiiieiieiesie ettt sttt 39
2.3.1. Proximate analysis of the OMWS............cccoiiiiiiiiee e 39
2.3.2. Ultimate analysis 0f the OMWS ..........cccooiiiiiie e 40
2.3.3. Solvent extraction of the OMWS..........cooiiiiiiiii e 41
2.3.4. GC/MS analysis of the HSF and the ESF ...........ccccoeiiiieiicie e 48
2.3.5. Saponification value 0f the HSF ... 54
2.4, CONCIUSIONS. ...ttt ettt ettt b et neenbe et e neesreees 54
2.5, RETEIBNCES ... .ei ettt 55
3. CATALYTIC PYROLYSIS OF OLIVE MILL WASTEWATER SLUDGE ............ 58

A S T ACT .ttt ettt ettt ettt ettt ettt ittt e e e e nnnnnnnnnnnn 58



3.1, INEOTUCTION ...t 59
3.2, EXPErIMENTAl......ccvieiiiieciee e s 60
3.2.1. FRRASIOCK ...t 60
I OF: 111 )] (SR 61
3.2.3. Pyrolysis of olive mill wastewater SIUdge .........cccceovvevveieiieie e 61
3.2.4. GAS ANAIYSIS ...eoveeeiiiieite ettt rs 64
3.2.5. Bi0-0ils CharaCterization .............cocoeieiiiiiiiieee e 64
3.3, ReSUILS @Nd DISCUSSION .....cuiiiiiiiiiiieieiesiest et 65
3.3.1. Catalyst CharaCterization.............cccceiverieiiieieeie e 65
3.3.2. PYrolySiS YIEIUS ..ot 66
3.3.2.1. Fast pyrolysis of the OMWS ... 66
3.3.2.2. Effect of catalyst on the pyrolysis products distribution ....................... 68
3.3.2.3. Effect of reaction temperature on the performance of the catalysts ...... 69

3.3.3. Characterization of the pyrolysis 0ilS ...........ccccceveiieviiiie i 70
3.3.4. Pyrolysis gas product COMPOSITION ...........ccueieeiieiieiieie e 89
3L, CONCIUSIONS ...ttt bbbttt bbb 100
3.5, RETEIBNCES ... 101

4. CATALYTIC PYROLYSIS OF OLIVE MILL WASTEWATER SLUDGE

FRACTIONS .. e 104

ADSITACT .. 104



AL, INETOTUCTION ...ttt 105
4.2, EXPEIIMENTAL.......ccviiiiiieiice et et raesre e 107
4.2. 1. MALEIIAIS ... 107
4.2.2. Catalytic pyrolysis of the OMWS fractions and extra virgin olive oil .......... 107
4.2.3. GAS ANAIYSIS ...veeviiiiieiieeie ettt e re e 108
4.2.4. Bi0-0il CharaCterization............coceouriieiiiiieeiesesees e 108
4.3. ReSUILS NG QISCUSSION ...ttt 110
4.3.1. PYrOlYSIS YIEIAS ......ooivieiecie et 110
4.3.2. Bi0-0ilS CharaCterization .............cccuviieiininieieisesiee e 113
4.3.3. Pyrolysis gas product COMPOSITION ..........cccvevieiiieiieiciie e 126
A4, CONCIUSIONS....c.eiuiiiiitiitiei ettt 133
4.5, RETEIBNCES ...ttt 133

5. SUMMARY AND CONCLUSIONS .......cooiiiiiiiiiii s 135



Table

10

11

12

Xii

LIST OF TABLES

Page

Comparison of the olive oil manufacturing processes (Aragon and Karagouni,

Example of material balance of the olive mill industry waste product (Toscano

and MontemuIto, 2012) .....cc.oiieieee e 7

Typical product yields (dry wood basis) obtained by different modes of

pyrolysis of wood (modified from (Bridgwater, 2000)) .........ccoevviivereerrerieenne. 14
Proximate and ultimate analysis of the OMWS............ccccoo i, 42
Elemental composition of the HSFand the SR ............ccccoce i, 46
13C NMR integration for the HSF and EVOO ...........cccoovveveiveceeeeeeeeeeeene 47
Composition of the hexanes soluble fraction determined by GC/MS ............... 50

Composition of the 95 vol% ethanol soluble fraction determined by GC/MS .. 52
Saponification value and saponifiables yield (wt.%) of the hexanes soluble

FTACTION ... 54
Properties of the red mud and the HZSM-5...........c.cocoieiiii i 66

Product yields distribution for the catalytic/conventional pyrolysis of the


file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750416
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750416
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750417
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750417

13

14

15

16

17

18

19

20

21

22

Xiii
Elemental composition of the ESP oils from the conventional/catalytic pyrolysis
OF the OMWS At 450 °C....ovveiiiiiesieeee e e 74
Gas product composition (mole % of total gases) from the
conventional/catalytic pyrolysis of the OMWS over red mud and HZSM-5 .... 91
Gas product composition (wt. %, dry basis) from the conventional/catalytic
pyrolysis of the OMWS over red mud and HZSM-5............cccooveoiiievecccee, 94
Products yield from the cracking of water over regenerated red mud under
carbon monoxide atMOSPNEIE ........c.veveiieieee e 95
Gas product composition from the cracking of water over regenerated red mud
under carbon monoxide atMOSPNETE .........c.coviieieeie e 96
Product yield distribution from the conventional/catalytic pyrolysis of the
OMWS fractions at 450 °C and using three times the minimum fluidization
1V L=] (01011 Y2 PRR 115
Characteristics of the ESP bio-oils from the conventional/catalytic pyrolysis of
the OMWS fractions at 450 °C and using three times the minimum fluidization
1V L=] (01011 2SSOSR 116
Integration of the *3C NMR spectra of bio-oils from the conventional/catalytic
PYrolysisS Of the HSF ........ccooi e 121
Integration of the 3C NMR spectra of bio-oils from the conventional/catalytic
pyrolysis of the SOlid reSIdUE .........ccovviiieiii e 125
Integration of the 3C NMR spectrum of the ESP oils from the regenerated red

mud catalyzed pyrolysis of the HSF and the EVOO at 450 °C .........ccccoevenene 125


file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750419
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750419
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750420
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750420
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750422
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750422
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750423
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750423
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750423
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750424
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750424
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750424

Xiv
23 Gas product composition (wt. %) for the conventional/catalytic pyrolysis of the
OMWS fractions and EVOO at 450 °C, using three times the minimum

FIUIAIZAtION VEIOCITY ... 131


file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750428
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750428
file:///C:/Users/Hamza/Desktop/various%20data/Catalytic%20pyrolysis%20of%20Olive%20Oil%20Mill%20Wastewater_THESIS_Grad%20school_TRAINING.docx%23_Toc424750428

Figure

10

XV

LIST OF FIGURES

Page

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of

OMWS under nitrogen gas (L/MIN). ......ccocvrriienenieseee e 41
Yields of various OMWS EXIrACTIVES ... ...eeeeeeeeeeeeeeeeeeeeneenees 43
Yield of HSF as a function of extraction timMe...........ueeeeeeeeeeeeeieeeieneeeeeeeeennenens 44

13C NMR spectra of the HSF fraction extracted from the OMWS for one hour
using (a) Soxhlet extraction and (b) boiling extraction. ...........ccccceeervrirennnee. 45
13C NMR of the (a) HSF and (b) the extra virgin olive 0il. ............cccccooeve.e.. 48

Chromatogram from the GC/MS analysis of the hexanes soluble fraction of the

Chromatogram from the GC/MS analysis of the 95 vol% ethanol soluble
fraction Of the OIMWS ... 51
FT-IR spectra of the bio-oils from the (a) non-catalytic, (b) red mud catalyzed,
and (c) HZSM-5 catalyzed pyrolysis of OMWS mixture at 450 °C. ............... 77
'H NMR spectra for the bio-oils from the (a) non-catalytic, (b) red mud
catalyzed, and (c) HZSM-5 catalyzed pyrolysis of OMWS-wood biochar
MIXEUTE AL 450 CC. .ot 80
'H NMR spectra for the bio-oils from the (a) non-catalytic, (b) red mud
catalyzed, and (c) HZSM-5 catalyzed pyrolysis of OMWS-wood biochar

MIXEUFE At 400 CC. i 81



11

12

13

14

15

16

17

18

XVi
'H NMR spectra for the bio-oils from the (a) non-catalytic, (b) red mud
catalyzed, and (c) HZSM-5 catalyzed pyrolysis of OMWS-wood biochar
MIXLUIE At 500 C. ..oviiiiieiiee e 82
13C NMR spectra of the ESP oil from the catalytic pyrolysis at 450 °C of the
OMWS over (a) fresh red mud, (b) calcined red mud, and (c) regenerated red
ITIUG. < b bbb et 86
13C NMR spectra of the ESP oil from the catalytic pyrolysis at 400 °C of the
OMWS over (a) fresh red mud, (b) calcined red mud, and (c) regenerated red
ITIUG. <t b bbbt b et b et 88
13C NMR spectra of the ESP oil from the catalytic pyrolysis at 500 °C of the
OMWS over (a) fresh red mud, (b) calcined red mud, and (c) regenerated red
ITIUG. <t b bbbt b et b et 90
FTIR spectrum for the liquid in condenser one from the water-gas-shift
reaction on regenerated red mud under CO atmosphere. ..........cccevvevvevverveenne. 98

CO/CO:z ratio for the conventional and catalytic pyrolysis of the OMWS at 450

'H NMR spectra of the HSF ESP oil from the (a) fast pyrolysis, (b) catalytic

pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over HZSM-5

'H NMR spectra of the SR ESP oil from the (a) fast pyrolysis, (b) catalytic

pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over



19

20

21

22

23

XVil

13C NMR spectra of the HSF ESP oil from the (a) fast pyrolysis, (b) catalytic
pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over

HZSIM-5. e 122
13C NMR spectra of the SR ESP oil from the (a) fast pyrolysis, (b) catalytic
pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over

HZSIM-5. e 124
13C NMR of the ESP oil from the regenerated red mud catalyzed pyrolysis of
the (a) HSF and (b) the EVOO at 450 °C......cccocoiiieiieie e 126
CO/CO: ratio of the conventional/catalytic pyrolysis of the HSF ................. 132
CO/CO: ratio of the conventional and catalytic pyrolysis of the SR.............. 132



CHAPTER 1

LITERATURE REVIEW

1.1. History of olive fruit

Olive is an Asia Minor originated wild fruit. It was spread by the Phoenicians to the
Mediterranean countries in the 16th century through the Greek isles. The Greeks were the
first to cultivate the olive trees, which were introduced to their mainland between the 12th
and the 14th century. By 1560, the olive tree was being cultivated in the New World
(“International olive council,” 1959). Numerous are the reasons behind the commitment of
several civilization to the cultivation of olives. On the first hand, olive trees can grow on
their own without the need of fertilizer, they can live for decades and still produce olive
fruits. In addition, olive fruits are known to have several therapeutic, nutritional and

cosmetic benefits (“Herbs-Treat and Taste,” 2010).

1.2. Manufacturing process of olive oil

There are two main processes used by olive mill industry to produce olive oil: (1) the
cold press batch process, (2) and the centrifugation continuous process. The continuous
centrifugation process can be divided into two subcategories; the three-phase process and

the two-phase process.



1.2.1. Cold press batch process

The cold press process is the traditional way of extracting olive oil from the olive fruits
using mechanical pressure. The first step of this process consists on crushing the olive fruits
to form a paste. The paste is spread on fiber mats, the mats are then piled and placed in the
press.

As pressure is applied to the paste, the oil percolation is enhanced by running water on
the sides of the mats. The oil is then separated from water by decantation or by mean of
vertical centrifugation. In addition to the low operation cost, the cold press process
produces a relatively dry solid waste (pomace), which is easy to handle. However, the
traditional method is labor-intensive and time consuming.

Moreover, the oil produced by this process is at a great risk of being contaminated due

to non-properly cleaned mats and/or oxidation (Vossen, 2007).

1.2.2. Centrifugation continuous process

In order to increase the efficiency of the olive extraction process and reduce the
exposure of the paste to the air, modern decanters were adopted. These decanters are large
centrifuges that allow the separation of solids, vegetable water, and oil in much less time.
This modern process makes the olive oil process continuous and decreases the risk of
undesirable compounds forming in the oil due to oxidation from the air and/or the
degradation due to enzymes present in the vegetable water. There are two types of

centrifugation process i.e. the three-phase process and the two-phase process.



1.2.2.1. Three-phase process

In the three-phase process, the olive fruits are crushed to form a paste. The paste is then
stirred at 27 °C to improve the oil droplets aggregation. This step is called malaxation. The
paste is then pumped to a large horizontal centrifuge called decanter, where water is added
to facilitate the flow of the paste to the decanter and the separation of oil from the solid
particles. The decanter has three outlets one for the olive oil, another for the olive mill
wastewater, and a third outlet for the solids (pomace).

The three-phase process produces large amount of olive mill wastewater (OMWW)
containing flavors, antioxidants and polyphenols washed off from the olive oil. Due to the
complex composition of the OMWW, managing such waste product became a challenge

(Aragon and Karagouni, 2000).

1.2.2.2. Two-phase process

In order to reduce the large quantity of OMWW produced from the three-phase process,
the two-phase process was introduced to the olive oil industry in the late 90s. Similar to
the three-phase process, the two-phase process uses large horizontal centrifuge (decanter)
to separate the oil from the solids and vegetable juices. By contrast, the two-phase process
does not require the addition of water to the olive paste. Consequently, the OMWW
quantities produced from such process are very low, but the solid waste (pomace) is wet

and hard to process.
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The oil production from the two-phase process is less efficient than the three-phase one
because there is no added water to enhance the separation of the oil from the paste in the
decanter. However, the olive oil produced from the two-phase process has more polyphenol
and overall flavor compared to the three-phase process oil (Vossen, 2007), which explains
why Spain (the major olive oil producer in the world) adopted the two-phase process
despite its lower efficiency compared to the three-phase process (Kotronarou and Méndez,
2003).

Table 1 represents the material and energy balance for each of the three processes by
which olive oil is being produced around the world. The traditional cold press process
consumes less energy and requires less complicated equipment, but it has lower
productivity (batch process), labor-intense, and there is high contamination risk of the oil
(oxidation and enzymatic degradation).

The three-phase process is a continuous process with much higher productivity than
the traditional cold press process, however, the former produces large quantity of OMWW
(100 to 120 wt.% of the olive mass) and requires around two times the energy required by
the traditional process. The two-phase process produces almost no OMWW, however it
less efficient than the three-phase process, and the waste product is a semisolid residue

(wet pomace) that is hard to deal with.



Table 1
Comparison of the olive oil manufacturing processes (Aragon and Karagouni, 2000)
PRODUCTION | INPUT AMOUNT OF | OUTPUT AMOUNT
PROCESS INPUT OF
OUTPUT
Olives 1000 kg oil 200 kg
. . solid waste (c. 25
;::Sds'ltr'%”a' VV\)’;Z':'”Q 0.1—012m3 | % water + 6 % | 400 kg
process \(/)\;;)ste water (c
Energy 40 — 63 kWh 88 % water) 600 kg
Olives 1000 kg oil c. 200 kg
. solid waste (c. 50
Vvyaiserr“”g 01—012m3 | % water + 4 % | - S00 — 600
oil) g
waste water (c.
Three-phase Fresh  water 0 o | . 1000- 1200
decanter for decanter 0.5—1m3 g?l)/o water +1 % kg
Water to
polish the | c. 10 kg
impure oil
Energy 90 —117 kWh
Olives 1000 kg oil 200 kg
. solid waste (c. 60
ge"zgn‘[t’g‘fse VVVVQZT'”Q 01—012m3 | % water + 3 % | 800— 950 kg
oil)
Energy <90 - 117 kWh

c.: calculated value.

1.3. Worldwide generation of olive mill wastewater

From 2008 to 2013, an average of 2,821.4 kilotons/year of olive oil were produced
around the world. Around 98 % of that olive oil was produced by Mediterranean countries
especially Spain which contributed by 43% of the world olive oil production

(“International olive council,” 1959).



6

These statistics highlight not only the importance of olive oil industry in the
Mediterranean basin, but also the abundance of its resulting waste products. The waste
product of the olive mill industry consists of solid residue (pomace) and wastewater
(OMWW).

The volume of OMWW produced depends on the extraction process. While the
traditional press process produces 0.4-0.6 m* of OMW/ton of olives, the continuous three-
phase process produce more diluted wastewater (average of 1 m® of OMW W/ton of olives)
(Ministry of the Environment, 2000) because of the considerable amount of warm water
used to wash the paste before extraction of the olive oil. In order to reduce the OMWW
produced from the three phase process, the two-phase process was established. In this
process, much less water is used in the decanter to separate the oil from the pomace. On
average 0.05-0.06 m> of OMWW/ton of olives is produced from the two-phase process.

OMWW is an aqueous effluent containing olive skin (Vitolo et al., 1999) characterized
by an offensive smell and high organic matter content including high molecular weight
phenolic compounds and long-chain fatty acids (Gonzalez et al., 1990). These compounds
are highly toxic to micro-organisms and plants, which makes the OMWW a serious threat

to the environment if not managed properly.

1.4. Olive mill industry waste product handling
As for the handling of the waste products of the olive oil industry i.e. olive pomace and
olive mill wastewater, several techniques are adopted. The olive pomace (the solid waste

of olive oil industry) generated by the traditional press process and the three-phase process
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is called virgin pomace and it contains residual oil (6% and 4%, respectively). Therefore,
it is processed in the olive pomace industry to extract the oil using hexanes as solvent.

After extraction of the residual oil from the virgin pomace, the defatted olive pomace is
dried and used for energy recovery, landfilled, or used for agricultural application such as
land fertilizer (Caputo et al., 2003), and/or as animal feed compliment (Nasopoulou and
Zabetakis, 2013). Another interesting application of the olive pomace is the production of
ethanol and recovery of high value phenols (Ballesteros et al., 2002). As for the two-phase
olive pomace, and due to its high moisture content (Table 1 and 2), it is not profitable to
process it in the pomace industry. It was suggested that composting would be the best

option to handle such waste product (Azbar et al., 2004).

Table 2
Example of material balance of the olive mill industry waste product (Toscano and
Montemurro, 2012)

Waste
Milling H>O added | Pomace Pomace moisture | waters
technology (%) (kg/100 kg olive) | (%) (kg/100 kg
olive)
3 phase 50 55-57 48-54 80-110
continuous
Traditional 0-10 30-35 25-30 56-58
2 phase 0-10 75-80 60-70 10

The olive mill wastewater is the liquid waste product of the olive oil industry. During
the processing of the olive fruits, the OMWW generated is 1.8 and 1.7 times higher than
the olive pomace produced using the traditional cold press and the three-phase process,

respectively. The OMWW consists of 88% and 95% water for the traditional and the three-



phase process, respectively.
Unlike the olive pomace, the olive mill wastewater is much more difficult to manage
due to:
e Its high water content ranging from 88 to 94% of the OMWW (Table 1), which
rules out the possibility of energy recovery application.
e Its high chemical oxygen demand to biological oxygen demand ratio ranging from
2.5 to 5, which makes the direct biological treatment of OMW impossible because
of the low efficiency of the process (Aragon and Karagouni, 2000).
e The presence of recalcitrant organic compounds (water soluble phenols and
polyphenols) washed off from the olive paste, which makes the agricultural
application of the OMWW as land fertilizer a risky task due to the phytotoxic effect

of these organic compounds (McElhatton and do Amaral, 2011).

