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ABSTRACT
Applied Pyrolysis for Conversion of Sewage Sludge into Valuddded Products

Ali Zaker, Ph.D.
Concordia University, 2021

Reducingsewagesludge (SS) waste has beersw@bstantialchallengein urban areas.
Utilization of SS withorganicrich residue as a renewable resourcectmversion tovalueadded
productdss analternativesolution It canmanage the continuously increastaggenerationwhile
is an appealingpathwayfor energy sustainaliy and environmental protectioin this respect,
pyrolysis isa promisingechnologyfor the thermochemicalalorizationof SS to useful products,
including char, bieoil and biegas with different applications.Accordingly, in the present
researchthethermal behaviors, kinetics and thermodynamicS®énd lowdensity polyethylene
(LDPE) during coepyrolysis were studied through thermogravimetric analysiBiscrepancies
between theoretical and experimental weight loss curves as a measurement otmheofext
synergic effect proved the existence abfemical interactions durinthe processMeanwhile,
kinetic and thermodynamic parametprsvided vital information othe degradation behavior of
the reactantg-urthermore, this workocused on extending ¢éhapplication ofctivated chaf(AC)
derived from pyrolysis 0ES In this context, afixed bed pyrolysis reactor system was designed
and implementedFirstly, the producedAC was used as an alternatieatalystto HZSM5 in
catalytic pyrdysis of SS As aresult both catalystgoromotel SS pyrolysisreaction rate by
abridging the average actian energy. Interestingly, theatalysts effectively redudéheharmful
evolved gaseous generated during pnecess(eg., CH, CO;, HCN, NG, S and CHSH).
Moreover, thebio-oil composition analysis show@majorupgraden termsof oxygennitrogen
containing compoundemoval Upgraded bieil was dominated by G&9 hydrocarbons/%
at higher catalyst loading#\lso, generation of valuadded chemicals such &ght aromatic
hydrocarbons wasenrichedn the catalytic procesSecondly the application o$ludgebasedAC,
as a sorbent, for threcovery of oil spills on surface watewas invested. The inherent4r@nerals
in SS texture were converted to magné&t&O, particlesduring the pyrolysis reactioallowing
the exhausted sorbent to be recovered withagnetic field.Concurrently,supehydrophobc

property wasreated by modification of AC with myristic acidggsulting in avatercontact angle



of 152.2°. Feasibility studies proved the potential usslafigebased sorberiior oil spill response

operations
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CHAPTER 1

INTRODUCTION

1.1. Background and significame of research

Sewage sludgéSS)is consideredhe major solid wastegeneratedrom the treatment of
wastevaters. Based on the demographic projections, the amount of SS will rise while miking
managemeta global issuéZaker et al., 2019)T'he upsurge inthe quantity ofSSgenerationn
recent yearss due to thenstantaneougxpansion of municipalities and industriesm human
activities For this reasorgisposal of SS has becomseriousnvironmentathallengenowadays.

In general, there artwo conventional disposaktrategiedor dealing with SS waste: incineration
and landfilling. However, these options &r@ng phased out or coming under pressure due to the
emergence of environmental conceandtheysuffer from various drawbacks ahshitations (e.g.
production of greenhouse gases and restrictive environmental reguldirs) et al., 2019)
Moreover, there hafeen growing interest renewable energy sources such as solar energy, wind
power, geothermal energy, fuel cells dmdmass(Shahbeig and Nosrati, 2020hterestingly,
snce SS containa high amount obrganic matterit can be considered as a biomsssrce Thus,

the valorizationof SSas a sustainable approalchsattracteda gradually increasingterestall

over the worldandnovel processes are being develog&yedHassan et al., 201.7Pne of the
emergingmanagement technology is pyrolydise thermal degradation process of material in an
oxygenfree environmentwhich can minimize the SS volume while effectivétgnsformthe
waste into useful end productshér, bicoil andbio-gag (Naqvi et al., 2018)NonethelessSS
pyrolysis conversion involves complequipmentor processesvhich will inevitably rise the
operatingand implementingosts.Currently, pyrolysis ofSSis under research and development
phase. Therefore, in order toove pyrolysis of SStowards commercializingthe end products

should have a high financial value.