1.5. Management and handling of the olive mill wastewater
The OMWW consists of olive juice, added water, fine olive pulp, and unrecoverable
oil (McElhatton and do Amaral, 2011). Depending on the variety of the olive fruit and the

extraction process, the characteristics of the OMWW can vary.

1.5.1. Composition and characteristics of the OMWW

Typically, the OMWW consists of 88-94% water, 4-16% organic compounds (oils,
proteins, polysaccharides polyalcohols organic acids and phenolic compounds), and 0.4-
2.5% mineral salts (mainly potassium and sodium salts) (McElhatton and do Amaral,

2011).
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The high organic matter concentration and the presence of polyphenols make the
OMWW a natural resource and a threat to the environment at the same time. While the
high organics load and the polyphenols are considered a threat to the environment (high
COD/BOD and phytotoxicity), scientist have managed to find way to valorize the OMWW
by recycling the water in the waste product and using the solid residue as a fertilizer or for
the production of antioxidants. When dried, the solid residue (sludge) can be used for

biogas production (anaerobic digestion) or as fuel for energy production (combustion)

(Azbar et al., 2004).

1.5.2. Direct application of the OMWW

In order to solve the environmental threat of the OMWW, several attempts to revalorize
such waste product were conducted. The direct application of the OMWW as agricultural
land fertilizer have failed because of the phytotoxic effect of the water-soluble phenols and
polyphenols. Another attempt of using the dried OMWW as animal feed had also failed
because of its high concentration of phenolic compound and sodium (Hamdi, 1993), which
caused diarrhea for the ruminants.

However, the use of Aspergillus sp and Geotricum candidum for single cell protein
production from OMWW was successful and resulted in a highly digestible biomass with

a protein content of 30% (Hamdi, 1993).

1.5.3. Processing of the OMWW
The processing techniques used to treat the OMWW can be classified into three

categories; physical treatment, chemical treatment, and biological treatment. The physical



10
treatment range from the simple separation of the solid particulates from the bulk
wastewater (evaporation, settling, centrifugation, filtration and floatation) to the more
advanced membrane separation of macromolecules and colloids from the filtered
wastewater.

The chemical treatment includes coagulation/floatation and chemical oxidation used to
remove the COD, and adsorption and Ion-exchange techniques that selectively remove
undesirable compounds in the OMWW such as coloring substances, long-chain fatty acids,
phenols, polyphenols, etc. As for the biological treatment it includes the anaerobic and
aerobic digestion (McElhatton and do Amaral, 2011).

While the aerobic digestion of the OMWW produces stable sludge and require high
oxygen intake, the anaerobic treatment produces valuable biogas and less sludge. However,
the phenolic compounds have an adverse effect on both aerobic (Olori et al., 1990; Ragazzi
and Veronese, 1973) and anaerobic microorganisms (Beccari et al., 1998; Boari et al., 1984;
Hamdi, 1991a, 1991b). Long-chain fatty acids were also proven to irreversibly inhibit the
anaerobic microorganisms (Angelidaki and Ahring, 1992). Therefore pretreatment of the

OMWW is necessary in order to increase the efficiency of the biological treatment.

1.6. Recovery/production of high-added-value products from the OMWW

Some of the organic compounds in the OMWW (water-soluble phenols, polyphenols,
and long-chain fatty acids) are considered inhibitory and toxic to microorganisms.
However, when properly recovered/converted, these compound are valuable.

Polyphenols are natural antioxidants that can be used to improve the nutritional

properties and preservation of food. Around 98% of the polyphenols in olive fruit are
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washed-off in the OMWW (Rodis et al., 2002). The extraction of polyphenols can be done
using organic solvents such as ethyl acetate resulting in 90% phenols recovery (Khoufi et
al., 2008), or using membrane filtration. Both techniques require the pre-separation of the
solids from the wastewater to improve upon the recovery of polyphenols. Pectins are
another valuable class of compounds that can be used as gelling agents, emulsifiers and
stabilizers in the food industry (McElhatton and do Amaral, 2011). Coimbra and co-
workers reported that arabinose rich pectic polysaccharides were the major components of
the cell wall material prepared from olive pulp (Coimbra et al., 1994).

Enzyme production on OMWW was reported by several authors (D’Annibale et al.,
2006a, 2006b; Fenice et al., 2003; Petruccioli et al., 1988; Scioli and Vollaro, 1997). These
enzymes include lipase, lignin-oxidizing enzymes, and pectic enzymes.

The production of lipase over undiluted OMWW using 12 different fungal strains was
investigated by D’Annibal and co-workers (D’Annibale et al., 2006a, 2006b). They
reported that all 12 fungus strains, used in their study, were able to grow in the OMWW
and produce lipase, with C. cylindracea being the most promising.

Lignin-oxidizing enzymes (lacasse, lignin peroxidase, and manganese-dependent
peroxidase) are of industrial interest because they result in the delignification of
lignocellulosic biomass resulting in greater exposure of the substrate (carbohydrate) to the
fermentation microorganisms. Such enzymes can be used for ethanol production (Elander
and Hsu, 1995), paper products industry (Widsten and Kandelbauer, 2008), and the

decolorization of industrial wastewater (Rodriguez Pérez et al., 2008).
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Pectinase is another useful enzyme that can be produced using pretreated OMWW
(Petruccioli et al., 1988). Pectinase has the ability of breaking down structural polymers
(pectins) of plant cells. Moreover, Petruccioli and co-workers reported that the addition of
purified pectinase to the olive paste during the malaxation phase can increase the olive oil
yield by 10% (Petruccioli et al., 1988).

There are several bioproducts that can be produces from the OMWW. Biofuels can be
obtained through the thermochemical conversion (pyrolysis) of concentrated OMWW to
produce liquid fuels (Petarca et al., 1997) or the biochemical conversion of pretreated
OMWW to produce ethanol (Massadeh and Modallal, 2008; Oliveira, 1974)

The OMWW has been used for the production of biopolymers such as
polyhydroxyalkanoates (PHAs) (Gonzalez-Lopez et al., 1996; Massadeh and Modallal,
2008; Pozo et al., 2002), pullulan (Israilides, 1994), xanthan (Lopez and Ramos-
Cormenzana, 1996; Lopez et al., 2001).

Mercader and co-workers investigated the production of biosurfactant (rhamnolipid)
over the OMWW using aerobic bacteria and they reported the suitability of the diluted
OMWW for the production of rhamnolipids. They also reported that the COD of the

OMWW was reduced by 50% within 72 hours (Mercade et al., 1993).

1.7. Pyrolysis: a potential thermochemical process for the valorization of OMWW
1.7.1. Pyrolysis

Pyrolysis is the thermochemical breakdown of the organic fraction of biomass in the
limited presence or total absence of oxidizing agents. The products of the pyrolysis reaction

consist of three simpler compounds i.e. bio-char, bio-oil, and non-condensable gases.
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Depending on the heating rate of the biomass and the residence time of the organic vapors,
pyrolysis can be classified as slow, intermediate or fast (Table 3).

While low temperature and long residence time favor the production of char, moderate
temperature (~500 °C) and short residence time (~1s) result in maximizing the liquid yield
(up to 75%). The liquid product of pyrolysis (bio-oil) is considered as a source of high
value chemicals and energy carrier (Czernik and Bridgwater, 2004). It has higher energy
density compared to the original feedstock and is easier to transport (Agblevor et al., 1995).
It is a complex mixture of organic compounds and water.

The water in the bio-oil consists of pyrolytic water (dehydration reaction) and moisture
in the biomass (Bridgwater, 2012). The organic fraction of the bio-oil contains a wide
variety of oxygenated hydrocarbons such as alcohols, aldehydes, phenols, acids, ketones,
ethers, sugars, and aromatics in addition to alkenes (Vamvuka, 2011).

The fast pyrolysis process is designed to maximizing the liquid product yield by
carefully controlling the reaction temperature (~500 °C), very high heating rate of the
finely ground biomass (< 3 mm) to insure a very high heat transfer, minimizing the
residence time of the pyrolysis vapors in the reactor to avoid secondary reactions, rapid
separation of the char from the pyrolysis vapors to minimize their cracking, and finally

insure the quenching of the vapors to obtain the bio-oil (Bridgwater, 2012).
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Table 3
Typical product yields (dry wood basis) obtained by different modes of pyrolysis of wood
(modified from (Bridgwater, 2000))

wt.%

Mode Conditions Liquid | Char | Gas
Slow- . 82 | 18
Torrefaction ~290 'C, solids residence time ~30 mins
Slow- o ~400 C, long vapour residence time hrs 30 35 35
Carbonization | -> days

~500 "C, hot vapour residence time
Intermediate ~10-30 s 50 25 25
~_500 C, short hot vapour residence 75 12 13
Fast time~1s

1.7.2. Fast pyrolysis

Fast pyrolysis is a very promising thermochemical process that converts feedstock to a
liquid fuel product called bio-oil along with biochar and non-condensable gases. Although
fast pyrolysis can produce high bio-oil yield that can reach up to 75% (Onay and Kogkar,
2006), the quality of this bio-oil such as its high water content, acidity and low heating
value restricts its application (Czernik and Bridgwater, 2004).

Olive mill wastewater sludge (OMWS), is the solid residue that remains in the
evaporation ponds when the water evaporates from the OMWW with time. This dry
organic matter can be a potential feedstock for bio-fuel production. In fact, pyrolysis of
OMWS give a bio-oil characterized by a high heating value, high pH and low moisture and
sugar contents. The feasibility was first proved by Dr. Kamel Halouani and Dr. Foster
Agblevor, who produced such bio-oil from OMWS. However, the viscosity and stability

of the produced bio-oil makes it less competitive with petroleum crude.
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1.8. Applications of the fast pyrolysis bio-oil

The production of valuable chemicals from the pyrolysis whole bio-oil was adopted for
many centuries, until the discovery of cheaper alternative feedstock derived from coal,
crude oil or natural gas (Czernik and Bridgwater, 2004). However, wood fast pyrolysis bio-
oil contains hundreds of valuable organic compounds, when recovered at high purity.

Unfortunately, the recovery of those valuable chemicals is neither practical nor cost
effective because of the complexity of the bio-oil, thus the technical difficulty of selective
separation of specific compounds. Therefore, easier and cheaper technologies that aims for
the production of useful chemicals from the whole bio-oil were developed. Some examples
of such technologies were reported in the literature.

The production of biodegradable fertilizer with slow-release nitrogen from the whole
pyrolysis bio-oil was reported by (Bridgwater, 2000; Radlein et al., 1997). They took
advantage of the high content of carbonyl groups in the bio-oil by reacting it with urea,
ammonia or other -NH; containing materials, which resulted in the formation of various
amide and imide bonds, allowing up to 10% nitrogen incorporation in the organic matrix
(bio-oil). Another application of the whole bio-oil, is the production of organic compounds
that can capture undesirable sulfur oxides and nitrogen oxides generated from coal
combustion. These compounds can be obtained by reacting lime with the carboxylic acids
and phenols present in the bio-oil. A concrete example of such application is the patented

BioLime produced by Dynamautive Corporation.
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Wood preservation can be achieved by impregnating the wood with bio-oil (Freel and
Graham, 2002). This preservation effect is due to the terpenoid and phenolic compounds
that act as fungicides and insecticides (Kasper et al., 1983). The bio-oil consists of two
phases i.e. water soluble phase and water insoluble phase.

While the former has been used to produce meat browning agents (Kasper et al., 1983)
and environmentally friendly road de-icers (Oehr et al., 1993), the latter, consisting of
lignin degradation oligomers, brings lower cost and toxicity when used as a substitute for
phenols in phenol-formaldehyde resins (Giroux et al., 2001; Himmelblau, 1991).

There are numerous valuable chemicals in the bio-oil. Levoglucosan (LG) is produced
from the pyrolysis of cellulose and can be hydrolyzed to produce glucose which is a
valuable feedstock for the production of bio-ethanol (Bennett et al., 2009). There are
several methods for the purification of LG from the bio-oil (Howard et al., 1993; Moens,
1994; Scott et al., 1995).

Levoglucosenone (LGO) is produced from the combined depolymerization and
dehydration reactions during the pyrolysis of cellulose or biomass. Due to its unique
structure (a highly activated keto-group, an enone system, and an acetal center), LGO has
been used in the synthesis of organic compounds such as tetrodotoxin, thiosugars, and ras
activated inhibitors (Momba, 2010). LGO can be recovered through distillation of bio-oil
(Marshall, 2008). Hydroxyacetaldehyde, the most abundant product formed due to the ring
scission of holocellulose (Shimada et al., 2008) is another valuable compound that can be
used as ingredient in cosmetic industry or as meat-browning agent (Underwood and

Graham, 1991)
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1.9. Application of bio-oil for energy/power generation

The liquid (bio-oil) from fast pyrolysis has a variety of applications. It can be used as
fuel for boilers to generate heat (Czernik and Bridgwater, 2004), as the main compound
(72%) in a fuel blend for a single-cylinder Lister Petter diesel engine (Suppes et al., 1996),
as fuel (preheated bio-oil) in a 0.45 L Ricardo single-cylinder direct injection diesel engine
(Shihadeh, 1998), on small scale combined heat and power production (Bandi and
Baumgart, 2001), or used to make emulsions of bio-oil in diesel fuel (Chiaramonti et al.,
2003). However, it was reported that using an emulsion of diesel and pyrolysis bio-oil
resulted in the formation of deposits and erosion of the injectors of their 6.25 kW single-
cylinder engine.

Chiaramonti and co-workers confirmed the risk of using emulsion of diesel and
pyrolysis bio-oil on diesel operating engines. They tested four different engines and the
damages caused by the combustion of the emulsion (significant damage of the fuel pump
and injectors) were greater than those caused by the combustion of the bio-oil alone
(Chiaramonti et al., 2003). Another application of the bio-oil as energy source is to use it
as fuel on properly modified turbines for power generation. The first tests on gas turbines
using pyrolysis bio-oil were conducted in the early 1980s by Kasper and co-workers
(Kasper et al., 1983). They used slow pyrolysis bio-oil from forest and agricultural residues
(resembling typical fast pyrolysis bio-oil) on a J69-T-29 gas turbine combustor rig. The
reported combustion efficiency in the rig was 95%. However, and in addition to slag
buildup in the exhaust of the turbine, the CO emissions were higher whereas the CH and

NOx were within the limits compared to petroleum fuel.
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Strenziok and co-workers were able to operate a small commercial gas turbine using
dual fuel mode (bio-oil and diesel) at 73% of the full power. They reported the formation
of deposits in the combustion chamber and on the turbine blades. They also reported higher
CO and CH emissions, and lower NOx emissions from the dual fuel runs compared to the
diesel fuel runs (Strenziok et al., 2001).

For its application as fuel. Upgrading the fast pyrolysis bio-oils by minimizing these
oxygenated compounds is an essential process before using them as fuel. Rejection of
oxygen from the fast pyrolysis bio-oil can be achieved by two type of processes i.e.
hydrotreating and catalytic cracking. The former uses hydrogen under high pressure and
oxygen is rejected as water, whereas the latter uses solid cracking catalyst under
atmospheric pressure without hydrogen supply (Putin et al., 2006).

The product distribution as well as the bio-oil quality obtained from the catalytic
cracking of feedstock is significantly dependent on the characteristic of the catalyst used
(Bridgwater, 1996; Horne and Williams, 1996; Vitolo et al., 1999).

One of the most common synthetic catalysts used in the catalytic cracking process is
HZSM-5. This catalyst is acidic, shape-selective and highly active. It converts
hydrocarbons and oxygenated hydrocarbons into aromatic products similar to gasoline
components (Mathews et al., 1985). HZSM-5 converts the oxygenated components
(aldehydes, ketones, and carboxylic acids) into less reactive deoxygenated products. As a
result, the bio-oil produced from the catalytic cracking over HZSM-5 is stable and has
lower viscosity (Williams and Nugranad, 2000). In order to reduce the overall cost of the

upgraded bio-oil production, low-cost materials have being investigated as alternative
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catalysts. A good example is the use of natural limestone or dolomite as tar cracking
catalysts (Nokkosméki et al., 1998).

Red mud, a mixture of Fe:O3, Al.03, SiO2, TiO2, CaO, and Na2O is the waste by-
product of the Bayer process for the refining of bauxite ore into pure Al2Os, the first step
in the production of aluminum metal. Red mud is produced as an aqueous slurry on a very
large scale (>70x10-6 ton/year) and is highly alkaline (pH 14) (Karimi et al., 2010a).

Reduced red mud was used as a catalyst for upgrading the bio-oil from Hemp-seed
pyrolysis which was carried under hydrogen pressure of 800 psi and at a temperature of
350° C. The upgraded bio-oil contained fewer oxygenated compounds but more saturated
hydrocarbons. The viscosity of the upgraded bio-oil was improved (Karimi et al., 2010a).
Red mud in its virgin or reduced form was also reported as an effective catalyst able to
reduce the acidity of the pyrolysis bio-oils (Karimi et al., 2010b)

Preliminary work has proven that red mud is able to crack hydrocarbons (cracking of
virgin olive oil over red mud at 450° C). Farther, Yathavan and Agblevor used red mud in
the fractional catalytic pyrolysis of pinyon-juniper, and they reported that red mud rejects
oxygen in the pyrolysis vapors as water and CO> (rather than CO), which increased the
overall carbon efficiency of the process compared to HZSM-5 experiment (Yathavan and
Agblevor, 2012). Another interesting feature of red mud is its catalytic activity which is
dependent on the external surface area. When using red mud in a fluidized bed reactor,
Yathavan and Agblevor noticed that red mud maintained its activity for around 3 hours.
That was due to the constant attrition of the particles in the fluid bed, which considerably

reduced the coke formation on the surface of the catalyst (Yathavan and Agblevor, 2012).
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1.10. Problem statement

Both OMWS and red mud are waste materials that are difficult to deal with because they
are environmental pollutants. OMWS has bad smell, phytotoxic effect in plants (high
mineral salt content, low pH, and phenols), and negatively affect the properties of soil
(immobilization of available nitrogen, increased salinity) when directly applied as
fertilizer.

Red mud is a waste by-product of the Bayer process. It is an environmental pollutant
because of its high alkalinity. In fact, lands where red mud is stored (holding ponds)
become sterile and draining effluent from red mud ponds increases the alkalinity of the
groundwater. Therefore, the disposal of the waste materials present a challenge that needs

to be addressed carefully.

1.11. Research hypothesis

Fractional catalytic pyrolysis (FCP) of lignocellulosic biomass produces biocrude oil
that is stable and has high calorific value (30 MJ/kg) (Agblevor et al., 2010).

Red mud consists of a mixture of oxides such as Fe203, Al203, SiO2, TiO2, CaO, and
Na2O. Lu and co-workers reported the catalytic pyrolysis of hybrid poplar over several
nano-oxides (MgO, CaO, TiOz, Fe203, NiO and ZnO) in a pyroprobe at 500 °C. While
Fe2Os resulted in the formation of hydrocarbons, CaO reduced significantly the acid
content of the catalytic bio-oil. As for TiO2 and the three remaining oxides, they reduced
the anhydrosugars in the bio-oil (Lu et al., 2010). Therefore, it was hypothesized that red

mud would be a potential catalyst for the upgrading of the OMWS fast pyrolysis bio-oil.
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Furthermore, the red mud is believed to produce catalytic pyrolysis oil with comparable

properties to those of the HZM-5 catalytic pyrolysis oil.

1.12. Research goals and objectives

The ultimate goal of this research is to produce a cheap, renewable liquid fuel from the
catalytic pyrolysis of an agricultural waste (OMWS) using an industrial by-product (red
mud). To achieve this goal, the catalytic pyrolysis of the OMWS over red mud will be
conducted and the performance of this catalyst will be compared to that of HZSM-5.
Further, the catalytic pyrolysis of the OMWS hexanes soluble fraction and the solid residue
after extraction will be conducted in order to reveal the contribution of each fraction in the
composition of the pyrolysis bio-oil and gas product.
The research objectives and results are organized and presented as follows:

1. Characterization of the OMWS.

2. Catalytic pyrolysis of OMWS over red mud and HZSM-5.

3. Catalytic pyrolysis of the OMWS fractions.
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CHAPTER 2

CHARACTERIZATION OF THE OLIVE MILL WASTEWATER SLUDGE

Abstract

Olive mill wastewater sludge (OMWS) is the solid residue that remains in the
evaporation ponds after evaporation of the majority of water in the Olive mill wastewater
(OMW). OMWS is a major environmental pollutant in the olive oil producing regions. It
has a bad smell, phytotoxic effect on plants, and can cause sterility of the land where it is
stored. In order to determine the structural and elemental composition of the OMWS, this
study focuses on its characterization. The analyses carried out included proximate and
ultimate analysis, as well as compositional analysis. The ash content of the OMWS was
15.73 wt.% (dry basis), the volatile organic matter and fixed carbon were 60.1 wt.% and
24.17 wt.%, respectively. The carbon and hydrogen contents were 57.3 wt.% and 8 wt.%,
respectively. The sulfur content was lower than the detection limit of the instrument. The
nitrogen and oxygen contents were 2.3 wt.% and 23.9 wt.%. The OMWS had high energy
contenti.e. 30 MJ/kg and close to neutral pH (6.39) as a slurry. The non-structural materials
accounted for 74.35 wt.% of the OMWS. The hexanes soluble fraction (HSF) had the
highest yield of 41.16 wt.%, followed by 19.81 wt.% for the ethanol soluble fraction (ESF),

and 13.38 wt.% for the water soluble fraction (WSF).
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The GC/MS data showed an abundance of free fatty acids (oleic acid and palmitic acid)

in the HSF, and glycerin and di-ketone in the ESF. The saponification value (SAP) of the

HSF was 64.41 mg KOH/g of HSF), the saponifiables accounted for 6.16 wt. % to the
OMWS.

The high ash content in the OMWS will result in a high char/coke yield. The nitrogen

content of the OMWS will reduce the quality of the bio-oil.

2.1. Introduction

In order to reduce our dependence on fossil fuels (petroleum, coal, and natural gas) and
mitigate the environmental impact of processing those fuels, a renewable and sustainable
alternative is needed. Biomass is any organic matter that can be converted into energy. It
covers plants, agricultural residues, and industrial organic waste products. Even though
biomass is one of the main energy resources available, it is the only source of renewable
fuels (liquid, solid, and gaseous) (Bridgwater et al., 1999). In order to evaluate any biomass
as potential source of biofuels, it is necessary to characterize it. The physical-chemical
characterization of biomass will enable the prediction of its behavior during combustion,
gasification and pyrolysis (Kazagic and Smajevic, 2007). The OMW consists mainly of
water and a total suspended solid concentration of 44.26 (g/L). It also contains sugars (3.4
g/L), protein (3.2 g/L), lipids (5.6 g/L), and polyphenols (4.99 g/L) (Kazagic and Smajevic,

2007).
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The OMWS is the solid residue that remains in the evaporation ponds after evaporation
of water in the OMW under atmospheric condition. Thus the distribution of the different
compounds in the OMWS should be different from the OMW.

It is hypothesized that the lipid fraction in the OMWS will result in the production of
hydrocarbon rich liquid fuel. In fact, pyrolysis and catalytic pyrolysis of lipids (vegetable
oils, animal fats, Triglycerides, Fatty acid methyl esters and free fatty acids) has been
investigated for long time.

It was reported that the liquid obtained from the pyrolysis of vegetable oils is rich in
hydrocarbons and could be used as feedstock to produce petrochemicals and petroleum
based distillates (Graboski and McCormick, 1998). In order to evaluate the OMWS as a
potential biofuel source, it is necessary to determine its chemical and physical properties
especially the lipids content and composition. The goal of this chapter is to characterize

the OMWS and evaluate its potential as a biofuel feedstock.

2.2. Materials and methods
2.2.1. Materials

OMWS samples were collected as solid chunks from a 1-2 years old evaporation ponds
in the region of Agareb in the Sfax governorate, Tunisia. The samples were ground as
received to pass a 2 mm screen using a Wiley mill (model 4) (Thomas Wiley Scientific,

Swedesboro, NJ, USA).
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2.2.2. Methods
The OMWS was characterized for moisture, ash, ultimate, proximate, and extractives

content.

2.2.5. Moisture

The moisture content of the OMWS samples was measured using an IR 60 infrared
moisture analyzer (Denver Instruments, Bohemia, NY, USA) according to ASTM E1756-
08. One to 1.5 g of the sample was spread on an aluminum pan placed on the instrument
balance.

The moisture was determined gravimetrically by heating the sample from room
temperature to 105 °C, then cooling down to room temperature. The moisture content of

the sample was shown as mass percent of moisture.

2.2.4. Ash

The ash content of the OMWS was determined according to the standard procedure
ASTM E1755-01 (2007). 1-2 g of the OMWS was loaded into a crucible and placed in a
Lindburg Blue M box furnace model BF51842 (Thermo Scientiofic, Waltham, MA, USA)
heated from room temperature to 250 °C at 10 °C/min, then held for 30 minutes. Afterward,
the temperature was increased to 575 °C and held for 3 hours. The samples were cooled in
a desiccator then weighed. The samples were put back into the furnace at 575 °C for 1 hour,

then cooled and weighed.
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This step was repeated three times and yet the mass differences was higher than 0.3

mg, therefore the samples were left in the oven for 12 hours, cooled and weighed, then put

back in the oven at 575 °C for 1 hour, then cooled and weighed. Finally the weight
difference was within 0.3 mg.

The ash content of the sample was calculated on dry basis using the Eq. (1). The average

value of triplicates was recorded as the ash content of the OMWS.

ASh (Wt %) = [(Mac — Mct)/(Msc — Mct)] X 100 (1)

where

Ash (wt. %) = the mass percent of ash of the OMWS on dry basis.

Mac = the mass of the ash and the crucible in grams.
Met = the mass of the crucible in grams.
Msc = the mass of the OMWS sample in grams.

2.2.5. Volatile organic matter and fixed carbon

The proximate analysis of the OMWS was conducted using a TA instrument
thermogravimetric analyzer TGA Q500 (TA instruments, New Castle, DE, USA).
Approximately 40 mg of sample was loaded to a platinum pen. The sample was heated
under 100 ml/min of nitrogen gas. The temperature was increased from room temperature

until the weight loss curve indicated a stable mass. The final temperature was 596 °C. The



34
mass loss consisted of moisture and volatile matter. The solid residue consisted of fixed

carbon and ash.

2.2.6. Ultimate analysis

The elemental analysis of the OMWS was conducted using a Flash 2000 CHNS-O
analyzer (Thermo Scientific Inc, Waltham, MA, USA). 2-3 mg of sample was loaded to a
tarred tin cup then placed manually into the loading chamber. The sample was combusted
at 950 °C in a quartz tubular reactor and the gases produced were analyzed by GC equipped
with a thermal conductivity detector (TCD). The average values of triplicates were reported
as the organic elemental composition of the OMWS on dry basis. The oxygen content was

determined by difference according to Eq. (2).

O (wt. %, dry basis) =100 - C —H -~ N —-S — Owater  (2)

where

O: oxygen content of the bio-oil, on dry basis.
C: carbon content of the bio-oil, on dry basis.
H: hydrogen content of the bio-oil, on dry basis.
N: nitrogen content of the bio-oil, on dry basis.
S: sulfur content of the bio-oil, on dry basis.

Owater: OXygen content of the water in bio-oil.
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2.2.7. Higher heating value
The higher heating value (HHV) of the OMWS was measured using IKA C200 basic
bomb calorimeter (IKA Works Inc, Wilmington, NC, USA). 0.5 g of sample was loaded to
a quartz crucible and combusted in a type 2 stainless steel vessel.
During the combustion of the sample, the heat produced was detected and the energy
content of the sample was shown as Mega Jules per kilogram (MJ/kg). The average of the

triplicates was reported as the HHV of the OMWS on dry basis.

2.2.8. pH

The pH of OMWS slurry was measured using a pH meter (Mettler Toledo AG,
Switzerland) equipped with an InLab® Expert Pro Electrode. Fourteen grams of OMWS
was added to 200 ml of de-ionized water and stirred manually. The pH measurements were

done multiple times to ensure reproducibility.

2.2.9. Sequential extraction

The sequential extraction of the OMWS was conducted using a Soxhlet extractor. The
solvents used were hexanes, 95vol% ethanol, and de-ionized water.

Approximately 20 g of ground OMWS were loaded into the extraction thimbles. 250-
300 ml of solvent were added to the round bottom flask and the apparatus was assembled.
The cycles were set to 12-15 cycle/min for a total extraction time of 24 hours.

Using a rotary evaporator, the solvent was recovered and the extracted material was

left in the vacuum over for 24 hours at 40 °C and 3 mmHg vacuum.
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The extracted fractions were placed under continuous flow of nitrogen gas until stable

mass. The results (triplicates) were reported as mass percent (dry basis).

2.2.10. Hexanes extraction of the OMWS

The effect of extraction method of the OMWS on the yield of the HSF was investigated
by comparing two extraction methods i.e. Soxhlet extraction and the boiling extraction,
which is simpler than the former method. Both experiments were conducted for 24 hours
and the yields of the HSF were compared. During the boiling extraction 1 to 3 ratio of
OMWS and hexanes (Hexanes, mixture of isomers, Sigma Aldrish, St. Louis, MO, USA)
were loaded to 1 L Erlenmayer flask. The flask and its content were refluxed for 24 hours.
The slurry was continuously stirred using a PTFE magnetic bar.

After extraction, the slurry was filtered. The permeate (HSF) was placed on a rotary
evaporator until most of the solvent was collected. After evaporation of the solvent, the
recovered HSF was placed in the vacuum oven for 24 hours. The smell of hexanes was still
present in the vacuum oven, therefore the round bottom flasks containing the HSF were
placed under nitrogen gas flow until the total mass stabilized. The retentate (SR) was placed
on a pan in the fume hood overnight.

This solid residue can be described as defatted OMWS. The SR collected was a gray

blend of coarse and very fine powder.

2.2.11. Optimal extraction time
The effect of the extraction time of the OMWS on the HSF yield was investigated using

the boiling extraction method. Fifteen grams of the OMWS and 50 g of hexanes were
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loaded to a 100 mL Erlenmeyer flask and extracted for 1h, 2h, 4h, 6h, 8h, 10h, 12h, and
14h.

The slurry was then filtered and the solvent was recovered from the filtrate (HSF +
hexanes) using a rotary evaporator. The solid residue after filtration (SR) was dried in the

fume hood overnight.

2.2.12. Elemental composition of the HSF and the SR

The elemental composition analysis of the HSF and the SR was determined using a
Thermo Scientific Flash 2000 organic elemental analyzer (ThermoFisher Scientific,
Cambridge, UK). The sample size used was 2-4mg and the oxygen content of the oils was

determined by difference.

2.2.13. Gas chromatography/mass spectroscopy

The gas chromatography/mass spectroscopy (GC/MS) analyses were done at the
Chemical Engineering Department of Kangwon National University (Gangwon-do,
Republic of Korea). The instrument used was an Agilent 7890A equipped with a 5975C
VL Mass selective detector and a HP-5MS 5% Phenyl Methyl Silox column (length 30m -
Diameter 0.25 mm - film 0.25 micrometer). Helium was used as the carrier gas at 1
mL/min. The hexanes soluble fraction was dissolved in hexanes.

The 95vol% soluble fraction was dissolved in methanol. 0.2 ml of the sample was
added to 10 ml of solvent and the mixture was filtered using a PTFE filter membrane (pore

diameter = 0.5 micrometer).
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The injected sample volume was 1 pL. The split ratio was 50:1. The HSF was held at

40 °C for 5 minutes then ramp to 250 °C at 15 C/min and hold for 5 minutes, then ramp to
300 °C at 20 °C/min and hold for 5 minutes. The ESF sample was held at 40 °C for 5
minutes, then the temperature was increased to 280 °C at 10 °C/min and held for 10

minutes.

2.2.14. Saponification value

The saponification value (SAP) of the hexanes soluble fraction (HSF) was determined
according to ASTM D-1962-67 (Reapproved 1973). Approximately, 4 g of the HSF were
transferred to a 200 mL Erlenmeyer flask. 25 ml of alcoholic KOH (40 g of KOH per liter
of distilled ethanol) solution was added to the sample and to an empty 200 mL Erlenmeyer
flask (blank).

A reflux condenser was placed on each flask and the assemblies were heated in a water
bath. The reflux was carried for 1 hour and the bath temperature was set to 80 °C.

After cooling both flasks to room temperature, phenolphthalein was added to both
flasks and titration was conducted using 0.5 N of H2SOa until reaching the equivalence

point. The saponification value of the HSF was calculated using Eg. (3).

Saponification value = [(B — A) x N x 56.1]/C  (3)

where

A = volume of H2SO4 used to titrate the sample, in milliliters.

B = volume of H,SO4 used to titrate the blank, in milliliters.
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N = normality of the H2SOa.
C = mass of sample used, in grams.

56.1g/mol = molar mass of KOH.

2.3. Results and discussion
2.3.1. Proximate analysis of the OMWS

The proximate analysis of the OMWS is reported in Table 4. The TGA was used to
estimate the volatile matter and fixed carbon contents of the biomass (Fig. 1). The purpose
of the TGA analysis of biomass was to have a rough estimate of the pyrolysis products
distribution. The ash content of the OMWS was 15.73 wt.%, which is within the range
reported in the literature (Gokce et al. 2009; Jarboui et al., 2010). The high ash content was
attributed to the inorganic elements in the OMWS such as potassium, phosphorus and
calcium. The intrinsic inorganic compounds (alkali and alkaline earth metals) in the ash
were reported to have a catalytic effect in the vapor phase during the pyrolysis of biomass
(Mohan et al., 2006; Pattiya et al., 2010; Yildiz et al., 2015).

It was reported that adding 0.002 wt.% of pine ash to the sand bed decreased the yield
of surgras, phenols, and ketones and increased the yield of acids in the bio-oil. It was
observed that the effect of ash, when used during the catalytic experiments (using a blend
of spray dried heterogeneous HZSM-5 based catalyst and sand), was comparable with that
of catalyst deactivation or/and selective catalyst losses (Yildiz et al., 2015). Therefore, it is
necessary to separate the biochar from the catalyst before regeneration of the latter, in order

to avoid the drawback of ash on the catalytic pyrolysis of the OMWS.
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The volatile organic matter and the fixed carbon content were 60.1 wt.% and 24.17
wt.%. While the volatile organic matter can be converted to bio-oil and bio-gas during

pyrolysis of the OMWS, the fixed carbon will remain in the bio-char product.

2.3.2. Ultimate analysis of the OMWS

The ultimate analysis of the OMWS is reported in Table 4. Carbon represented the
major element (57.3 wt.%, dry basis) in the OMWS. The nitrogen contents was 2.33 wt.%.
The sulfur was below the detection limit of the instrument. The high nitrogen content in
the OMWS could potentially be incorporated in the pyrolysis oil, which will reduce the
quality of the latter. The oxygen content of the OMWS was 23.85 wt. %. The oxygen
content of the OMWS s relatively low compared to most lignocellulosic biomass because
this is an industrial residue that contains some lipids. The HHV of the OMWS (30 MJ/kg)
was higher than all reported values for olive mill waste products such as olive-oil residue
(Uzun et al., 2007), fresh olive husk (Demirbas, 2008), olive bagasse (Encinar et al., 1996),
olive kernel (Zabaniotou et al., 2000).

The high HHV value of the OMWS could be attributed to the residual oil in the OMW.
The olive oil, like any other vegetable oil, has a high heating value (39-40 MJ/kg)
(Zabaniotou et al., 2000). The HHV of the OMWS indicated a significant energy content
in the biomass, thus making it a potential source of biofuels. The OMWS slurry had a
slightly acidic pH (6.39). The pH of the OMWS slurry was higher than that of the OMW
reported in the literature (Al-Malah et al., 2000; Azbar et al., 2004; Eroglu et al., 2004),
probably because of the calcium hydroxide spread over the OMW evaporation ponds as

mosquito treatment (Jarboui et al., 2010).



41

100 0.4

80 0.3
5
g
Valatile matter (water + organics) &
2 g
) &
£ 60- Lo2 §
.5 g
= ?
=
z
@
(=]

404 0.1

Temperature (°C) Fixed carbon + ash
100 130 200 250 300 350 400 450 500 ~—550—=96
20 - . I . I - . - i - L A 0.0
0 10 20 30 40 50 60
Time (min) Universal V4.54 TA Instruments

Fig. 1: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of
OMWS under nitrogen gas (L/min).

2.3.3. Solvent extraction of the OMWS

The compositional analysis of the OMWS using the sequential exhaustive solvent
extraction is shown in Fig. 2. The yield of the hexanes soluble fraction was 41.16 wt.%,
whereas the yields of the 95vol% ethanol and de-ionized water soluble fractions were 19.81
wt. % and 13.38 wt. %, respectively. Hexane is capable of extracting simple and complex
lipids. Ethanol dissolves waxes and extractives. De-ionized water dissolves inorganic

materials, non-structural sugars, and nitrogenous compounds.
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At room temperature, the HSF was a green gel-like material that became free flowing
when held in the palm of a hand for 15 minutes. The ESF was a brown gel-like material. It
took 30 minutes for the ESF to become free flowing, when held in the palm of a hand.
After water extraction, the rotary evaporator was not a good equipment to separate the
solvent from the soluble solute, therefore, the content of the round bottom flask was placed

in a vacuum oven until all the water evaporated. A black solid residue coated the inner

surface of the glass container.

Table 4

Proximate and ultimate analysis of the OMWS
Properties Units of measurement Values
Moisture 7.8
Volatile organics? 60.1
Fixed carbon? 24.17
Ash 15.73+0.39
Carbon ( d‘r’;t-b(:f;is) 57.30.36
Hydrogen 8.0+0.06
Nitrogen 2.310.11
Sulfur BdlP
Oxygen® 23.91£0.53

MJ/k 30.0+0.11

HHV (dry basgis)
pH (slurry) - 6.39+0.01

a: calculated from TGA curve, b: below detection limit, c: calculated by difference.