1.2. Problem statement

The escalatingolume ofwastewater produced bgunicipalcommunites demandsew
technology for the treatmedischarge o65Sand the safe handling/disposal of g@id residue
For instancelMontreal wastewater treatment plant (WWTP), 3JBaMarcotte, is one of the largest
facilities in the world. A significant amotiof SS is generated from primary clarifiers which are
incinerated. It has been reported that 267.000 tons of SS is incinerated every year and a quarter of
all the greenhouse gases (GHGs) emitted by Montreal city operation is related to the incinerators
(ACan Montreal t ugad?|MordreabGaw & Yy Also,idhere is evidénee dok
emission of considerable amounts of particulates such as several heavy metals, sulfur and nitrogen
oxides emitted from the incineration plants in the literat(Hladi et al., 2015) Therefore,
investigatioronefficient technological strategy to shift SS management practictisesources

recoveryis crucial

Accordingly, prrolysis may be considered as a eeffective strategyto this problem,
through paths to gain valuable biezgy while avoiding environmental pollutiofSfakiotakis
and Vamvuka, 2018Pyrolysis of SS has been studied as parent material in the past; for example,
the pyrolysis of SS has been extensively investigated feoibigeneration(Zaker et al., 2019)
and also for obtaining biohar product that can be used as adsorbdhiadi et al., 2015)
However, the utilizatiowf bio-oil has been restied because of high oxygaitrogercontaining
compounds, relatively hydrogen deficiencies (K/@olar ratio <05) and low heating values

(Suriapparao et al., 2018b)

Co-pyrolysis of SS with a hydra@grenriched feedstock such as plastic can be a potential
strategy to enhance reaction performance and properties of the prgtluatg et al., 2015)'he
mechanism is similar to pyrolysis thia second feedstock mixed with SS in the process. There is
evidence that plastics could act as hydredenors and enhance the properties ofdiioby
decreasing the oxygen contdhtu et al., 2017)Although severalresearcthas been devoted to
the copyrolysis of SS with different typesd feedstocks, cdeeding with plastiavastes to enrich
the SS is missing in resear¢h.addition no unified conclusion on the synergetic effects between

the materials has been stated and the studies are limiddwo

Subsequentlythe range of catalysts that have been studied compahativith SS for

upgrading the pyrolytic products is limitedtimeliterature .Most of theresearch has been devoted

2



to catalytic pyrolysis of SS with zeolitéBersson et al., 2019; Wang et al., 2017; Xie et al., 2014;
Zheng et al., 2018; Zhou et al., 2018) their usefulness for oxygen and nitrogen removal. Yet,
zeolitebased catlysts are relatively expensivand the catalyst preparation steps are time and
energyconsuming. They suffer from rapid deactivation and coke formation with a drop in the
liquid yields. It is thus importarno exploreafeasible solution fotheutilization of SS via catalytic
pyrolysis. Therefore, this study is an attempt to know the viability of using activated char (AC)
derived from SS as a potential catalyst in contrast to commercial HZSM5 in SS pyrolysis for the
first time. Thesludgederived AC could besuitable for catalytic purposes becauset®bulky
surface area, porositygmbedded active sitesavailability and most essentially lowost
(Daorattanachai et al., 2018; Gao et al., 2020; Zhang et al., 20M@&haply, metal species such as

Fe are dispersed in the sludgased char matrix inherently which can eliminate the toxic and
expensive synthesprocedures. The free radicals (FR) from the evolved volatiles may react with
metallic elements (ME)n the surface of AGFR + ACO ME 7z OARR + ME)(Fu etal., 2018)

In addition,recently, increasing efforts are dedicated to developing sorbent materials with
high oil sorption capacity, high ewWater separation efficiency, and superior reusability
(Ifelebuegu and Johnson, 201Bgrsed on the literature survey, a lack of a facile and nontoxic
method to fabricate a sorbent with magnetic superhydrophobic properties derived from natural and
abundant materials for separationwarious types of oils and chemicals from the water was
noticed. Sorbents should have excellent hydrophobicity atebphobicityto the strong affinity
water.For that reasgrresearchers have used chemical modification such as silyation agents as the
main hydrophobic treatment method@hanthong et al., 2018)Nevertheless, chemical
modification mé¢hods are costly and highly toxio aquatic life thus, their applications are still
limited. Moreover, b facilitate the separation of the sorbent from the water magsepration
has beewlevelopedipon researcfAhamad et al., 2019; leamviteevanich et al., 2020; Raj and Joy,
2015) The magnetic property is added to the sorbent by usually precipitation technique which is
a time and energgonsuming procedurén thisrespect AC derivedfrom pyrolysis ofSScan be
selected as an interesting candid&e oil spill response. By adjusting pyrolysis reaction
conditions, it is evidence th&e-mineralspecies in S8an balecomposed to form magnetic:Be
particlegGu et al., 2018Moreover, decoratg sludgebasedAC with non-toxic carboxylic acids

can enhance hydrophobicity while increasing the oil up(ilerarathna et al., 2020)