The OMWS consisted of 74.35 wt. % (dry basis) non-structural compounds. The
OMWS is a mixture of olive skin, pulp, pits, leaves, and small branches. Each of these

fractions contributes unique compounds that results in the complexity of the OMWS.
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Sequential extraction (Soxhlet) was conducted for freeze dried OMW sample, using
hexanes, methanol, and water. The extracted fractions yields (dry bases) were 13 wt.%, 8.6
wt.%, and 5 wt.%, respectively. The lower yields could be due to the shorter extraction
time (30 min) and/or the source of the sample (Obied et al., 2005).

The HSF and the ESF are of big importance for the biofuel application of the OMWS.
These two fractions are believed to contain significant amount of lipids and hydrocarbons.
The potential of fats and oils as an alternative source of liquid fuel has been emphasized in
the literature (Graboski and McCormick, 1998; Karaosmanoglu, 1999), therefore, it is

important to identify the composition of these two fractions.

w w B S a1
o (&) o (&3] o

Yield (wt.%, dry basis)
N
(6]

20 41.16
15
10 19.81
5
0
Hexanes soluble fraction 95v0l% ethanol soluble fraction De-ionized water soluble

fraction

Fig. 2: Yields of various OMWS extractives
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The effect of the extraction time of the OMWS on the HSF yield is shown in Fig. 3. As
the extraction time increased from 1 hour to 24 hour, the HSF yield varied between 36 wt.
% and 38 wt. %. Interestingly, there was no significant difference between the HSF yield
obtained after 1 hour extraction and the yield from any longer extraction time (up to 24

hours).

Yield (wt.%)

time (hour)

Fig. 3: Yield of HSF as a function of extraction time

The *C NMR spectra of the HSF from 1 hour extraction and 24 hour extraction are
shown in Fig. 4. The spectra look very similar except for the signal intensity of the aliphatic
compound at 27.3 ppm, which was slightly higher for the HSF from the boiling extraction.
This signal was attributed to the allylic carbons (C8 and C11) in oleic acid (Sacchi et al.,

1997).
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Such difference could be due to a slight difference in the composition of the original
OMWS. Therefore, it was concluded that the extraction method of the OMWS does not

affect the carbon distribution within the HSF.
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Fig. 4: 3C NMR spectra of the HSF fraction extracted from the OMWS for one hour using
(a) Soxhlet extraction and (b) boiling extraction.

The elemental composition of the HSF and the SR is shown in Table 5. The HSF
contains consisted mainly of carbon (75.08 wt. %) and hydrogen (11.064 wt. %). The
oxygen content was 8.78 wt. % and lower than the carbon and hydrogen contents. This was

an expected result since the HSF consists mainly of fatty acids, which consists mainly of
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carbon and hydrogen. The sulphur content was below the detection limit of the instrument,
whereas the nitrogen content was 0.11 wt. %. The ash content of the HSF was 4.39 wt. %.

The considerably low content of nitrogen and sulphur, and the high content of carbon
and hydrogen in the HSF made it a potential feedstock for the production of bio-fuels. The
energy content of the HSF was 37.5 MJ/Kg.

The SR contained carbon (47.36 wt. %), hydrogen (5.13 wt. %), and oxygen (22.19 wt.
%). The nitrogen and sulphur accounted for 3.34 wt. % and 0.38 wt. %, respectively. The
high nitrogen content of the SR will affect the quality of the bio-oil. The ash content of the
SR (21.6 wt. %) was 4.9 times higher than that of the HSF. The energy content of the SR

was 16.4 MJ/kg, which was 56.27 % lower than that of the HSF.

Table 5
Elemental composition of the HSF and the SR

value (wt. %, dry basis)
HSF SR
C 75.08+0.71 47.36+0.75
H 11.64+0.11 5.13+0.14
N 0.11+0.01 3.34+0.01
S bdl 0.38+0.05
O and or CI* 8.78+0.81 22.19+0.81
ash 4.39+0.1 21.6+0.06
HHV (MJ/kg) 37.5+0.11 16.4+0.67

*: calculated by difference, bdl: below detection limit.
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The 3C NMR spectra of the HSF and the extra virgin olive oil (EVOO) are shown in
Fig. 5. They were integrated (Table 6) for semi-quantitative comparison. The EVOO had
more intense signals around the glycerol backbone region (60-70 ppm) and the carbonyl
carbon area (172-174 ppm) compared to the HSF. The EVOO is known to contain
mainly triglycerides and small quantities of free fatty acids (“The olive oil source,” 1998).
The signals at 127-131 ppm in the EVOO spectrum corresponded to C-12 and C-10 in
linoleyl and C-9 and C-10 in oleyl moieties in triglycerides (Sacchi et al., 1997). The
integration of both 3C NMR spectra showed that the HSF and the EVOO had similar
content of linear aliphatics and olefins. Compared to the the EVOO, the HSF had

significantly lower triglycerides content.

Table 6
13C NMR integration for the HSF and EVOO

HSF EVOO
Saturated aliphatics (0-50 ppm) 86.29 82.18
Aliphatic chains with heteroatoms (O and/or N) and 0.95 48

methoxy group (50-110 ppm)
Olefins and aromatics (110-160 ppm) 11.22 10.01
esters, carboxylic acids (160-180) 1.53 3.01
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Fig. 5: 3C NMR of the (a) HSF and (b) the extra virgin olive oil.

2.3.4. GC/MS analysis of the HSF and the ESF

The GC/MS data for the HSF and the ESF are sited in Fig. 6 and Table 7 as well as Fig.
7 and Table 8, respectively. The volatile fraction of the HSF consisted mainly of oleic and
palmitic acid, which are also the major fatty acids in the OMW (Nasopoulou and Zabetakis,
2013). Minor compounds included ketones and esters in addition to 2,3-dihydro-N-
hydroxy-4-methoxy-3,3-dimethyl-Indole-2-one. The volatile fraction of the ESF consisted

mainly of glycerin and 2-Methyl-1,3-cyclohexanedione (di-ketone). Other compounds
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were also present in the ESF such as Pyrimidine 1-acetylhexahydro-2,3-dimethyl- (9Cl),
2-Methylcyclopentyl propylphosphonofluoridate, and tyrosol.

Compared to the ESF, the HSF contained more aliphatic compounds. Thermal cracking
of vegetable oils was found to produce liquid products rich in hydrocarbons, however,
oxygenated compounds such as carboxylic acids and ketones were also present in the liquid
product (Alencar et al., 1983; Dandik et al., 1998; Fortes and Baugh, 1994; Lima et al.,
2004). Therefore, research focus in the literature has shifted to catalytic cracking to reduce
the oxygen content and improve upon the fuel properties of the liquid product.

Surprisingly, the GC/MS data of the HSF (Fig. 6 and Table 7) didn’t include any
triglycerides. This is because the GC/MS column cannot resolve raw triglycerides, they
need to be converted to fatty acid methyl esters (FAME) before analysis. The
transesterification of the Triglycerides in the HSF was not conducted. It is worth noting
that in the GC/MS spectra of the HSF and the ESF, the baseline exhibited a spike after 24
minutes. This could be explained by the fact that a fraction of the sample was not volatile,

thus did not elute off the column.
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Fig. 6: Chromatogram from the GC/MS analysis of the hexanes soluble fraction of the
OMWS

Table 7
Composition of the hexanes soluble fraction determined by GC/MS
Order Compound 2D chemical structure % Area
o}
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HO CH,
o]
2 O/CHS
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o1
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Fig. 7: Chromatogram from the GC/MS analysis of the 95 vol% ethanol soluble fraction

of the OMWS
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Table 8
Composition of the 95 vol% ethanol soluble fraction determined by GC/MS
Order Compound 2D chemical structure % Area
HO
1 Glycerin :>—0H 23.01
HO
[e]
2 2-Methyl-1,_3- CH, 16.27
cyclohexanedione
HO
3 4-hydroxy-Benzeneethanol 7.5
H
Hy
bis (trimethylsilyl) ester Z
4 - . H:,C\ ;:H /0\ /CHS 227
Propanephosphonic acid Hzc}.\o, \\ﬂacfs"CHa
Hy
S
o /&5
5 3-[p-|\/|ethoxyphepyl]-5- 0.78
methylrhodanine
O\
CH.
. . | CH,
6 Stearyl iodide T3
N T A A e t
7 Octadecy! ether " g
A
8 2-Methylbutyl heptanoate H,C CH, 2.29
/\/\/\g/o
1H-Indole, 2-(1,1-dimethyl-2- s W on
9 propenyl)-6-(3-methyl-2- H,C ) ’ 0.89
butenyl)- EH, H,
CH;
2-Methylcyclopentyl F‘I
-Methylcyclopenty P
10 propylphosphonofluoridate Y 7.62
H,C
Hsc\C\C
11 Methyl pentyl acetylene S, 1.42
12 n-Butanal H,c” "0 0.8




13 trans-Cyclododecene 2.22
2(3H)-Furanone, 5-
cyclopentyldihydro-5-methyl-
14 (CAS) 3.01
15 Sweroside 2.01
16 2-amino- (CAS) Benzenethiol 2.34
17 Prenyl acetate 451
18 5,5-ethylenedioxy-2-Bornanol 4.5
1-Acetyl-2,3-
19 dimethylhexahydropyrimidine 8.43
20 3-Oxab|cyclo[_3.3.0]octane- 5 64
2,7-dione o o]
21 1-Nitrosoadamantane Q 1.21
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2.3.5. Saponification value of the HSF
The SAP of the HSF was 64.41 mg KOH/g of sample (Table 9), which was lower than
that of the extra virgin olive oil reported in the literature (181-192 mg KOH/g of sample)
(Méndez and Falqué, 2007). The saponifiable compounds are those containing an ester
group such as triglycerides, waxes, glycolipids, phospholipids, and sphingolipids. These
compounds accounted for 14.97 wt.% of the HSF. The non-saponifiable fraction of the

HSF may contain long-chain alcohols, sterols, and hydrocarbons.

Table 9
Saponification value and saponifiables yield (wt.%) of the hexanes soluble fraction
HSF
Saponification value (mg KOH/g of 64.41+ 0.915
sample)
Saponifiables (wt.%) 14.97 + 0.733

2.4. Conclusions

The OMWS was characterized and evaluated as potential feedstock for fast pyrolysis.
The OMWS had high energy content, which will result in more valuable pyrolysis products
from an energy perspective. The high ash content of the biomass will increase the biochar
yield at the expanses of the volatile matter yields. The high nitrogen content will negatively
affect the quality of the pyrolysis oil, whereas the very low sulfur content of the OMWS is
beneficial. The high yield of the HSF is believed to be the major factor behind the high

energy content of the OMWS.
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CHAPTER 3

CATALYTIC PYROLYSIS OF OLIVE MILL WASTEWATER SLUDGE

Abstract

As a promising technology for generating alternative fuels, catalytic fast pyrolysis of
biomass produces bio-oils with better fuel properties (higher pH, lower viscosity, lower
oxygen content) compared with fast pyrolysis. In this work, two catalysts (red mud and
HZSM-5) were evaluated for the catalytic pyrolysis of OMWS. A mixture of Olive Mill
Wastewater Sludge (80 wt.%) and wood biochar (20wt.%) was pyrolysed in a bench-scale
fluidized bed reactor using the sand/catalyst at temperature ranging from 400 °C to 500 °C,
a fluidizing velocity (3 L/min) equal to three times the minimum fluidization velocity (3
L/min), and a feeding rate of 100 g/h. Physical and chemical characterization of the
produced bio-oils was conducted. It was found that the organic liquid yield obtained at
different reaction temperatures (400° C, 450° C, and 500 °C) was higher for red mud
compared to HZSM-5, and the bio-oil produced at 450° C using red mud had the best fuel
properties (higher heating value of 40 MJ/kg, dynamic viscosity of 5.4 cP, and pH 7.3). 3C
NMR spectra of the bio-oils produced at 400 °C and 450° C using red mud and HZSM-5
had high content of aliphatic and aromatic compounds. Both catalysts rejected oxygen
mainly as water. The red mud favoured decarboxylation over decarbonylation, whereas the

HZSM-5 favoured the latter over the former.
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Consequently, the oxygen and/or chlorine content of the red mud catalysis oil was

lower than that from the HZSM-5 catalysis.

3.1. Introduction

Nowadays, the principal sources of fuels are petroleum, coal, and natural gas. The use
of these fuels results in the release of undesirable pollutants such as SOx, NOx, and COo.
Stimulated by the need to solve environmental issues and the security of energy supplies,
researchers have been focusing on the development of renewable technologies and
alternative energy sources. Waste agricultural biomass such as olive mill waste sludge, is
a renewable energy source that is virtually free.

Olive mill wastewater sludge (OMWS) is an aqueous effluent containing olive skin and
pits, ! characterized by an offensive smell and high organic matter content including more
than 30 phenolic compounds and long-chain fatty acids. These compounds are highly toxic
to micro-organisms and plants. Therefore, technologies that would dispose of such waste
material are needed. Fast pyrolysis is a very promising thermochemical process that
converts feedstock to a liquid fuel product called bio-oil. Although fast pyrolysis can
produce high bio-oil yield that can reach up to 75 wt. %, the quality of this bio-oil such as
its high water content, acidity and low heating value restricts its application.> OMWS can
be considered as potential feedstock for bio-fuel production. In fact, pyrolysis of this agro-
industrial waste material give a bio-oil characterized by a high heating value, high pH and

low moisture and sugar contents.
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The feasibility was first proved by the innovative work of Dr. Kamel Halouani
and Dr. Foster Agblevor, who produced such bio-oil from OMWS. However, the viscosity
and stability of the produced bio-oil makes it less competitive with petroleum crude.

The undesirable properties of the fast pyrolysis bio-oil originate from its chemical
composition which consists mostly of oxygenated organic compounds. Hydrotreating and
catalytic cracking are the major processes used to upgrade the bio-oil by rejection of
oxygen. The catalytic cracking process is conducted at atmospheric pressure and does not
require hydrogen supply.

This chapter focuses on the catalytic pyrolysis of the Olive Mill Wastewater Sludge
(OMWS) using HZSM-5 and red mud in order to reduce the oxygenates in the bio-oils,
resulting in an improved stability and lower viscosity of these bio-oils. Physical and

chemical characterization of the catalytic bio-oils was conducted.

3.2. Experimental
3.2.1. Feedstock

Olive Mill Wastewater Sludge (OMWS) was collected from a Tunisian disposal site
(Agareb 3030, Sfax, Tunisia). The sludge was collected from evaporation ponds containing
aged OMWS (1-2 years). The feedstock was ground in a Wiley mill model 4 (Thomas
Wiley Scientific, Swedesboro, NJ, USA) to pass a 2-mm screen.

The ash content of the OMWS was determined according to ASTM E1755.

Consequently, the volatiles content was determined on dry weight basis.
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3.2.2. Catalysts

The Red mud was obtained as slurry. After drying at room temperature for two days, it
was ground using a mortar and pestle and sieved to obtain the desired particle size (125-
180um). The zeolite was supplied by BASF (BASF Catalyst LLC, Iselin, NJ, USA). The
particle size of both red mud and ZSM-5 catalysts used in the catalytic pyrolysis
experiments was 125-180um.

The red mud was used as received, whereas the ZSM-5 was calcined at 550°C for 5
hours in a Thermo Scientific laboratory-muffle-furnace. After activation, the ZSM5 was
converted to HZSM-5.

The surface area measurement for the red mud was conducted on a Quantachrome BET
surface analyzer (Quantachrome Instruments, Boyton Beach, FL). Approximately, 0.15-
0.2 g of the sample was degassed for 3 hours at 300 °C under helium/nitrogen gas mixture
(10% nitrogen and 90% helium).

The XRF analysis of the fresh red mud was conducted by the Analytics Laboratory in
the Geology department at Utah State University (Logan, UT, USA). The HZSM-5 used
in this work was from the same batch used by Yathavan and Agblevor (2013), therefore,

its characterization can be found in their research paper.

3.2.3. Pyrolysis of olive mill wastewater sludge
In order to facilitate the flow of OMWS from the feeder into the reactor, mixtures of
OMWS and biochar obtained from pyrolysis of wood at temperature > 500 °C were

prepared in a blender, and the proper OMWS/biochar ratio was determined. A mixture of
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80 wt.% OMWS and 20 wt.% biochar was adopted and was fed to the bubbling fluidized
bed reactor at 100 g/h.

Fast pyrolysis experiments were carried out using a bench-scale fluidized bed reactor
located in the USTAR Bioinnovation Center building 620 at Utah State University, Logan,
UT. The pyrolysis unit comprised of a K-Tron volumetric feeder, a 50 mm in diameter and
500 mm long bubbling fluidized bed reactor equipped with a 100 um porous metal gas
distributor.

The reactor was externally heated with a three-zone electric furnace (Thermcraft,
Winston-Salem, North Carolina) and was connected, in series, with a hot gas filter, two
condensers chilled with ethylenglycol/water mixture, an electrostatic precipitator, a
coalescing filter and a Varian 490-Micro gas chromatograph (Agilent Technologies, Inc.,
Santa Clara, CA, USA).

About 100 g of silica sand or catalyst were used as the fluidizing medium. When using
silica sand (250-425 pum) as the fluidizing medium, a total of 18.3 L/min of nitrogen gas
was used to fluidize the bed and entrain the feedstock into the reactor. For both red mud
and HZSM-5, a total of 8 L/min of nitrogen was used.

Using a screw feeder, the feedstock was conveyed from the hopper to an entrainment
zone where nitrogen gas was used (5 L/min for both catalytic and non-catalytic
experiments) to entrain the feed through a jacketed air-cooled feeder tube into the fluidized

bed.
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During pyrolysis, the mixture of vapors, gases and some of the biochar that exited from
the reactor were separated by the hot gas filter maintained at 400° C to avoid the
condensation of vapors going through it. The biochar particles were stopped by the hot gas
filter, while the biochar-free vapors and non-condensable gases passed through two
condensers connected in series. These first and second condenser was maintained at 10-13
°C and 4-6 °C, respectively, using an 18-liter Haake A82 Temperature Bath/Recirculator
(Haake, Karlsruhe, Germany). The cooling liquid was 50/50 ethylene glycol and water.
The aerosols and non-condensable gases that escaped from the condensers passed through
an electrostatic precipitator (ESP) maintained at 20-30 kilovolts.

The aerosol particles which have similar charge as the ESP rod are repulsed to the
plastic wall of the ESP body. The aerosols which escaped the ESP were trapped in a F72C
Series oil removing coalescing filter (NORGREN, Littleton, Colorado, U.S.A.).

The clean non-condensable gases that came out of the coalescing filter passed through
a totalizer which measured the total amount (Liters) of gases that went through the system.
A sample of the non-condensable gases that came out of the coalescing filter was injected
(every 10 minutes) into the Varian 490- micro gas chromatograph.

The liquid (organics/water) and solid (char/coke) product yields were determined
gravimetrically by weighing the reactor, hot-gas-filter, water chilled condensers, and the

ESP before and after each experiment. The pyrolysis experiments lasted for 2 hours each.
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3.2.4. Gas analysis

A Varian 490 micro GC (Agilent Technologies, Inc. Santa Clara, CA USA) was used
to identify and quantify the non-condensable gases generated from the pyrolysis of the
OMWS. During pyrolysis, 1uL of the gases was automatically injected into the micro GC
and analyzed online every 10 min. The micro GC was equipped with two channels where
the first one was equipped with a 10 m Molsieve (MS) 5 A column, and the second channel
had a 10 m porous polymer column (PPU). Each module had a thermal conductivity
detector. The MS column was used to analyze hydrogen, methane and carbon monoxide.

Carbon dioxide and C1—Cs gases were analyzed by the PPU column.

3.2.5. Bio-oils characterization

The pyrolysis liquids collected from the water chilled condensers and from the ESP
were analysed for their moisture content. The moisture of the bio-oils was determined by
volumetric Karl Fisher titration method. A Metrohm 701KF Titrino (Brinkmann
Instruments, Inc., NY, USA) and a 703 titration stand using Hydranal® composite 5
reagent. The bio-oils collected in the ESP were used for further analysis since they had
very low (<1wt.%) water content. The pH of the oils was measured using a Mettler Toledo
SevenEasy pH meter and probe (Mettler-Toledo GmbH, Switzerland). The pH values were
taken after 7-10 min of stabilization of the mechanically stirred oil.

The dynamic viscosity of bio-oils was measured at 40° C using a Brookfield DV-I1+

Pro viscometer (Brookfield Engineering Laboratories, Middleboro, MA, USA). The
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calorific value was determined using the IKA C2000 basic bomb calorimeter (IKA Works,
Inc., NC, USA).

The organic elemental composition analysis of the catalytic bio-oil was determined
using a Thermo Scientific Flash 2000 organic elemental analyzer (ThermoFisher
Scientific, Cambridge, UK). The sample size was 2-4mg and the oxygen content of the oils
was determined by difference.

The Fourier-transform infrared (FTIR) analysis was conducted for ESP oils over a
range of 4000-650 °Cm™ using a Nicolet Avatar IR spectrometer model 370 DTGS
(Nicolet Instrument. Inc, Madison, WI, USA) equipped with a DTGS-KBr (potassium
bromide) detector in multi-bounce horizontal attenuated total reflectance (HATR) mode.
0.03 to 0.04 g of oil was spread on the sample cell. For each sample, 128 scans and a
resolution of 4 were used.

The ¥C NMR spectra of the ESP oils were obtained using a JOEL 300 MHz NMR
spectrometer (JOEL Ltd, Tokyo, Japan) after 3000 scans. The pulse width was 14.75 us
and the acquisition time was 1.57 s with a 2 seconds relaxation delay. The *C NMR
samples were prepared by dissolving approximately 0.1-0.2 g of bio-oil into 0.7 g of

deuterated dimethylsulfoxide (DMSO-de) (Sigma Aldrich, St. Louis, MO, USA).

3.3. Results and discussion
3.3.1. Catalyst characterization

The properties of the red mud and HZSM-5 are shown in Table 10. At the same particle
size, the surface area of the HZSM-5 was more than 3 times higher than that of the red

mud. The pH of a red mud slurry was approximately 9.
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The HZSM-5 is known to be an acidic catalyst.*°, The red mud is a waste product from
the Bayer process that refines bauxite to produce alumina, whereas the HZSM-5 is a

patented synthetic catalyst. Therefore, the latter is much more expensive than the former.

Table 10. Properties of the red mud and the HZSM-5

Red mud HZSM-5*
B.E.T. surface area (m2/qg) 30 115
Particle size (um) 125-180 125-180

Fe203 (54%), Al.03 (14%),

Average  composition | gjo, (9%6), Ca0 (9%), TiOz |  SiOz/ALO

0,
(Wt.%) (6%), Na20 (6%), P20s (2%)
Structure Amorphous Crystalline
pH Alkaline Acidic
Description Waste byproduct of the Bayer Synthetic
process catalyst

*: adopted from Yathavan and Agblevor (2013).

3.3.2. Pyrolysis yields
3.3.2.1. Fast pyrolysis of the OMWS

The product yields distribution from the fast pyrolysis/catalytic pyrolysis of the
OMWS-biochar blend at different reaction temperatures (400 °C, 450 °C, and 500 °C) are
reported in Table 11. The biochar yield ranged from 24.5 to 31.8 wt.% and decreased with
increasing reaction temperature. The gas yield ranged from 20.3 to 25.2 wt.% and increased
with increasing reaction temperatures. The liquid product yields, which ranged from 39.4
to 44.9 wt.%, were higher than those of biochar and biogas, for all three temperatures. The

reaction temperature of 450 °C gave the highest liquid yield (44.9 wt. %). The water yield
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decreased as the reaction temperature increased. The maximum organics yield (30.6 wt.
%) was obtained at 450 °C.

The decrease in the char/coke yield and increase in the gas yield with the increasing
reaction temperature were in agreement with the literature.®”® However, the maximum
liquid yield achieved (44.9 wt. %, dry basis) as well as the best reaction temperature (450
°C) at which this yield was obtained, were different from those reported in the literature
for the fast pyrolysis of most agricultural residues and biomass pyrolyzed using a fluidized
bed reactor.®1%%, The lower liquid yield could be due to the composition of the biomass
and the hot vapors filter. In fact, the potassium in the biomass ash was reported to catalyze
reactions that promote water and non-condensable gases formation, which will be
competing with the pyrolysis reaction. >3 Furthermore, the ash in biomass can lower
the temperature at which the organics yield is maximized.®

The pyrolytic water could originate from condensation reactions and/or secondary
cracking reactions. Another source of the pyrolytic water can be the ketonization reaction
which converts two fatty acid molecules to a ketone, CO2, and water.

Low reaction temperature (~ 400 °C) can result in a partial
polymerization/condensation reactions of the species produced during the primary thermal
decomposition of the OMWS. The result of such reactions is the formation of more biochar.
As the reaction temperature increases (450 °C), the species produced from the primary
thermal scission of the chemical bonds within the biomass, undergo further thermal
cracking to form more volatile species. These volatile species are quenched to give rise to

the bio-oil. The greater the volatiles release from the biomass, the lower the bio-char yield



68
will be. A further increase of the reaction temperature (500 °C) would result in a lower
char yield and higher non-condensable gases. In fact, the higher the reaction temperature,
the more energy is available to break chemical bonds in the biomass, to produce volatile

matter, and within the volatile matter, to produce non-condensable gases.

3.3.2.2. Effect of catalyst on the pyrolysis products distribution

Based on the data from the fast pyrolysis of the OMWS (Table 11), it was concluded
that 450 °C was the best reaction temperature for a maximum bio-oil yield. Therefore, the
data from the fast pyrolysis of the OMWS at 450 °C was used as a baseline for the
evaluation of the performance of HZSM-5 and red mud at the same reaction temperature.

The results of the catalytic pyrolysis are shown in Table 11. At 450 °C, the use of
catalysts resulted in the decrease of the total liquid yield, whereas the gas product yield
increased. While the organics yield decreased, the water content increased with the use of
both catalysts. These trends were in agreement with the literature for both red mud and
HZSM-5.1%1" The char/coke yield decreased slightly for the HZSM-5 catalyzed pyrolysis.
The char/coke yield for the red mud catalyzed pyrolysis was higher than that obtained from
the fast pyrolysis of the OMWS. It was speculated that during the red mud catalyzed
pyrolysis, the hydrocarbons in the primary pyrolysis vapors could adsorb on the surface of
the catalyst where they undergo homiletic cleavage. As a result of this reaction, radicals
are formed. These radicals could react rapidly with each other to form coke. The catalytic
pyrolysis of the OMWS resulted in a significant increase in the water yield. Cracking and
dehydration reactions were reported to be the main reactions observed during zeolite

catalyzed pyrolysis of biomass.81920
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After adsorption of oxygenated compounds on the acidic sites of the zeolite, and
depending on the pore size of the catalyst, decomposition and/or bimolecular monomer
dehydration can occur.?® As for the red mud catalyzed pyrolysis the water could be
originating from the water-gas-shift reaction as well as the ketonization reaction. In fact,
iron oxides are known to promote the water-gas-shift reaction as well as the ketonization
reaction. Titanium oxide promotes ketonization reaction. Furthermore, the main activity
of the non-activated alumina (Al2Os) as well as the silicon dioxide (SiO) is dehydration.?
During the red mud catalyzed pyrolysis, the organic fraction of the pyrolysis primary
vapors was converted mainly into pyrolytic water and char/coke.
During the HZSM-5 catalyzed pyrolysis, the organic fraction was converted mostly
into water. The catalytic pyrolysis gas product yield increased compared to the fast

pyrolysis one. The red mud produced more gas than the HZSM-5.

3.3.2.3. Effect of reaction temperature on the performance of the catalysts

The effect of the pyrolysis reaction temperature was investigated by conducting
catalytic pyrolysis of the OMWS at different temperatures (400, 450, and 500 °C). The
data is presented in Table 11. For both catalysts, as the reaction temperature increased, the
biochar yield decreased whereas the gas yield increased. As for the total liquids, it
decreased with the increasing temperature.

For the red mud and HZSM-5 catalyzed pyrolysis, the biochar yield ranged from 24.5
to 37 wt. % and from 22.5 to 34.3 wt. %, the gas yield ranged from 23 to 31 wt.% and from
21.2 to 34.7 wt.%, the total liquid yield ranged from 36.8 to 43.9 wt. % and from 30.1 to

39.9 wt. %, respectively. The water yield ranged from 13.8 to 20.9 wt.% for the red mud
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and from 17.7 to 19.9 wt. % for the HZSM-5. A maximum water yield was observed at
450 °C for both catalysts and was 20.9 wt. % for red mud and 19.9 wt.% for HZSM-5
catalyzed pyrolysis. The organic yield decreased with the increasing reaction temperature
for both catalysts. It ranged from 21.8 to 25.3 wt. % for the red mud and from 12.2 to 22.2

wt. % for the HZSM-5 catalyzed pyrolysis.

3.3.3. Characterization of the pyrolysis oils

The bio-oil that was subject to the characterization study was collected from the ESP,
where most of the organic fraction was. The properties of the ESP oil are presented in Table
12. All bio-oils from the fast pyrolysis and catalytic pyrolysis had pH close to neutral. The
reaction temperature didn’t have a significant effect on the pH of the bio-0il in the absence
of catalyst. The bio-oil from the fast pyrolysis of the OMWS at 450 °C, had a pH of 6.4,
which was the same as the pH of the OMWS slurry (pH 6.4). However, when catalyst was
used at 450 °C, the pH of the bio-oil increased slightly and was 7.3 for the red mud
catalyzed pyrolysis and 6.7 for the HZSM-5 catalyzed pyrolysis. The reaction temperature
at which the bio-oil was produced influenced its pH. For the red mud catalyzed pyrolysis,
the pH increased from 7.1 to 7.4 as the reaction temperature increased from 400 °C to 500
°C. A similar trend was observed for the pH of the bio-oils from HZSM-5 catalyzed
experiments, however the pH values of the oils from HZSM-5 catalyzed pyrolysis were
lower than those obtained for the red mud experiments.

The ESP oil from the fast pyrolysis of the OMWS at 450 °C had a gel-like texture at
room temperature, however, it started flowing when held in the palm of a hand for a few

minutes. The dynamic viscosity of this bio-oil was 42.92 c.P. As the fast pyrolysis reaction
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temperature increased to 500 °C, the viscosity decreased to 28 c.P at 40 °C. At lower
reaction temperature i.e. 400 °C, the fast pyrolysis oil looked similar to the one obtained at
450 °C and had roughly the same dynamic viscosity. For the catalytic pyrolysis
experiments, the bio-oil collected was free flowing. The 450 °C red mud catalyzed
pyrolysis bio-oil had a dynamic viscosity of 5.66 c.P, which was more than 7 times lower
than that of the FP oil at the same reaction temperature. The bio-oil from the HZSM-5
experiment conducted at 450 °C had a dynamic viscosity of 7.06 c.P, which was 6 times
lower than that of the FP bio-oil. The reaction temperature had a significant effect on the
dynamic viscosity of the catalytic bio-oils.

At lower reaction temperature (400 °C), the viscosity of the red mud and HZM-5 oils
were, respectively, 71 % and 21 % higher than those obtained at 450 °C. At higher reaction
temperature (500 °C), the viscosity of the bio-oils from the red mud and HZM-5 catalyzed
pyrolysis decreased by 15.5 % and 11.9 %, respectively, compared to the viscosity at 450
C. It was obvious that both catalysts reduced the viscosity of the bio-oil significantly.
However, the red mud catalyzed pyrolysis produced less viscous bio-oil compared to FP
and HZSM-5 catalyzed pyrolysis.

The energy content of the FP oil produced at 450 °C was 38.8 MJ/kg. When red mud
and HZSM-5 were used at the same reaction temperature, the HHV of the produced bio-
oils increased by 5.7 % and 2.1 %, respectively. The reaction temperature didn’t have a
significant effect on the HHV values for the fast pyrolysis and catalytic pyrolysis oils. Red
mud catalyzed pyrolysis produced an oil with higher energy content compared to HZSM-

5 and sand experiments.
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The elemental composition of the conventional and catalytic pyrolysis oils produced at
450 °C is shown in Table 13. It can be clearly seen that the oxygen content of the catalytic
oils decreased significantly compared to the conventional pyrolysis oil, which indicated
that both catalysts promoted the deoxygenation of the pyrolysis primary vapors. The
catalytic pyrolysis increased the carbon content of the bio-oil and decreased its oxygen
and/or chlorine content. The nitrogen content of the red mud and the HZSM-5 catalytic oils
were 2.13 wt. % and 3.55 wt. %, respectively. For all bio-oil samples (from catalytic and
conventional pyrolysis), the sulfur content was below the detection limit of the instrument.
The presence of nitrogen in the bio-oil could cause increased emission of NOy during
combustion. Farther the HHV value of the bio-oil is inversely proportional to its nitrogen

content.

Table 13. Elemental composition of the ESP oils from the conventional/catalytic
pyrolysis of the OMWS at 450 °C

OMWS_sand OMWS_FRM OMWS_HZSM-5
C 77.15+0.14 83.54+0.12 81.75+0.26
H 11.78+0.06 11.45+0.01 10.64+0.09
N 2.7520.03 2.13+0.06 3.55+0.06
S bdl bdl Bdl
O and/or CI* 8.32+0.23 2.88+0.04 3.94+0.38

*: calculated by difference, bdl: below the detection limit.

The FTIR spectrum of the 450° C non-catalytic bio-oil is shown in Figure 8a. The broad
peak centered at 3200 °Cm™ could be due to N-H stretching in amides.??. The peak at 1708
cm was overlapping with another peak at 1660 cm™. While the latter indicated the

presence of amides, ?? the former could be due to carboxylic acids, ketones, aldehydes
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and/or esters. The strong CH, and CHs stretching vibrations between 2850 °Cm™ and 2956
cm™ indicates the presence of aliphatic and aromatic hydrocarbons. The deformation
vibrations between 1377 and 1456 cm™ support the presence of aliphatic hydrocarbons
(alkanes).?® The peak at 965 cm™ corresponds to the C-H stretching in trans-disubstituted
olefins.

The FT-IR spectra of the catalytic bio-oils obtained at 450° C are shown in Figure 8b-
c. It was clear that the use of both catalysts had significant effect on the chemical
composition of the bio-oil. The two catalytic bio-oil spectra exhibited similarities. The
strong CH; and CHjs stretching vibrations between 2850 cm™ and 2956 cm'?, indicating the
presence of aliphatic and aromatic hydrocarbons, were more intense for both catalysts
compared to the non-catalytic bio-oil spectrum. Additionally, the spectra of the catalytic
bio-oils exhibited some peaks that were absent in the non-catalytic bio-oil spectrum.

Both catalytic bio-oils spectra had strong adsorption peaks at 698 and 750 °Cm™, which
represent mono-substituted rings in aromatic compounds. Furthermore, the peak between
1605-1590 cm™* corresponding to the aromatic C=C bond was present in both catalytic bio-
oil spectra.

It is worth noting that the signals corresponding to N-H stretch (3200 °Cm), the amide
Il band in secondary acyclic amides (1552 cm™), and the C-N stretch of primary amides
(1405 cm-1) were absent in the catalytic bio-oils spectra.

The FT-IR spectra of the red mud and HZSM-5, also, exhibited some differences. The
two peaks at 910 and 990 °Cm™ present in the red mud catalytic bio-oil spectrum

corresponds to mono-substituted olefins. These two peaks were absent in the HZSM-5 oil
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spectrum. The sharp C=0 stretching peak at 1705 cm™ in the HZSM-5 catalytic bio-oil
shifted to 1713 cm™ and was attenuated for the red mud catalytic bio-oil. This shift could
be due to a change in the C=0 environment. A possible explanation for this change is the
ketonization of carboxylic acids (Equation 4). In fact, oxides such as Fe;O3, CaO and TiOy,
which are present in the red mud were reported to promote the formation of linear
ketones.?* The ketonization reaction would contribute to the deoxygenation of the pyrolysis

primary vapors by rejecting oxygen as water and CO..

o o)
)LR +CO, + H,0 (4)

2

R” TOH elevated R
temperatures

It is worth noting the weak peak at 2225cm™ (Figure 8-c) which was unique to the
HZSM-5 catalytic bio-oil, and was attributed to the nitrile group (C=N). It was believed
that, due to its acidic nature, HZSM-5 catalyzed the dehydration of amides to give nitrile.
In fact, the Brognsted acid site of the HZSM-5 would help protonating the hydroxyl group
of the amide to give a water molecule and a nitrile.

The use of both catalysts brought a change to the chemical composition of the bio-oil.
The differences in the FTIR spectra of the catalytic bio-oils indicated that red mud and
HZSM-5 modify the pyrolysis vapors through different pathways. The FTIR gave a rough
idea about the functional groups present in the bio-oils. In order to have more information

about the chemical composition of the bio-oils, the NMR analysis was conducted.
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Figure 8. FT-IR spectra of the bio-oils from the (a) non-catalytic, (b) red mud catalyzed,

and (c) HZSM-5 catalyzed pyrolysis of OMWS mixture at 450 °C.



78

The *H NMR spectra of the non-catalytic and catalytic bio-oils obtained at 450° C are
shown in Figure 9a-c. In the non-catalytic bio-oil spectrum (Figure 9a), the aliphatic chain
(0.5-3 ppm) were dominant, whereas the aromatic compounds signal (6.5-8.5 ppm) was
weak. The peaks at 5.3, 1.9 and 2.65 ppm correspond to olefinic protons (-CH=CH-), a-
methylene group to one double bond (=CH-CH3-), and a-methylene group to two double
bonds (=CH-CH2-CH=), respectively. The sharp singlet at 3.15 ppm was attributed to
methylene proton next to heteroatom (oxygen, nitrogen). Therefore, the bio-oil from non-
catalytic of OMWS contained mainly aliphatic chains and olefins and low aromatic
content. These results were in agreement with the FTIR data. It is worth noting the broad
peak between 6.4 and 5.5 ppm corresponding to N-H proton, which indicate the presence
of amide and possibly indole N-H groups and pyrole.?*? The presence of amides is in
agreement with the FTIR results.