1.3. Researclobjectives

The general objective of this study is to deliver scientific reference and technical support
for the research and further development of pyrolysis conversion technology foraS8
processing. Using pyrolysis reaction, SS waste resources can be transformed intddatlie
productsIn this regard, the intention of this research is-fald. Firstly, the challenges of SS and
plastic waste management and increasing energy decaaupdomptly be investigated bthe co-
pyrolysis behavior of SS ahdw-density polyethylend OPE). Secondlyit is interesting to build
knowledge orthe beneficial use osludgederivedAC in different application®wning to low
cost andacile generatin from pyrolysis One of the primargoalsis to explore the use of A@s
an alternativecatalystto HZSM5. Theinherent metallic mineraland high surface area with
abundant functional groups on the surfawakesludgederived AC a potential material Other
benefit of sludgebasedAC includebeingexamined as a higperformance sorbent for oil spill
cleanupln the light oftheabove discussion, the following objective® specifically considered

as the mainargetsof this research:

1) To design an expeariental pyrolysis setup for conversion of SS to veddded products

2) To explore the feasibility and process efficiency of SS and LRByrolysis by a
combined consideration of multieating rates and different blending ratios to evaluate the
synergisticeffects in terms of different kinetend thermodynamic parameters models

3) To evaluate the use of sludderivedAC as an alternative catalyst in contrast to HZSM5
by assessing their potential to redheemful pyrolytic gaseous amehproving the reaction
kinetics whileupgradinghe bicoil derived fromcatalytic pyrolysis of SS.

4) To makeinnovativeuse ofsludgebasedAC as an oil spill sorbent with magnetic and

supehydrophobic properties.

1.4. Thesis outline

This dissertation contains seven chapters.mbgvation of this researdk to develop and
extend the application of SS pyroly$os production of valuedded productsThe main chapters

of thethesis are:

Chapter 1is a general introductioproviding the backgrouniehformation relevant to this

study.



Chapter 2reviews previous literature concerning fundamental information associated with
chemical compositiorand thermal behavioto understand the nature of SSurthermore, co

pyrolysis and catalytic pyrolysis of SS used for different applicatwasliscussed.

Chapter 3 describesxperimentalproceduresapplied in this study and the design and
optimization of the pyrolysis setup. Initially,SS characteristicsanalysesare explainedand

provided Next, pyrolysis experiments are described.

Chapter 4 investigatedhe feasibility of co-pyrolysis of SS and LDPIor the first time.
LDPE was used as a hydrogéanor to increase the effective hydrogsficiency (H/Cetf). The
integrated process was carried bytthermogavimetricanalysis (TGA)The themo-kinetics and
thermodynamic parameters of-pgrolysis were systematically examined as/nergistic effect
between th&SandLDPE was observed

Chapter 5is devoted tahefabrication ofsludgederivedAC to beused as amexpensive
and ecefriendly alternative catalyst in contrast to HZSMS5 in pyrolysis of SS. In this chapter,
catalytic pyrolysisexperiments were conducted usintharmogravimetric analyzer coupled with
amass spectrometel G-MS) to explore the process efficiency and evolved o gases. In
addition, artificial neural networksevetrained as a prediction model thfethermal behavior of
the catalytic reaction. Meanwhilthe effect of catalyst loading obio-oil quality from catalytic
pyrolysis of SS ovesludgederived AC ard HZSM5 was examined ia horizontal fixed bed

pyrolysis reactor.

Chapter 6 discusses the utilization sfudgebasedAC as a green oil spill sorberthe
sorbent is decorated with a ntoxic myristic acid to improve the aehdicity and
hydrophobicity @ the materialDifferent properties of the sorbemtecharacterized in detail. Also,

sorption capacity studies along with regeneration of the sodbeoarried out.

Chapter 7 presents the overall conclusions and major findings associated with thehesea
objectivesln addition, recommendations for the future work, and implications of this research are

suggested.



The echnical route of this dissertation is shown in Fig. 1.1.
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development of sewage sludge pyrolysis conversion technology for different applicadons

Fig. 1.1. Technical route of this dissertation.