For the catalytic bio-oils spectra, the 8.5-6.5 ppm region (aromatic compounds) was
more intense compared to the non-catalytic bio-oil spectrum. The signals corresponding to
the olefinic protons (5.3, 1.9 and 2.65 ppm) had reduced intensity compared to the non-
catalytic bio-oil spectrum, which indicated that both catalysts cleaved some of the C=C
double bonds. Interestingly, the peak at 5.3 ppm corresponding to (-CH=CH-) in olefins
had higher intensity in the red mud bio-oil spectrum compared to the HZSM-5 one, which
indicated that the HZSM-5 bio-oil contained less olefins compared to the red mud bio-oil,
which was in agreement with the FTIR interpretation. The N-H signal between 6.4 and 5.5

ppm was absent in both catalytic bio-oils.
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At lower pyrolysis reaction temperature (400 °C), the chemical composition of the non-
catalytic oil was not significantly affected. The chemical composition of the catalytic bio-
oils, however, was affected by the reaction temperature.

The *H NMR spectra of the catalytic bio-oils obtained at 400 °C are shown in Figure
10a-c. At lower reaction temperature, the fast pyrolysis oil contained more unsaturated
compounds (2-2.2 ppm) and less aromatics (6.5-8.5 ppm. For both catalytic bio-oils, the
aromatic signals decreased, whereas the aliphatic signals increased. It is also worth noting
that unlike the red mud bio-oil, the HZSM-5 catalytic bio-oil spectrum did not have the
signals corresponding to methylene groups attached to acid (2.34 ppm) and signals
corresponding to methylene groups attached to an ester (2.31ppm).

The *H NMR spectra of the conventional and catalytic pyrolysis oils obtained at 500
°C are shown in Figure 11a-c. At higher reaction temperature (500 °C), the N-H signal (6.4
and 5.5 ppm) and the methylene peak (3.15 ppm) were not present in the fast pyrolysis oil
spectrum. The intensity of the signals at 5.3, 1.9 and 2.65 ppm corresponding to (-CH=CH-
), a-methylene group to one double bond (=CH-CHz>-), and a-methylene group to two
double bonds (=CH-CH2-CH=), were lower at higher reaction temperature. As for the
catalytic oils, the intensity of the signals at 5.3, 2.65, and 1.9 ppm decreased in the case of
the red mud catalyzed pyrolysis, whereas the aromatics signal increased probably due to

the cyclization of olefins to produce aromatics.
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Figure 9. 'H NMR spectra for the bio-oils from the (a) non-catalytic, (b) red mud
catalyzed, and (c) HZSM-5 catalyzed pyrolysis of OMWS-wood biochar mixture at 450
°C.
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catalyzed, and (c) HZSM-5 catalyzed pyrolysis of OMWS-wood biochar mixture at 400
°C.
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The 3C NMR spectra of the non-catalytic and catalytic bio-oils obtained at 450° C are
shown in Figure 12a-c. The intense peak at 40 ppm present in all spectra corresponded to
the solvent DMSO-ds. *C NMR spectra can be divided into four regions i.e. carbon in
saturated aliphatic chains (0-50ppm), aliphatic carbon substituted by oxygen and nitrogen
and including the methoxyl groups of aromatic ethers (50 and 110 ppm), olefinic / or
aromatic carbon (110 and 160 ppm), carboxylic carbon in ester, carboxylic acids or amide
(160—180 ppm), carbonyl carbon in aldehydes and ketones (180-220 ppm).2®23 From the
non-catalytic bio-oil spectrum (Figure 12a), it was clear that this bio-oil contained high
content of aliphatic hydrocarbon. The aromatics signals (115-129 ppm and from 131-160
ppm) were weak. The intense peak at 130 ppm corresponds to vinyl carbons in olefins.?’
The weak peak at 174.8 ppm corresponded to amide carbonyl,?® whereas the peak at 175
ppm was attributed to carbonyl carbon in ester and/or carboxylic acids, which was in
agreement with the FTIR and *H NMR results. These observations indicated that the bio-
oil produced from fast pyrolysis of OMWS was rich in aliphatic hydrocarbon chains and
poorly aromatic.

The spectra of the catalytic bio-oils are shown in Figure 12b-c. For both spectra, most
of the carbon resonance peaks were located in the aliphatic (0-55 ppm) and
aromatic/olefinic (95-165 ppm) regions. The aliphatics region had more signals in the
HZSM-5 bio-oil spectrum compared to the red mud one, whereas the spectrum of the latter
contained more aromatics/olefins. The higher aliphatics content of HZSM-5 catalytic bio-

oil was believed to be a consequence of fouling of the catalyst acid cites with time, which
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resulted in less sever cracking of the pyrolysis organic vapors and consequently an increase
in the dynamic viscosity of the catalytic bio-oil.

The loss of activity of HZSM-5 was due to the formation of coke in the pores and the
surface of the catalyst with time. In fact, the cyclization of the small molecules in the pores
of the HZSM-5 results in the formation of mono-aromatic compounds which accumulate
to form coke precursors such as naphthalene and methylnaphthalene.?® It is worth noting
that peaks corresponding to oxygenated groups such as methoxyls (55-57 ppm), alcohols
and sugars (55-95 ppm) were absent in both catalytic bio-oils spectra (Figure 12b, c). The
low oxygenates content of both red mud and HZSM-5 catalytic bio-oils contributed to their
high calorific values. Both catalytic bio-oils spectra contained a peak at 209 ppm that
corresponds to ketones. In addition to that, the red mud catalytic bio-oil spectra contained
a carbonyl carbon peak at 175 ppm. This peak was very weak in the HZSM-5 spectra.
Considering the high pH of both catalytic bio-oils, the carbonyl peak (175 ppm)
corresponded to an ester rather than a carboxylic acid.

The calorific value of the HZSM-5 catalyzed pyrolysis oil was lower than that of the
red mud catalyzed pyrolysis oil. This could be explained by the fact that during catalytic
pyrolysis of the OMWS, HZSM-5 promoted decarbonylation reaction (rejection of oxygen
as CO), which means that for every oxygen atom rejected, one carbon atom is lost from the
pyrolysis primary organic vapors. By contrast, red mud promoted decarboxylation reaction
(rejection of oxygen as CO3) over decarbonylation, which means that for every two oxygen

atoms rejected, only one carbon atom is lost from the pyrolysis organic vapors. Therefore
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the carbon concentration was expected to be higher for the red mud bio-oil compared to
the HZSM-5 catalytic bio-oil.

The straight chain aliphatics in the pyrolysis primary vapors could enter the pores of
the HZSM-5. Due to its acidic nature and intersecting three-dimentional channels system,
HZSM-5 could convert these straight aliphatic chains into lighter products (olefins and
paraffins).

Olefins with six carbon atoms or more could be converted to aromatic hydrocarbons
through aromatization reaction,*® whereas the olefins and paraffins with less than six
carbon atoms are collected in the gas product. Due to its reduced surface area (~30 m2/qg)
and pores volume as well as its reduced acidity (alkaline catalyst), red mud didn’t promote
significantly the formation of gaseous products (C2-Cs), which can be seen in the gas
product yields. Instead, it promoted the cracking of the long-chain hydrocarbons and the
deoxygenation of the long-chain oxygenated hydrocarbons, which resulted in the formation
of shorter chains of paraffins and olefins.

The Cs-Cyo olefins could have undergone further cyclization to form aromatic
compounds via Diels-Alder reaction which generated hydrogen as a byproduct. Since red
mud had a lower surface area and lower acidity than HZSM-5, it was believed that the red
mud catalytic bio-oil contains more olefins than the HZSM-5 one, which was confirmed
by the FTIR, *H NMR, and *C NMR spectra and can be a possible explanation of the

higher calorific value of the former compared to the latter
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Figure 12. 1*C NMR spectra of the ESP oil from the catalytic pyrolysis at 450 °C of the
OMWS over (a) fresh red mud, (b) calcined red mud, and (c) regenerated red mud.
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The 3C NMR spectra of the conventional and catalytic oils obtained at 400 °C are
shown in Figure 13. A decrease in the non-catalytic pyrolysis reaction temperature from
450° C to 400° C affected the bio-oil chemical composition, mainly in the aliphatic and
carbonyl areas. The (-CH.-) signal was higher and the carbonyl group signal was lower.
These observations indicated that at lower reaction temperature, the cleavage of the long
aliphatic chains is less efficient and the release of the fatty acids from the biomass particles
is inhibited. For the catalytic pyrolysis oils, the carbonyl as well as the (-CH2-) signals were
stronger at lower reaction temperature (400 °C). Decreasing the reaction temperature led
to less efficient cracking of the long chains of hydrocarbons (generated after thermal
cracking of the lipids in OMWS) over both catalysts.

Farther, the formation of aromatics from olefins and from cyclization of paraffins is
dependent on the reaction temperature. Therefore, decreasing the reaction temperature
resulted in the production of less aromatic/olefinic bio-oils for both catalysts. It is worth
noting the additional peak that appeared for both catalysts at 207 ppm. This peak
corresponded to ketones that formed from the thermal decomposition of fatty acids
(Equation 6).%* Apparently, both HZSM-5 and Red mud were not efficient in cracking those

ketones at low temperature.

2RCOOH — CO, + H,0 + RCOR  (6)
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Figure 13. *C NMR spectra of the ESP oil from the catalytic pyrolysis at 400 °C of the
OMWS over (a) fresh red mud, (b) calcined red mud, and (c) regenerated red mud.
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The *C NMR spectra of the conventional/catalytic pyrolysis oils obtained at 500 °C
are shown in Figure 14. An increase in the fast pyrolysis temperature from 450 to 500 °C
resulted in the decrease of the carboxylic acid signal (~175 ppm) as well as the CH3z/CH>
ratio. It appears that as the reaction temperature increased, less carboxylic acids survived

the pyrolysis reaction.

3.3.4. Pyrolysis gas product composition

A Varian 490 micro GC (Agilent Technologies, Inc. Santa Clara, CA USA) was used
in order to identify and quantify the non-condensable gases generated from the
catalytic/non-catalytic pyrolysis of the OMWS. The gas product of the catalytic and non-
catalytic pyrolysis at 450° C (Table 14) was a mixture of hydrogen, hydrocarbons and
carbon oxides. For the fast pyrolysis experiment at 450 °C using silica sand, hydrogen (H2)
and carbon dioxide (CO2) were the major gases and accounted for 76.2 mole % of the non-
condensable gases produced during the reaction. The carbon monoxide (CO) accounted for
9.1 mole % and the C>-Cs hydrocarbons for 8.2 mole %. The methane (CHa) concentration
was 4.9 mole %. Other peaks were present in the chromatogram but were not identified
and were referred to as “Other hydrocarbons” and they accounted for 1.3 mole % of the
total gases. At lower reaction temperature (400 °C), the H2, CO, and CH4 concentrations
decreased, whereas the CO2 concentration increased. As for the red mud catalyzed
pyrolysis of the OMWS at 450 °C, the hydrogen yield accounted for 45.5 mole % of the
total gases, CO2 accounted for 38.2 mole %, and the CO accounted for 6 mole %. The gas
product from the HZSM-5 experiment consisted of 55 mole % CO2, 17.4 mole % C2-C4

hydrocarbons, and 12.4 mole % CO.
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Figure 14. 3C NMR spectra of the ESP oil from the catalytic pyrolysis at 500 °C of the
OMWS over (a) fresh red mud, (b) calcined red mud, and (c) regenerated red mud.
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In order to have a clearer idea of the overall yields of each gas component, the yields
in weight percent relative to the OMWS mass pyrolyzed were calculated and are presented
in Table 15. The gas phase was a mixture of hydrogen, hydrocarbons, and carbon oxides.

For the conventional pyrolysis experiment at 450 °C, carbon dioxide (CO2) and C2-C5
hydrocarbons were the major gases. They respectively accounted for 74.5 % and 12.2 %
of the total mass of gases.

The carbon monoxide accounted for 7.3 %, while hydrogen and methane accounted for
0.97 % and 2.42 %. Other peaks were present in the chromatogram but were not identified
and were referred to as “Unknown” and they accounted for 2.68 % of the total mass of
gases. At lower reaction temperature (400 °C), the Hp, CO, CO. and CH4 concentrations
decreased. When the reaction temperature increased (500 °C) the concentrations of these
gases increased. The production of C»-Cs hydrocarbons during the fast pyrolysis at 450 °C
could be due to the thermal decomposition of the lipids (41.1 wt.% of OMWS). It is well
known that starting at 300° C, fatty acids and acrolein are produced from the gross
pyrolysis of fats. A further increase of temperature (400-500 °C) would result in the
formation of short chain hydrocarbons as a result of the cracking of these products.?

When the red mud was used as catalyst at 450 °C, there was an increase in each gas
compound yield. The hydrogen yield increased by 372.73 % and the C,-Cs yield increased
by 5.78 %. The hydrogen producing reactions could be the dehydrogenation (Equation 4),%!
and/or aromatic cyclization (Equation 5)! of paraffins in the OMWS or the formation of

aromatics from olefins by Diels-Alder reaction (Equation 6).3 It is worth noting that, in
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addition to hydrogen production, Equations 4-6 promotes the formation of gaseous and/or
liquid hydrocarbons, which was in agreement with the increased C>-Cs yield.

The CO and CO: yields increased by 19.28 % and 16.06%, respectively, which
indicated that the decarbonylation and decarboxylation reactions of the primary pyrolysis
vapours was more effective over red mud than during thermal cracking.

The yields of all gases increased with the increasing reaction temperature from 400 °C
to 500 °C, except for the CO; yield which had a maximum at 450 °C. Interestingly the
pyrolytic water yield had a maximum at 450 °C as well. This observation indicated that the
CO. yield and the pyrolytic water yield could be dependent on each other. It is well known
that iron oxides are active catalysts for the water gas shift reaction (WGSR) at high
temperature (350-450 °C). When oxides such as Al.Oz and TiO> are added to a matrix of
Fe,Os, they promoted the WGSR.3**® Therefore, the red mud could be promoting the
WGSR. In order to prove this hypothesis, de-ionized water was fed into a bed of
regenerated red mud that was fluidized using CO gas. Hydrogen and CO2 were produced
during the reaction. The reaction products distribution is shown in Table 16 and Table 17.
After cooling down the reactor, the red mud collected was magnetic and had coke on it.
The coke yield was 8.9 wt. %. The coke formation on the surface of the catalyst was
probably due to the reaction of the CO with hydrogen to produce water and coke Equation

7. The water collected from the first condenser supports this hypothesis
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Table 16. Products yield from the cracking of water over regenerated red mud under
carbon monoxide atmosphere

Weight (g)  Yield (wt. %)
coke 6 8.5
liquid 7 9.9
gas* 58 81.7
water fed 71 100

*: determined by difference.

C,H

n**2n+

, = C.H

n“*2n

+H, @)

Cians 6 Hy - C,H, 4H, (5

{(2n+14) nfi(2n+1) T

©
CH,=CHCH=CH, + CH,=CH, — —i

CO+H; 2> C+H;0 (7

The gas phase products distribution is shown in Table 17. It is worth noting the
presence of methane and other gaseous hydrocarbons, which was an evidence supporting
the Fisher-Tropsch reaction occurrence. The hydrogen and carbon dioxide production

reached a steady state after 16 minutes, and the steady state was maintained for 2 hours.
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The FT-IR spectrum of the water collected from the first condenser is shown in Figure
15. The broad band observed at low wavenumber (662.2 cm-1) corresponded to the
collective normal mode called “librations” and involving many water molecules.

The signal at 1633.65 cm-1 corresponded to bending vibration of O-H. The weak and
broad band at 2111.51 cm-1 was a combination of bending vibration and libration, whereas
the broad band centered at 3318.66 cm-1 was due to the stretching vibration of O-H. ®

Interestingly, two weak bands were detected at around 2937.5 cm-1 and 3000 °Cm-1.
These bands corresponded to stretching vibrations of CH> and CHs groups and indicated
the presence of hydrocarbons in the liquid product and confirming the occurrence of the
Fisher-Tropsch reaction.

During the catalytic pyrolysis of the OMWS over the red mud, as the reaction
temperature increased from 450 to 500 °C, the CO: yield decreased slightly, however, the
hydrogen yield increased by 12.5 %, this observation indicated that the water-gas-shift
reaction was not the only responsible reaction for the high hydrogen yield. The use of
HZSM-5 at 450 °C resulted in a significant decrease (72.73 %) in the hydrogen yield.

A possible reaction that could consume Ha, would be the partial hydrocracking of coke
molecules through dissociative adsorption of the H. on active sites of the catalyst (Bauer
et al., 1996). Such phenomena would decrease the deactivation rate of the HZSM-5. Jong
and co-workers (1998) confirmed the decrease of the coking rate on HZSM-5 in the
presence of H; gas.

They also reported that there are two pathways of coke removal in the presence of H»

i.e. hydrocracking removed the internal cokes, whereas the external coke was partially
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cracked to less bulky polyaromatic compounds. With the use of HZSM-5, CO, vyield
decreased by 17.83 % compared to the fast pyrolysis. On the other hand, the CO yield
increased by 27.71 % compared to the silica sand pyrolysis. It is worth noticing that the
CO2 production was more than 5 times higher than CO for the HZSM-5 catalyzed pyrolysis
of the OMWS.

The dominance of CO; over CO in the gas product was observed by Benson during the
catalytic pyrolysis of lipids over HZSM-5.%° it was also reported that during the
deoxygenation of lipids at high temperature, decarboxylation was the dominant reaction

compared to decarbonylation.
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Figure 15. FTIR spectrum for the liquid in condenser one from the water-gas-shift
reaction on regenerated red mud under CO atmosphere.
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The CO/CO: ratio for the pyrolysis of the OMWS over sand, fresh red mud and HZSM-
5 at 450 °C are presented in Figure 16. Since the CO> yield was higher than that of the CO
for the non-catalytic and catalytic experiments, the CO/CO; ratio was less than 1 for all
experiments. The CO/CO2 ratio of the HZSM-5 catalyzed pyrolysis of the OMWS was
around 0.26 during the first hour, then decreased as the time on stream increased. By the
end of the experiment, the HZSM-5 lost some of its activity but still maintained a stable
COICO:2 ratio of 0.2, which was higher than that of sand and red mud.

The slow deactivation rate of the HZSM-5 could be due to the partial hydrocracking
and/or cracking of coke in the presence of hydrogen.®” The red mud had a CO/COx ratio
around 0.17 in the first hour of the experiment, then the ratio decreased and stabilized
around 0.15 for the rest of the experiment. It is worth noting that the CO/COx, ratio of the
red mud and sand experiments were similar, however, the viscosity of the red mud bio-oil
was much lower than that of the sand bio-oil. On the other hand, the CO/CO: ratio of the
HZSM-5 experiment was always higher than that of the red mud, yet the bio-oil viscosity
from the latter was lower than that from the former. In fact, the main deoxygenation route
of the pyrolysis vapors over red mud at 450 °C was primarely through water formation,
whereas the deoxygenation process over the HZSM-5 proceeded through dehydration and

decarbonylation reactions.
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3.4. Conclusions
The catalytic pyrolysis of the OMWS over red mud and HZSM-5 were

demonstrated in a fluidized bed reactor. The best reaction temperature to maximize
the liquid yield biooil was 450 °C. The organic phase collected from the ESP after
catalytic pyrolysis of the OMWS had higher energy content and significantly lower
viscosity compared to organic fraction obtained from the fast pyrolysis. The
catalytic pyrolysis of the OMWS over red mud and HZSM-5 is a potential process

for producing “Green diesel”.
Based on the catalytic pyrolysis gas product and the ¥C NMR data, it was

[ ]
concluded that the cracking chemistry of the red mud was different from that of the
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HZSM-5. The red mud promoted dehydration and decarboxylation reaction over
decarbonylation, whereas the HZSM-5 promoted dehydration and decarbonylation
over decarboxylation.
Red mud promoted the water gas shift reaction as well as the Fisher-Tropsch
reaction. The former reaction was a major contributor to the significant hydrogen
production during the catalytic pyrolysis of the OMWS over red mud, whereas the
latter reaction occurred as a consequence of the hydrogen abundance and was

catalyzed by the red mud.
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CHAPTER 4
CATALYTIC PYROLYSIS OF OLIVE MILL WASTEWATER SLUDGE

FRACTIONS

Abstract

The catalytic pyrolysis of the OMWS over red mud and HZSM-5 produced bio-oils
with lower viscosity and lower oxygen content compared to the fast pyrolysis experiments.
The 3C NMR data revealed that the chemical composition of the bio-oil from the red mud
experiments and from the HZSM-5 ones exhibited similarities as well as some differences.
During the catalytic pyrolysis of the OMWS over the red mud, the CO/COz ratio evolution
was different from that obtained using HZSM-5, which indicated that the cracking
chemistry of both catalysts were different. On the other hand the OMWS is a mixture of
several compounds that contributes to the bio-oil composition. In this chapter, the
contribution of the hexanes soluble fraction as well as the solid residue after extraction to
the pyrolysis products distribution as well as the bio-oil quality was investigated. The red
mud catalyzed pyrolysis of the HSF produced mainly organics (40.2 wt. %), whereas the
HZSM-5 experiment produced mainly non-condensable gases (75.4 wt. %). The catalytic
pyrolysis of the OMWS hexanes extraction solid residue (SR) over regenerated red mud
and HZSM-5 produced mainly char/coke (40.6 wt. % and 41.7 wt. %, respectively).

The viscosity, pH, and HHV values for the oil obtained from the red mud catalyzed

pyrolysis of the HSF were 3.2 cP, 5.4, and 44.8 MJ/kg, respectively. Whereas these values
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were 5.9 cP, 4.7, and 41.2 MJ/kg, respectively, for the HZSM-5 catalyzed pyrolysis. The
catalytic pyrolysis of the SR over regenerated red mud produced biooil with higher pH
(7.8), higher dynamic viscosity (88.2 cP), and lower HHV (35.5 MJ/kQ).

The HZSM-5 catalyzed pyrolysis of the SR produced bio-oil with pH, dynamic
viscosity, and HHV of 7.1, 44.7 cP, and 36 MJ/kg, respectively. Both catalysts had higher

activity during the HSF catalytic pyrolysis compared to the SR experiment.

4.1. Introduction

The production of bio-fuel from the olive mill waste has been addressed in the literature
since 1989, when the pyrolysis of olive mill waste effluent and olive stones blend was
conducted to valorize the olive stones and dispose of the olive mill wastewater. A dried
solid-like mixture (6 % moisture) was pyrolysed in a vertical moving bed reactor. The
pyrolysis vapors (oil and gas) were used to fulfill the energy demand of the drying process.
The biochar collect was more valuable than the olive stones.! The fast/catalytic pyrolysis
of oven dried olive mill waste effluent was also reported in the literature.>>* However, the
naturally dried olive mill wastewater sludge was not investigated. Due to the complexity
of the OMWS, the investigation of the reaction mechanisms during its thermal
decomposition (pyrolysis) and catalytic cracking (catalytic pyrolysis) is a difficult task.
Therefore, it would be easier to study the pyrolysis of the OMWS fraction separately.

The HSF accounted for 41 wt. % of the OMWS and it consists mainly of simple and

complex lipids. The thermal cracking of fatty acids would result in the production of
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hydrocarbons, ketones, water and carbon dioxide.>® The ketones can undergo further
thermal cracking to produce CO and hydrocarbons.

The catalytic cracking of fatty acids over zeolite and FCC catalyst has been reported in
the literature. Benson conducted the catalytic cracking of oleic acid over HZSM-5 in a
fixed bed reactor’. The liquid product was a mixture of olefins, paraffins, and aromatic
compounds. Bielansky and co-workers & used a conventional FCC zeolite catalyst to crack
palmitic acid and oleic acid in a small scale fluid catalytic cracking pilot plant. They
reported that (1) oleic acid produced the highest gasoline yield of 44 wt.% at 550 °C; (2)
palmitic acid produced the highest gas yield of 43.9 wt.% at 550 °C; (3) the catalytic
cracking of both fatty acids produced considerable amount of propene and ethane; (4) the
oxygen in the fatty acids was converted mostly to water and carbon dioxide; (5) gasoline
aromaticity increased with the reaction temperature; (6) The number of double bonds in
the fatty acids, enhanced the formation of high boiling products.

As demonstrated in Chapter 3 of this thesis, the catalytic pyrolysis of the OMWS over
red mud and HZSM-5 produced oils with low dynamic viscosities, close to neutral pH and
high energy content. It was clear that both catalysts have different pathways through which
the primary pyrolysis vapors were cracked. In an effort to and understand the cracking
chemistry of the OMWS over HZSM-5 and red mud, the catalytic pyrolysis of the HSF
and SR was conducted.

The goal of this chapter was to elucidate the contribution of each fraction to the

pyrolysis products distribution, and to the composition of the bio-oil and pyrolysis gases.
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4.2. Experimental
4.2.1. Materials
The hexanes soluble fraction (HSF) and the solid residue (SR) that were obtained from
the extraction of the OMWS were used in these studies. Additionally, extra virgin olive oil

(EVOO) was also investigated for comparison.

4.2.2. Catalytic pyrolysis of the OMWS fractions and extra virgin olive oil

The catalytic pyrolysis of the OMWS fractions as well as the extra virgin olive oil were
conducted using a bench scale pyrolysis unit described in Chapter 3. In brief, the pyrolysis
unit consists of a K-Tron volumetric feeder, a 500 mm long stainless steel bubbling
fluidized bed reactor with an inner diameter of 50 mm. The reactor contains a 100 pm
porous stainless steel gas distributor used to insure a uniform distribution of fluidizing gas.
A three-zone electric furnace is used to heat the reactor. The HSF was a paste at room
temperature and had a low melting point, therefore, it was fed into the reactor using a
syringe pump. The glass syringe was kept warm by a heating tape, and this melted the HSF
which was subsequently fed into the reactor. In the case of the SR, the sample was mixed
with biochar to improve its flow properties and facilitate feeding it into the reactor. The
separation of the pyrolysis vapors and the fine biochar particles is achieved by using a hot
gas filter kept at 380-400 °C and placed downstream from the reactor. Two ethylglycol
chilled (-8 C) stainless steel condensers were used to condense the pyrolysis vapors coming
out of the hot gas filter.

The aerosols which escape the condensers are precipitated in the electrostatic

precipitator, which consists of a PVC tube containing a metallic rod kept at 20-30 kilovolts.
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The aerosols escaping the ESP were trapped in the coalescing filter and a glass wool packed
filter flask. A small fraction of the gas stream was fed into the micro GC for analysis the
miro-GC.

All experiments were conducted for two hours at 450 °C and using nitrogen gas at three
times the minimum fluidization velocity. The HSF as well as the EVOO were fed at 38 g/h
to the catalyst bed using a feeding tube. The solid residue (SR) after hexanes extraction
was fed to the reactor at 62 g/h. The catalysts used were regenerated red mud (RRM) and

HZSM-5.

4.2.3. Gas analysis
The non-condensable gases that were produced were analyzed using a Varian 490

micro GC equipped with 10 m Molsieve 5 A column and a 10 m porous polymer column.

4.2.4. Bio-oil characterization

The pyrolysis liquids were analysed for moisture content using a volumetric Karl Fisher
titration method. A Metrohm 701KF Titrino (Brinkmann Instruments, Inc., NY, USA) and
a 703 titration stand using Hydranal® composite 5 reagent. Most of the organic fraction of
the bio-oil was collected from the ESP, therefore this fraction was used for further
characterization. The dynamic viscosity, kinetic viscosity and density of the pyrolysis oils
were determined at 40 °C using a Stabinger SVM 3000 viscometer (Ashland, VA, USA).
The pH of the bio-oils was measured using a Mettler Toledo SevenEasy pH meter and
probe (Mettler-Toledo GmbH, Switzerland). The pH values were taken after 7-10 min of

stabilization of the mechanically stirred oil. The energy content of the bio-oils was
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determined using the IKA C2000 basic bomb calorimeter. The elemental composition of
the bio-oils was determined using a Thermo Scientific Flash 2000 organic elemental
analyzer. Two to three milligrams of sample were used for each bio-oil. The oxygen
content of the bio-oils was determined by difference.

The 3C NMR spectra of the ESP oils were obtained using a JOEL 300 MHz NMR
spectrometer after 3000 scans. The pulse width was 14.75 us and the acquisition time was
1.57 s with a 2 seconds relaxation delay. The *C NMR samples were prepared by
dissolving the bio-oil in one of two NMR solvents i.e. dimethylsulfoxide-d6 or chloroform-
D.

Approximately 0.3-0.4 g of the SR pyrolysis oil and 0.3-0.4 g of deuterated dimethyl
sulfoxide (DMSO-dg) were loaded into a glass vial and mixed for 3 minutes using a Genie
2 vortex mixer (SCIENTIFIC INDUSTRIES, INC, Bohemia, NY, USA). The vial and its
content were cooled down in a cold water bath, then 4-6 mg of tetramethylsilane (TMS)
was added to the vial.

The TMS served as a reference for the NMR shifts and as a standard for the integration
of the 3C NMR spectra. 0.5-0.6 g of the NMR sample were loaded to a 5 mm in diameter
NMR tube for analysis. The HSF bio-oils were dissolved in deuterated chloroform
(CDCI3). Approximately 0.2-0.3 g and 1.4-1.5 g of CDClIs were loaded into a glass vial.
The mixture was shacked in a vortex shaker for about 3 minutes, then cooled in a cold

water bath. About 0.5-0.6 g of the NMR sample were loaded to the NMR tube for analysis.
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4.3. Results and discussion
4.3.1. Pyrolysis yields

The product yield distribution from the conventional and catalytic pyrolysis of the
OMWS and its fractions at 450 °C is represented in Table 18. For the non-catalytic
pyrolysis experiments, the organic liquid fraction from the HSF accounted for 49.9 wt. %,
which was more than 3 times higher than that produced from the fast pyrolysis of the SR
(15.7 wt. %). The char/coke yield from the HSF fast pyrolysis was 5.6 wt. % which was
more than 6 times lower than the coke/char yield from the fast pyrolysis of the SR (38.5
wt. %). The high char/coke yield from the fast pyrolysis of the SR was attributed to its high
ash content.® The alkali metals (especially potassium) in biomass ash were reported to
catalyse the formation of water and non-condensable gases during fast pyrolysis.®%! The
potassium content of OMW reported in the literature ranged from 0.17 to 3 g/L.1>!314
Miranda and co-workers®® reported that K,O accounted for 57.29 % of the total oxides in
the ash of combusted concentrated olive mill wastewater.

As the water evaporates from the evaporation ponds, the concentration of the potassium
in the OMWS increases. Since most of the ash in the OMWS remained in the SR (Table
5), the potassium in the latter would catalyse the water forming reactions.

The water content of the biooil produced from the thermal cracking of the HSF was 7
wt. %, whereas the water produced from the fast pyrolysis of the SR was 19.9 wt. %. The
gas product from the fast pyrolysis of the HSF was 37.5 wt. %, compared to 25.9 wt. % for

the SR. The catalytic experiments resulted in a significant change in the pyrolysis products
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distribution. The regenerated red mud effect on the pyrolysis of the HSF was different from
that of HZSM-5.

The pyrolysis of the HSF over the RRM resulted in a significant increase in the
coke/char yield by 151.8 %, whereas the organics yield decreased by 19.4 % relative to the
fast pyrolysis process. Interestingly, the gas yield did not increase significantly. The
pyrolytic water yield increased by 30 %. The conversion of the organic phase to char/coke
and water was favoured over its conversion into permanent gases. However, the increase
of the coke/char yield and the decrease of the organics liquid yield was a proof that the
cracking of the pyrolysis vapours occurred over the red mud. Furthermore, the significant
increase of the pyrolytic water yield was a result of the deoxygenation of the pyrolysis
vapours.

The red mud catalyzed pyrolysis of the EVOO gave 11.3 % lower coke/char yield, 10
% higher organics, and roughly the same gas yield compared to the HSF experiment
conducted under the same conditions. The HSF contains polycyclic compounds such as the
2,3-dihydro-N-hydroxy-4-methoxy-3,3-dimethyl-Indole-2-one and the Gibberellic acid,
which have stable cyclic structures that are more difficult to crack compared to
triglycerides. Farther, these polycyclic compounds in the HSF have several hydroxyl and
carbonyl groups, which are very reactive and can combine with each other to form more
stable compounds i.e. coke/char. On the other hand, the ash in feedstock remains in the
char/coke fraction during pyrolysis. The HSF has an ash content of 4.39 wt. % (dry basis),
whereas the EVOO is ash free. The higher coke/char yield of the HSF catalyzed pyrolysis

was at the expense of the organic and gas yields.
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When HZSM-5 was used during the catalytic pyrolysis of the HSF, the main product
of the reaction was non-condensable gases, which increased by 101.1 % relative to the fast
pyrolysis process. The organics yield as well as the coke/char yield decreased by 78 % and
48.2 %, respectively. The water content of the biooil increased by 52.9 %. Apparently, the
pyrolysis vapours underwent severe cracking once in contact with the HZSM-5 at 450 °C,
which resulted in the formation of significant amount of gas. The coke yield from the
HZSM-5 catalyzed pyrolysis of the HSF was significantly lower than that from the fast
pyrolysis experiment, probably due to the occurrence of the partial in-situ hydrocracking
of the coke on the HZSM-5.

The product yield distribution from the catalytic pyrolysis of the SR over the RRM and
HZSM-5 exhibited some differences compared to its thermal cracking. When the
regenerated red mud was used, the organics yield decreased by 60.2 %.

The coke/char yield increased by 5.5 %, whereas the water content of the bio-oil
increased by 19.6 %. As for the HZSM-5 catalyzed pyrolysis of the SR, the organics yield
decreased by 21.5 %. The coke/char increased by 8.1 %, and the water content of the biooil
increased by 52.9 %.

It is worth noting that for each set of experiments (using sand, red mud, and HZSM-5)
the yield for each product (biochar, bio-oil, and gas) from the conventional/catalytic
pyrolysis of the OMWS fall between the values recorded for the conventional/catalytic
pyrolysis of the HSF and the SR. The major product from the catalytic pyrolysis of the

HSF depended on the catalyst used.
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The use of the regenerated red mud resulted in the liquid product being the major
product, whereas the use of the HZSM-5 produced mainly non-condensable gases. As for
the catalytic pyrolysis of the SR, the major product was the char/coke, which could be

explained by the high ash content of this feedstock.

4.3.2. Bio-oils characterization

The properties of the ESP oil from the conventional/catalytic pyrolysis of the OMWS
fractions at 450 °C are presented in Table 19. The thermal cracking of the HSF produced
an acidic oil (pH 4.7) with a dynamic viscosity of 7.8 cP, whereas the SR gave a slightly
basic oil (pH 7.5) with a dynamic viscosity of 124.9 cP. The HHV of the oil from the fast
pyrolysis of the HSF was 16.3 % higher than that of the SR.

The carbon and hydrogen contents of the HSF fast pyrolysis oil accounted for 95.13 %
of the oil, whereas the oxygen and/or chlorine content was 4.87 wt. %. Interestingly, the
nitrogen and sulphur contents were very low (below the detection limit of the instrument).
As for the SR fast pyrolysis, the carbon and hydrogen accounted for 85.43 % of the oil.

The oxygen accounted for 8.74 wt. %. The nitrogen content was 5.74 wt. % and the
sulphur accounted for 0.09 wt. %. The nitrogen in the biooil is a nuisance because it will
lower the HHV of the fuel and produce NOx during combustion.

The ESP oils from the catalytic pyrolysis of the HSF over HZSM-5 and regenerated
red mud produced acidic oils with lower viscosities. The HZSM-5 catalyzed pyrolysis of
the HSF produced an oil with similar pH to that produced from the non-catalyzed pyrolysis

and 1.3 times less viscous than the fast pyrolysis oil. The regenerated red mud catalyzed
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pyrolysis produced an oil that was less acidic (pH 5.4) and 2.4 times less viscous than the
thermally cracked one.

The bio-oil from the red mud catalyzed pyrolysis of the HSF had higher pH, lower
dynamic viscosity, and higher energy content compared to the bio-oil from the HZSM-5
experiment. Both catalytic pyrolysis oils had higher carbon content and lower oxygen
content compared to the conventional pyrolysis oil.

The catalytic pyrolysis of the EVOO over RRM produced an oil with very similar
properties compared to that from the RRM catalyzed pyrolysis of the HSF. However, the
oxygen content of the latter was higher than that of the former, and that was due to the
heavy oxygenated molecules in the HSF, which are more thermally stable compared to the
triglycerides in the EVOO. Interestingly, the HZSM-5 catalyzed pyrolysis oil of the HSF
had lower hydrogen content compared to the fast pyrolysis one.

The oils from the catalytic pyrolysis of the SR had similar pH, but lower viscosities
compared to the fast pyrolysis oil. The HZSM-5 and regenerated red mud catalyzed
pyrolysis produced oils that were, respectively, 64.2 % and 29.4 % less viscous than the
fast pyrolysis oil. The HZSM-5 was more efficient than the regenerated red mud in
cracking the SR pyrolysis vapours.

The elemental analysis of the SR catalytic oils revealed that the carbon content of the
catalytic oils were similar to that of the fast pyrolysis one. The hydrogen content of the
catalytic oils, however, were slightly lower than the latter. The oxygen and/or chlorine
content of the oil from the HZSM-5 and the RRM catalyzed pyrolysis of the SR, were

similar to that of the fast pyrolysis one.
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The 'H NMR of the HSF are presented in Figure 17. The spectrum of the conventional
pyrolysis oil exhibited dominance of aliphatic compounds (0.5-3 ppm) and olefins (4.5-6.5
ppm). The aromatic region (6.5-8.5 ppm) had few weak signals. The sharp singlet at 3.65
ppm was attributed to methoxy group, whereas the triplet centred at 9.75 ppm was
characteristic of aldehydes.

The spectrum of the oil from red mud catalyzed pyrolysis of the HSF, had slightly less
populated olefins region and significantly more populated aromatics region (6.5-8.5 ppm)
compared to the non-catalytic oil. The quadruplet centred at 3.74 ppm could be due to the
CH> protons adjacent to hydroxyl group. The intensity of aldehyde signal around 9.75 ppm
has increased. The spectrum of the HZSM-5 bio-oil had more aromatics signals than the
fast pyrolysis and the RRM oils. The olefins signals was significantly attenuated and the
aldehyde signal was very close to the noise level of the spectrum, probably because they
didn’t survive the pyrolysis conditions.