CHAPTER 2

LITERAT URE REVIEW

2.1. Sewage sludge

A source of bioenergy, SS is a retained filter cake made by dewatering the solids remaining
after treatment in effluent treatment pla(Zaker et al., 2019)it is an unavoidable byproduct of
the sewage treatment process which is continuously generated in the form dlinersugpension
(Dai et al., 2018)According to demographic projections for the noyement of living standards,
SS is expected to continue increasing in quantity worldyilang et al., 2017)SS can be
generated by three am stages of the wastewater treatment process, including the primary
(physical and/or chemical), secondary (biological) and tertiary (an addition to the secondary stage,
often involving nutrient removal) treatments. In general, the wet sludge is higatan eontent.
This water can be classified into several categories: (i) free (or bulk), (i) interstitial, (iii) vicinal
(or surface) and (iv) chemically bound (or hydration) wéBredHassan et al., 2017)rhe free
and interstitial water is removed using processes such as a belt filter press or centrifuge. The
dewatered SS still consists of aboufi 88% moisture made up of vicinal water. These water
molecules adhere to the particle suefaga hydrogen bonding and can only be vaporized and
eliminated by applying heat. The sludge is typically very greasy at such high levels of water
content, making it difficult to handle and transp@Atzorek, 2012) Correspondingly, the main
reason for its foul odor is the result of biologically active substances.

The composition and properties of &f variable and depend on: (i) the wastewater
characteristics and pollutant loading entering the treatment plant (origin of the wastewater), (ii)
the treatment method used in the wastewater treatment plant, (iii) environmental legislation, (iv)
water retamation requirements, (v) the processing stage, (vi) seasonal variations, due to which
even sludge from the same wastewater treatment plant can vary in its characteristics from one day
to the next, and (vii) the duration and conditions of storage ancbémgulant agents us¢8yed
Hassan et al., 2017)

To determine the convenience of using SS in pyrolysis, it is crucial to determine its physical

and chemical characteristics. The componen&S can be categorized into six essential groups:
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1) Non-toxic organic carbon (60%n a dry basis)
2) Components containing nitrogen and phosphorus

3) A wide range of toxic inorganic pollutants includiheavy metals such as zinc, coppéckel,
cadmium, leadmercury, and chromiumwhich restrict the use of sludge for agricultural
purposeqBarakat et al., 2017and organic pollutants such as (i) polychlorinated biphenyls
(PCBSs), (ii) polycyclic aromatic hydrocarbon®AHS9), (iii) polychlorinated dibenzodioxins
(PCDDs), (iv) polychlorinated Benzofurans (PCDFs), (v) pesticides, (vi) linadeyl-

sulfonates, (vii) nonyphenols and (viii) polybrominated fire retarda(itsi et al., 2018)

4) Pathogens and other microbiological pollutants like living organisms, bacteria, viruses,
protozoaand other parasitic helminths, which can result in possible risks to the health of living

creaturegFijalkowski et al., 2014)

5) Inorganic compounds such as silicates, aluminatescompounls containing calcium and

magnesium

The nitrogen in SS imainly derived from the protein in the source material, which results
from the microorganisms used for water purificat{bonts et al., 2012; Samolada and Zabaniotou,
2014) The total percentage of nitrogen in SS is variable, which can range from less than 0.1% to
a maximum of 18% with a median of 3.3%, while the level of mineral nitrogen may upsurge to
6.7%(Cheng et al., 2018; Ignatowicz, 201%jmilarly to nitrogen, the phosphorus content in SS
may vary from lesthan 0.1% to up to 14% of the dry weight, based on the origin of the raw sludge
and the treatment proceduf&hiba and Ntuli, 2017; Tomasi Morgano et al., 201Bhe
phosphorus in sludge mostly exists in an inorganic fanchits bioavailability is influenced by the

compounds used for sludge stabilizat{blossain et al., 2011)

There is no significant difference in the concentrations of metals and minerals in sludge in
industrialized countrie6 Pr as pal i aus k a s ltiafoudd tielargerdcityussisuallyz 0 1 7 )
associated witla higher total concentration of heavy metgslar et al., 2016)Zinc, copper, and
chrome appear in the highest concentrations, followed by lead and nickel, and cadmium and
mercury exist in trivial quantitigégnatowicz, 2017)PCBs as persistent organic pollutants (POPSs)

and aforementioned PAHSs are very toxic, mutagenic and carcind@amakat et al., 2017yvhich



are found in sludge. For instance, a concentration of 5.9 £ 0.1 mg/kg PAHSs (inclusive) imSS fro

municipal sewage treatment is typi¢@leszczuk et al., 2012)

Approximately 60% of the primary energy comteof wastewater is attributable to high
concentrations of organic carbon and is centralized in SS after treatment. However, only after the
SS is dried and the moisture content is reduced to less than 5% can it be considered an attractive
source of energin the pyrolysis process. The energy content is comparable to those of other low
rank fuels, including lignite and most biomass, with a typical minimum ignition energy (MIE)
greater than 1000 mJ in the solid fofRernandezAnez et al., 2018)its calorific valuds similar
to that of sukbituminous coa(Adar et al., 2016; SyeHassan et al., 201.7Moreover, proximate
and ultimate analysis play key roles in evaluating thentbehemical conversion fundamentals of
biomass. The assessment of the proportions of moisture, volatile matter, fixed carbon and ash is
achieved by proximate analysis, while ultimate analysis measures individual elements such as C,
H, O, N and S. To undeestd the pyrolysis of SS, proximate and ultimate analysis must be brought

into account.

2.2. Sewage sludge pyrolysis technologies

Pyrolysis technology, despite its long history of use, has recently developed as a frontier
research area compared to the wimlead application of SS resource recovery techniques such as
combustion/incineration, hydrothermal treatment, wet air oxidation or supercritical wet oxidation.
Pyrolysis is defined as thermal decomposition of organic components in the absence of oxygen
(inert atmosphere) andediatetemperatures, resulting in the production of solid residue, and both
condensable and naondensable gaséSao et al., 2017; Tsai et al., 2008) this case, pyrolysis
has the potential toansform any type of bisolid into biofuels and chemicals. Also, pyrolysis
produces less greenhouse gas emissions @@ SQ), it has the potential to be environmentally

friendly and more financially beneficifiPraspaliauskas et al., 2018)

The four key operating parameters considered in pyrolysis are as follows: (i) temperature
(T, °C), (ii) heating ratef{ ,°C/s), (iii) residence timeRT, s) and (iv) particle sizep( mm).
Pyrolysis can be classified as slow, fast, and flash processes depending on the operating conditions
(see Table2.1) and the ultimate target of produ¢®s Arni, 2018). Furthermore, Tripathi et al.

mentioned three more subclasses of the pyrolysis process: vacuum, intermediate and hydro



pyrolysis(Tripathi et al., 2016)Vacuum pyrolysis transpires in a lgwessure range of 0.2

atm and has a simildb to slow pyrolysis. This process allows the formation of immense
magnitudes of pyrolysioil and char, which are considered realistic fuels. The operating conditions

of intermediate pyrolysis exist between those of slow and fast pyrolysis, with low residence time
and classical product distribution of 50% liquid, 25% char and 25%N\galsmood et al., 2013)

The yielded liquid is often seen to separate readily into organic and aqueous phases. In terms of
viscosity and heating value, the organic phasenéat reveals promising qualiti€¥ang et al.,

2014) Hydro-pyrolysis is the exothermic process of decomposition in the presence of hydrogen.

It generates heat which helps sustain endothermal pyrolysis reactions taking place in greater
atmospheric pressures (200 atn) with the aim of producing higher quality bal, mostly by
deoxygenation of fatty acids such as pentadecanoic acid and palmitiResiende, 2016)n

general, hydregyrolysis is the same as fast pyrolysis with a difference in the attendance of
hydrogen in the reactor. The presence of hydrogen in the atmosphere removes oxygen in the form
of water by shifting the reaction pathway from decarbonylation and decarboxylation to
dehydrationGamliel et al., 2018)The range offte operating parameters for pyrolysis processes

is summarized in Tabl21.

Table2.1. The range of main operating parameters for pyrolysis proc€saksr et al., 2019)
Temperature Heating rate Residence Particle size Pressure

(°C) (°Cls) time (S) (mm) (MPa)
Slow 300i 700 0.1-1 300550 51 50 01
pyrolysis
Fast pyrolysis 5501250 10i 300 0.5 20 <1 0.1
Flash 80011300  >1000 <0.5 <0.2 01
pyrolysis
Vacuum 300600 0.1711.0 0.0011.0 n/a 0.010.02
Intermediate 500/ 650 1.0i 10 0.5120 1i5 0.1
Hydro 3501600 10i 300 >15 n/a 5120

n/aData not available.

Thetwo main phases of pyrolysis are the primary and secondary pha#es firstphase,
the organic molecules are decomposed or depolymerized by heat into their main components (for
instance, carboxyl, carbonghdhydroxyl groups). The primary phase indas the dehydration,

decarboxylatiorand dehydrogenation of the organic matter. Next, the secondary stage, thermal
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cracking, takes place, breaking long chains of hydrocarbons into smaller ones. The longer the
residence time of the vapors in the heatingezame more gases, such as methane, carbon

monoxideandcarbon dioxide, are produced.