The *H NMR spectra of the SR are presented in Figure 18. The thermal cracking of the
SR resulted in an oil with a very complex composition. In addition to the aliphatics and
aromatics, heteroatoms were abundant. The O-H signal of carboxylic acid signal (10.5-13
ppm) was present in the non-catalytic oil. The catalytic pyrolysis didn’t bring significant
change to the chemical composition of the bio-oil. The catalytic and conventional pyrolysis
oils had weak signals between 10.5 and 11.3 ppm. These signals were attributed to
carboxylic acids that have survived the pyrolysis conditions. Interestingly, there was no
aldehyde signal in the RRM bio-oil, probably because if there were any aldehydes formed

through hydroformylation of alkene, they would have been hydrogenated to alcohols.
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Figure 17. *H NMR spectra of the HSF ESP oil from the (a) fast pyrolysis, (b) catalytic
pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over HZSM-5
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Figure 18. *H NMR spectra of the SR ESP oil from the (a) fast pyrolysis, (b) catalytic
pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over HZSM-5
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The *C NMR spectra of the conventional and catalytic pyrolysis oils from the HSF are
presented in Figure 19 a-c. The fast pyrolysis of the HSF produced an oil which was mainly
aliphatic and aromatic. The integration of the *C NMR spectra is shown in Table 20. The
signals of the aliphatic chains and aromatic compounds in the fast pyrolysis oil accounted
for 88.22 % and 10.19 %, respectively. The aromatics could include chlorinated
compounds such as chloromethane, dichloromethane. The signal at 179.7 ppm was
attributed to carbonyl carbon in fatty acids that have survived the pyrolysis reaction.

The two peaks at 209.4 ppm and 211.7 ppm represented the carbonyl group in ketones
and/or aldehydes. The catalytic pyrolysis of the HSF brought significant changes to the
chemical composition of the bio-oil. When red mud was used, the aliphatics abundance
decreased only by 5 %, whereas the olefins and aromatics signal increased by 52.3 %. The
weak signal at 58.5 ppm could be attribute to CH> attached to hydroxyl group of an alcohol.

The signal of the carbonyl group in ketones decreased by 35.3 %, whereas the carbonyl
group in carboxylic acids and/or esters was absent. These observations indicated that the
use of regenerated red mud resulted in partial deoxygenation of the pyrolysis vapours.
Farther, the decrease of the aliphatics signal and the increase of the olefins/aromatics
signals could be explained by the dehydrogenation and aromatic cyclization of paraffins or
the formation of aromatics from olefins by Diels-Alder reaction.

All of these reactions produce hydrogen as a by-product. The chemical composition of
the bio-oil from the HZSM-5 catalyzed pyrolysis of the HSF was significantly different

from that of the fast pyrolysis oil.
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The aliphatic signals were significantly attenuated (41.3 %), whereas the intensity of
the aromatic and alkene signals increased by 372.8 %. Interestingly, there was no carbonyl
signals (160-180 ppm and 190-215 ppm) and no heteroatoms signal (50-110 ppm) in the

spectrum of the bio-oil from the HSZM-5 catalyzed pyrolysis.

Table 20. Integration of the 3C NMR spectra of bio-oils from the conventional/catalytic
pyrolysis of the HSF

fine sand RRM HZSM-5
Saturated aliphatics (0-50 ppm) 88.22 83.81 51.82
Aliphatic chains with heteroatoms (O and/or 0 011 0
N) and methoxy group (50-110 ppm) '
Olefins and aromatics (110-160 ppm) 10.19 15.52 48.18
esters, carboxylic acids (160-180) 0.75 0 0
Aldehydes and ketones (190-215 ppm) 0.85 0.55 0

The 3C NMR spectra of the conventional and catalytic pyrolysis oils from the SR are
presented in Figure 20. The DMSO-ds used to dissolve the SR bio-oil samples did not
contain tetramethylsilane (TMS), therefore, the latter was added manually to the bio-oil
sample dissolved in the DMSO-de. The semi-quantification of the peaks is shown in Table
21 and was done relative to the TMS signal (~ 0 ppm). The ESP oil from the conventional
pyrolysis of the SR exhibited dominance of aliphatic carbons (65.26 %), as well as olefinic
and aromatic carbons (31.20 %). Heteroatoms (oxygen and or nitrogen) were also present
in the oil (50-110 ppm) and accounted for 1.49 %. The carbonyl group signals attributed to
ester and/or carboxylic acids (160-180 ppm) accounted for 1.97 %, whereas the signals

corresponding to the ketones carbonyl group (205-220 ppm) accounted for 0.08 %.
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Figure 19. 1*C NMR spectra of the HSF ESP oil from the (a) fast pyrolysis, (b) catalytic
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The catalytic pyrolysis of the SR influenced the chemical composition of the product
bio-oil significantly. The RRM catalytic oil contained 24 % less aliphatics and 52.1 % more
olefins and/or aromatics than the fast pyrolysis ESP oil. The signal corresponding to
aliphatic chains substituted with a heteroatom (50-110 ppm) increased. The carbonyl signal
corresponding to esters and carboxylic groups decreased by 39.6 %.

The ketones signal increased by 112.5 % compared to the non-catalytic oil, and that
can be due to the fact that iron oxides as well as titanium oxide (TiO2) are known to be
active catalyst for ketonization.'®

The HZSM-5 catalytic ESP oil had 10 % less aliphatic carbons and 26 % more
aromatics compared to the fast pyrolysis oil. The signal of the aliphatic chains substituted
with a heteroatom as well as the signal from the carbonyl group in esters and carboxylic
acids, were significantly reduced (49.7 % and 56.3 %, respectively). The ketones signal
increased by 312.5 %. The decrease in the carboxylic acid signal, the increase in ketones
signals and pyrolytic water yield in the catalytic bio-oils were evidences of the ketonization
reaction Equation 10. It is worth noting that the carboxylic acids/esters signal in the ESP
oil from the RRM catalyzed pyrolysis of the SR was higher than that of the HZSM-5

experiment.

2RCOOH - CO2+ H20 + RCOR (10)
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Figure 20. 3C NMR spectra of the SR ESP oil from the (a) fast pyrolysis, (b) catalytic
pyrolysis over regenerated red mud, (c) and catalytic pyrolysis over HZSM-5.
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Table 21. Integration of the 3C NMR spectra of bio-oils from the conventional/catalytic

pyrolysis of the solid residue

fine sand RRM HZSM-5
Saturated aliphatics (0-50 ppm) 65.26 49.62 58.74
Aliphatic cahins with heteroamtos (O and/or
N) and methoxy group (50-110 ppm) 149 1.55 0.75
Olefins and aromatics (110-160 ppm) 31.20 47.47 39.31
esters, carboxylic acids (160-180) 1.97 1.19 0.86
Aldehydes and ketones (190-215 ppm) 0.08 0.17 0.33

The 3C NMR spectrum of the EVOO red mud catalyzed pyrolysis oil is shown in

Figure 21-b. The spectra of the cracked HSF and EVOO indicated that both samples

contained similar functional groups but with different abundance. The bio-oils from the

catalytic pyrolysis of the HSF and the EVOO exhibited similar signal abundance in the

aliphatic region, whereas aromatics and ketones signals were slightly higher for the cracked

EVOO (Table 22). The weak signal at 58.5 ppm in the HSF bio-oil spectrum was absent in

the cracked EVOO spectrum. This observation indicated that such peak did not correspond

to a derivative of triglycerides or fatty acids.

Table 22. Integration of the 3C NMR spectrum of the ESP oils from the regenerated red

mud catalyzed pyrolysis of the HSF and the EVOO at 450 °C

HSF EVOO
Saturated aliphatics (0-50 ppm) 83.81 82.52
Aliphatic chains with heteroatoms (O and/or N) and methoxy

0.11 0
group (50-110 ppm)
Olefins and aromatics (110-160 ppm) 15.52 16.79
esters, carboxylic acids (160-180) 0 0
Aldehydes/ketones (190-215 ppm) 0.55 0.69
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Figure 21. C NMR of the ESP oil from the regenerated red mud catalyzed pyrolysis of
the (a) HSF and (b) the EVOO at 450 °C.

4.3.3. Pyrolysis gas product composition

The gas product composition (wt. %, dry basis) from the conventional/catalytic

pyrolysis of the HSF and the SR are shown in Table 23. During the thermal cracking of the

HSF, the major gas products were carbon dioxide and C>-Cs hydrocarbons, which

represented 44.16 % and 40.58 %, respectively, of the total gases. The CO and hydrogen

accounted for 6 % and 1.5 % of the total gases. The gas product from the pyrolysis of the
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SR consisted mainly of carbon dioxide (79.26 % of total gases). The C»-Cs, CO, and H:
accounted for 7.77 %, 6.95 %, and 0.71 %, respectively. The CO and CO2 produced during
the thermal cracking of the SR were 66.07 % and 157.09 % higher than those produced
from the HSF. When considering the gas product composition from the fast pyrolysis of
the OMWS, the hydrogen yield of the latter was higher than both yields from the HSF and
the SR thermal cracking experiments. This observation implied that there was synergistic
effect when both HSF and SR were pyrolyzed together as OMWS.

The catalytic pyrolysis of the HSF and the SR affected the gas product composition
significantly. For the HSF, the use of red mud as catalyzed increased the hydrogen yield
by 417.86 %. The CO and CO yields increased by 64.29 % and 26.91 %, respectively. In
addition to the water-gas-shift reaction, the high hydrogen yield could be due to the
dehydrogenation, and/or aromatic cyclization® of paraffins in the OMWS and/or the
formation of aromatics from olefins by Diels-Alder reaction.!” During the RRM catalyzed
pyrolysis of the HSF, the CO- yield increased by 26.91 % and the pyrolytic water yield
increased by 30 % relative to the non-catalytic pyrolysis. The CO yield increased by 64.29
%. Therefore, the deoxygenation of the pyrolysis vapours over RRM occurred through
decarbonylation, dehydration, and decarboxylation. As for the red mud catalyzed pyrolysis
of the SR, the major gas was CO>, and it accounted for 78.71 % of the total gases.

Compared to the conventional pyrolysis of the SR, the catalytic pyrolysis increased
the hydrogen and CO vyields by 82.14 % and 197.94 %, respectively. The CO
concentration increased by 133.04 %. During the RRM catalyzed pyrolysis of the SR, the

pyrolytic water yield increased by 19.6 %, the CO> yield increased by 15.89 %, and the CO
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yield increased by 40.32 %. Therefore, the deoxygenation of the SR pyrolysis vapours over
RRM was through decarbonylation, decarboxylation, and dehydration. The non-
condensable gas from the catalytic pyrolysis of the EVOO over RRM had similar
composition as the gas from the HSF pyrolysis over RRM. The CO yield from the EVOO
experiment was higher than that from the HSF, whereas the CO; yield was lower. This
observation could be explained by the fact that the triglycerides in the EVOO give rise to
acrolein and ketene after thermal cracking (~300 °C), these compounds produce CO and
hydrocarbons at higher temperatures (400-500 °C) (Crossley et al., 1962). Since the
triglycerides content of the EVOO is much higher than that of the HSF, the CO vyield from
the EVOO experiment was higher than that from the HSF one.

When HZSM-5 was used as the catalyst, the main gas product from the HSF was the
C2-Cs hydrocarbons, which accounted for 82.75 %. Compared to the conventional
pyrolysis, the HZSM-5 catalyzed pyrolysis of the HSF resulted in 666.36 % increase in the
C2-Cs, while the hydrogen yield decreased by 50 % compared to the fast pyrolysis. The
CO increased by 410.71 %, and the CO decreased by 67.64 %. It appears that the pyrolysis
vapours of the HSF underwent severe cracking over HZSM-5, which was supported by the
drastic increase in the gas yield (275.8 %) compared to the conventional pyrolysis.
Furthermore, the pyrolytic water yield from the HZSM-5 experiment increased by 52.86
%. It appears that the deoxygenation of the HSF pyrolysis vapours over the HZSM-5 took
place though decarbonylation and dehydration. The CO vyield during the HZSM-5
experiment was 63.13 % higher than that from the RRM one, and the pyrolytic water yield

was 76.2 % higher than that from the RRM one.
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Consequently, the carbon and hydrogen losses were greater during the HZSM-5
experiment compared to the RRM one, hence the lower HHV of the HZSM-5 pyrolysis oil.
The gas product from the catalytic cracking of the SR over the HZSM-5 consisted of CO>
(51.71 %) and C»-Cs (20.49 %). Compared to the conventional pyrolysis, the HZSM-5
catalyzed pyrolysis of the SR resulted in the decrease in the CO; yield by 102.18 % and an
increase in the C,-Cs yields by 176.44 % compared to the conventional pyrolysis
experiment. The CO however increased by 19.89 %. It is worth noting that when the
HZSM-5 was used, the hydrogen yield decreased by 21.05 % for the SR and by 50 % for
the HSF compared to the conventional pyrolysis, probably because of the partial
hydrocracking of the coke on the HZSM-5 and/or the hydrogenation of alkene on the
Bransted acid sites in the catalyst.

During the HZSM-5 catalyzed pyrolysis of the SR, the pyrolytic water yield increased
by 4.52 %, the CO. yield decreased by 31.59 %, and the CO vyield increased by 19.89 %.
Therefore, the deoxygenation of the SR pyrolysis vapours over HZSM-5 occurred through
decarbonylation and dehydration. During decarbonylation, for each oxygen atom rejected,
a carbon atom is lost, whereas during decarboxylation only one carbon atom is lost per 2
atoms of oxygen (CO.). On the other hand, the pyrolytic water produced during the RRM
catalyzed pyrolysis of the SR was higher than that produced during the conventional
pyrolysis and during the HZSM-5 catalyzed pyrolysis. During the dehydration reaction, for
each oxygen atom rejected as water molecule, 2 hydrogen atoms are lost. Since the HHV
is proportional to the hydrogen and carbon content of the bio-oil, the oil from the RRM

catalyzed pyrolysis of the SR had its HHV slightly lower than that of the oil from the
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HZSM-5 experiment. This explanation was supported by the elemental analysis of the ESP
oils from the catalytic pyrolysis of the SR over RRM and HZSM-5.

The carbon content of the HZSM-5 oil was similar to that of the RRM oil, whereas the
hydrogen content of the latter was slightly lower than the former. Farther, the oxygen
and/or chlorine content of the RRM pyrolysis oil was similar to that from the HZSM-5
pyrolysis oil. Despite the minor differences in the HHV and the elemental composition, the
RRM and HZSM-5catalytic oils had roughly the same HHV which was slightly lower than
the HHV of the non-catalytic oil.

The CO/CO:z ratio of the conventional and catalytic pyrolysis of the HSF are shown in
Figure 22 and those of the SR are presented in Figure 23. During the conventional pyrolysis
of the HSF, the average CO/CO; ratio was stable at approximately 0.12. The catalytic
pyrolysis of the HSF over HZSM-5 resulted in a higher CO/COx ratio that was around 10
times higher than that of the fast pyrolysis for the first hour of the experiment then
decreased gradually to stabilize around 1.5. Even after partial loss of the HZSM-5 activity,
the corresponding CO/CO: ratio was still 7 times higher than that of the fast pyrolysis. As
for the RRM catalyzed pyrolysis of the HSF, the CO/CO was stable at around 0.22 for the
2 hours experiment. The CO/CO, was slightly higher than that of the conventional
pyrolysis of the HSF. During the conventional pyrolysis of the SR, the CO/CO; ratio was
roughly stable around 0.9. The catalytic pyrolysis resulted in an increase of the CO/CO2
ratio. For the first hour of the experiments, the average CO/CO: ratio of the HZSM-5
experiment was around 0.16, whereas that of the RRM experiment was 0.1. The CO/CO;

ratio was always higher for the catalytic pyrolysis compared to the conventional one.
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4.4. Conclusions
e The catalytic pyrolysis of the OMWS fractions produced bio-oils with significantly
different physical-chemical properties. The catalytic pyrolysis of the HSF produced
an acidic, low viscosity oil with high energy content, whereas the SR produced an
oil with higher pH, higher viscosity and lower energy content. The HSF bio-oils
were roughly nitrogen and sulfur free, whereas the SR bio-oils contained both of
these undesirable elements.
e The bio-oil from the catalytic pyrolysis of the HSF and SR consisted of aliphatic
and aromatic hydrocarbons. The SR bio-oil contained more heteroatoms (O and/or
N) than the HSF bio-oil.
e The low viscosity and high energy content of the OMWS catalytic bio-oils were
due to the HSF fraction, whereas the close to neutral pH as well as the nitrogen

content were due to the SR fraction.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The goal of this thesis was to valorize the olive mill wastewater sludge through its
catalytic pyrolysis over two different catalysts i.e. red mud, a waste product from the Bayer
process, and the synthetic catalyst HZSM-5. This goal was achieved through the
elaboration of four chapters that included:

1. Characterization of the olive mill wastewater sludge.
2. Catalytic pyrolysis of the olive mill wastewater sludge.
3. Catalytic pyrolysis of the olive mill wastewater sludge fractions.

The characterization phase revealed that the OMWS was a potential feedstock for bio-
fuels production because it consisted of 41.16 wt. % hexanes soluble fraction which had
oleic acid and palmitic acid as the major compounds. The high ash content, however, would
increase the char/coke yield at the expanse of the organic yield. The high nitrogen content
of the biomass was a nuisance because it will be collected in the bio-oil.

Compared to the conventional pyrolysis, the catalytic pyrolysis of the OMWS produced
bio-oils that were at least 6 times less viscous and had at least 2 times less oxygen. Red
mud had different cracking chemistry from the HZSM-5, however, the former produced
bio-oil that was less viscous and had lower oxygen content than that produced over the

latter.
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450 °C was the optimal reaction temperature at which the maximum pyrolysis liquid
product yield was obtained. The organic yield from the red mud experiments were higher
than those from the HZSM-5 ones.

The char/coke vyield of the red mud catalyzed pyrolysis was higher than that of the
HZSM-5 one, however the activity of the former was less affected by the catalyst time on
stream compared to the latter. The red mud promoted the water gas shift reaction as well
as the Fisher-Tropsch reaction.

The red mud could be tuned depending on the desired outcome of the pyrolysis
reaction. The reaction temperature had a significant effect on the pyrolysis yields and
viscosity of the bio-oil. The deoxygenation of the pyrolysis primary vapors was mainly
through dehydration. The red mud favored decarboxylation over decarbonylation, whereas
the HZSM-5 promoted decarbonylation over decarboxylation.

The catalytic pyrolysis of the HSF produced an acidic, low viscosity oil with high
energy content and was nitrogen and sulfur free, whereas the SR catalytic pyrolysis
produced an oil with close to neutral pH, higher viscosity, lower energy content, traces of
sulfur, and considerable nitrogen content. The HSF could be used as feedstock for the
production of green diesel from catalytic pyrolysis. Based on the CO/CO: ratio evolution
during the catalytic pyrolysis experiments, both catalysts exhibited higher activity during

the cracking of the HSF compared to the cracking of the SR.
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