2.3. Kinetic study of sewage sludge

A study onthekinetic behavior of S& essential to examine the therfdegradation rates
of SS and the generation rates of proddcisng the pyrolysis. The information derived from the
mathematical kinetic modeling can provide valuable information to optimize the pr¢test
al., 2018) The TGAand derivative thermogravimetric (DTG) profiles obtained from the T&A
be studied fora better understanding of mechanism and reaction chemistry associated with
pyrolysis of S§(Dai et al., 2015)The resulted curves depict the rates of mass loss during the
thermal decomposition of SSamplesaccordingly, they can be correlated to the kinetics of these
readions. Based on various investigateiiameed et al., 2018; Hernandez et al., 2017; Ji et al.,
2010; Nagqvi et al., 20193lecomposition of different components in SS has three stages. The first
stage starts with release of moisture andtlgmponents in the range of ambient temperature to
~150°C. The second stage can occur at temperatures from ~200 to ~600°C, during which organic
materials (biodegradable or nbiodegradable) devolatize simultaneously. This stage is named
the active pyrolgis zone due to excessive mass loss. In the active zone, protein, polysaccharides,
carboxylic acid, silicates and ndmodegradable organic materials discharge from sewage sludge
under heating. The inorganic material from the SS decors@Eisemperatureabove ~600°C.
The Arrhenius correlation, distribution activation energy model (DAEM), CBaesd f er n 6 s
method, KissingérAkhirai Sunose (KAS) FlynnWall-Ozawa (FWO)and Starink methods are
some examples of the mathematical models to determine the kinfeB8&spyrolysigHameed et
al., 2018; Lin et al., 2016; Liu et al., 201%) these modelsictivation energyk, kJ/mol) and pre
exponentl factor (A s?) are determined, arahigh correlation coefficient (] along with other
analyss exhibit the suitable model for the description of SS pyrolysis kinetics. Pdblgives

representative studies on kinetic parameters of different maate&Sf pyrolysis.
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Table2.2. Representative kinetic parameters of different models for the pyrolysis of SS.

Model Reaction Activation Preexponential Correlation Ref

order energy (kJ/mol) factor (sh) coefficient (R) '

1 11.50 3.43 0.99
Coats and (Hameed et
Redfern 2 37.02 3.53 0.99 al., 2018)

3 51.06 6.66 0.99

(Liu et al.,

DAEM 1 42800 n/a 0.97 2015)
Coats and (Shao et
Redfern 2 29.81 15.15 0.99 al., 2008)
KAS 257.@ n/a i

i 0.95 (Lin et al.,
Starink 257.10 n/a 2016)
Coats and 1 21.40 3.44 0.97 (Naqvi et
Redfern 1 5 0.04 3.44 0.97 al., 2019)

n/aData not available.

Recent investigations indicate that the pyrolysis of SS has great potential to solve the SS
problem compared to other methods such as incineration or gasificgBeomolada and
Zabaniotou, 2014)This is due to pyrolysigerowaste method, volume reduction of tgp90%

and marketable products.

24. Pyrolysis: a potential route for sewage sludge valorization

Since 1986, several investigations have been cartebyoresearchers for SS pyrolysis as
a potential route for obtaining the pyrolysis oil and chemi@iamts et al., 2012)Studies based
on the lignocellulosic biomass pyrolysis have been used as baseline references for investigations
into the valorization oS S . However, itds I mportant to outl
compositionespeciallythe high amount of ash in SS involves considerable alter in the chemical
and physical properties of the products obtained with each feedstock. The operatinat@esa
play a crucial role in pyrolysis. In this aspect, different studies have been conducted regarding the
optimization of the operating parameters. Several researblave studied the effect of final

temperature of pyrolysis on product yields.

An early study carried out by Shen and Zhai®hen and Zhang, 200%)vestigated the

influence of temperature and retention time to identify optimum process conditions for maximizing
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the oil yield in two stagerotary kiln reactor. Experiments were performed between 400 and 550
°C ard solid retention time of 20 to 60 min. Maximum pyrolysis oil was obtained at the highest
temperature and lowest retention time. Another study examined the effect of final temperatures of
350, 450, 550 and 95T in a fixed bed reactqSanchez et al., 2009y he results indicated that

by increase of temperature the valorization was promoted as the yields of condensable and non
condensable gases increaseticreashe solid residue decreased. The highest portion of liquid
was obtaied at 450°C, however, gas yield reachadnaximum at 950C. Product yields of SS
regarding reaction temperaturergexamined by flash pyrolysis in a conical spouted bed reactor
(Alvarez et al., 2015a)The results revealed that the liquid yield increased with the increase of
temperature and reached a maximam500 °C. However, temperatures higher than 5@
favored secondary reactis of volatiles and thermal cracking, leading to the reduction of liquid
yield and a rise in the gas portion. Fromg@studies it can be concluded that temperature plays

a critical role in the portion of products. The disparity between the value oftémgperature
reported by different authors should be attributed to differences in the reactor configuration and
the origin of the SS, particularly have different ash content and composition. Moreovbr, the
influence (5 and 60C/min) has been investigateon product portions of SS pyrolysis in a
horizontal quartz reactdr M. l nguanzo, A. Doménguez, .The A. Me r
investigations lead to the outcome thaigherb v a@dn endance the liquid and gas yield while
decreasing the solid residue. Similarly, the effedi wih TGA has showthe same conclusion by
release of higher ma#$sss rates and lower amount of regdeft after the proceg&an et al.,

2016) The mrticle sizeas another vital factoaffecting the yield of liquid produsthas been
explored(Park et al., 2010)A range of 0.28<0.8 mm has been announced totheoptimum

range to maximize the bioil portion. The interpretation is due to the differences in the rates of
intraparticle mass and heat transfer resulimglow heat up for larger particles and overheating

for small particlegSyedHassan et al., 2017All in all, the mentioned operation variables are the
most influential and in order to maximize the liquid yield is indispensable to explore the

optimum.

From the viewpoint of biail quality, pyrolysis operating conditions also influence
composition. A study was carried out in order the determine the effect of temperature on the
distribution of the liquid product formed from the fast pyrolysis of S&drop tube quartz reactor.

The thermal decomposition process was performed at a prescribed temperature between 400 and
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700 °C(Huang et al., 2014 he bicoils obtained at low temperaturase species such as alkenes,
alkanes, longhain fatty acids and esters, and aliphatic nitriles and amides. At high temperatures,
aliphatic and thermally labile oxygesontained compounds were mainly cracked to gaseous
products, while the nitrogecontaired species tended to form aromatic species, chiefly N
heterocyclic ones. The authors stated that due to high nitrogen content, utilizatioroibidiwot
applicable becausef problems related to NOemissions when the oil is combustdthe dike
examiration was also conducted in a pyrolysis centrifuge reactor regarding influence of the
pyrolysis temperature on properties of the sludge (@itghh et al., 2013)The watetinsoluble
portion, moleculaweight distributionhigh heating value (HHVYMJ/kg), and thermal behaviors

of bio-oils were observed to be noticeably influenced by the applied pyrolysis temperatures. The
optimal temperature was at 575 °@exve anHHV of 25.5 MJ/kg was stated. Biail derived from

the screwpyrolysis of SS was carried out at temperatures between 350 and 50®i@si
Morgano et al., 2018)Nith the increase of temperature C/H and the C/O ratios increase while the
C/N decreases. That is reflected in a slightly increasing heating value from 28.0 MJ/kg at 350 °C
to 30.2 MJ/kg at 50 °C. The direct application of the bail was mentioned to be hindered because

of thehigh percentage of nitrogen, sulfur and oxygen.

2.5. Co-pyrolysis of sewage sludge

To enhance the quality and yield of products from the pyrolysis of SS, blendingcother
reactants to the SS via -poocessing has drawn attention. The-pswolysis of SS and
lignocellulosic biomass has been conducted in a conical spouted bed reactof@iv&dta 1:1
blend ratio(Alvarez et al., 2015b)As a result of the synergetic effects, it was reported that the
bio-oil and bicchar yield decreased while bgas increased compared to the theoretical average
values. From the prospect of bod composition, higher oxygenated compoundseobserved
in the mixture by almost 8% as compared to-deHved bicoil. Meanwhile, the nitrogen
containing compounds kia dropped by approximately 4% and sulfur content has vanished and
remained in biechar. The feasibility of the epyrolysis of SS and digested manure with a blend
ratio of 1:1 was performed at 52& in a stirred batch react¢Ruiz-Gomez et al., 2017)The
product yields did not show noticeable swymistic effectsexcept forthe yields of organic

compounds, being slightly higher than the predicted average. Furthermore, the oxygen content had
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increased in the organic phase resulting decrease in the heating value. SS was pyrolyzed with
40% mixedwood, 40% rapeseed and 40% straw to investigate the impactpyfralysis on the
liquid phase in terms of composition at 48D (Samanya et al., 2012n all mixtures, oxygen
content had enhanced while nitrogen and sulfur spéedsropped. In this contex,negative
impact was observed in terms of HHV hydecrease in the value. Tal®8 summarize the

findings of the existing literature on the use of different biomasses assactant with SS in co

pyrolysis.

Table2.3. Sunmary of copyrolysis of SS with different coeactants.

Reaction conditions Results
Co — .
. Pyrolytic liquid
reactan_t SSto Py_rolytl characteristic, calorific Ref.
categorie  CO- Temp.  peactor  HiCes ¢ liquid value (MJ kg" and
s reactant (°C) yield .
ratio (Wi%) oxygennitrogen content
(Wt%)
. Conical _ (Alvare
E:Jf(;’:’gt’d 1:1 500 spouted ~0.21 55 (N);gi‘gg zetal.,
bed ) 2015b)
Stirred HHV= 29.40 gé“géz
Manure 1:1 525 batch ~0 ~40 0=19
reactor N=6.90 etal,
e 2017)
HHV=31.30
Wood ~0.01 40.9 0=17.9
o N=1.
Cylindric _K) (Saman
al shaped HHV=34.8) ya et
Rapeseed 60:40 450 ~0.96 33.2 0=19.9
quartz N= 4.6 al.,
tube HHV=32 50 2012)
Straw ~0 27.8 0=30.9
N=4.20

Investigation regarding thermal behavior dadeticshave also been examined via TGA
by researchers to study the feasibility ofmoolysis from the standpoint of synergy anddtue.
Wang et al. studied the interaction between SS and wheat (Wang et al., 2016)The results
revealed a weak synergetic effect based on the-lnassates of the TGA test, however, the co
pyrolysis in the fixed bed pyrolyzer had greatly promoted the liquid and gas phase production.
This phenomeon was interpeted due to the presence of metals in the ash which promoted

secondary reactions such as cracking and dehydrogenation. Another study was carried out by
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mixing SS and pine sawdust with different blend ratios to observe the coupling Effactst al.,

2015) Although the release of volatile matter was accelerated by the increase of rice straw, no
obvious occurrence of the synergistic activities during the decomposition was observed. This
means eeh component of the minte hadact individually. Seeminglythe same behavior was
announced when SS was blended with rice sffdwang et al., 2015He and coworkers have
pointed out the synergistic effect tendgraf SS and 3 different ranked codlde et al., 2020)
Devolatilization was reported to be unfavorable dytime process for all various blending ratios,
while char formation was facilitate(Hu et al., 2018)In another study, thermal decomposition
characteristics of epyrolysis of SS and hazelnut shell wg&ai et al., 2017; Zhao et al., 2018)

The devatilization rates were divided ia two range of temperatures, 260 to 40C and 400d

900 °C. In the first range, the effect of -@yrolysis was inhibitive due to the poor thermal
conductivity of hazelnut shell in the blends. The interaction in the second range was reported
accelerative caused by formation of free radicals promotingdh&act chance between the raw
materials. Tabl@ .4 is a summary of research available upon literature for the amokntaitie
computed with different kinetic models, required for thepgoolysis of SS with different types of
co-reactants. From energgaving point of view, reaction with greatBrvaluenecessities higher
reaction temperature or longer reaction time, which means higher energy is required to be inputted

to the thermal process.
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Table2 4. Kinetic model and activation energy for-pgrolyss of SS with various coeactants.

o Temperature o Activation

Kinetic range {C)/ Activation eneray of
Coreactant Blend ratio study ge (L energy of gy Ref.

method Conversion SS (kJ/mol) blend

degree ) (kJ/mol)

Swwcane 1, Qe 2040 e e Clamee
Bagasse method 400600 ~27 2027 2018)

FWO 0204 na 123.99

KAS- 174.07
Hazelnut Hazelnut Starink  0.5-0.8 n/a 282% E(iZIhao et

0, 0, ' "

shell 30%/SS70% Coats 2018)

Redfern nl/a n/a 140.56

method

KAS y 257.M® 243.® (Lin et
Oil shale 1:1 0.20.8 al.,

Starink ~ average 257.10 243.D 2016)
Honlgshaquar 180.9
c?]a_ A (He et
Shuicheng 1.4 DAEM  n/a 168.D 179.9 al.,
lignite 2020)
Shaerhu coal 184.0
Activated Coats (Hu et
wind turbine 1:1 Redfern  300-600 53 35.42 al.,
blades method 2018)

_ | DAEM  (050.95 147.98 148.05 (Zhu et

Pine sawdust 1:1 average al.,

Friedman 9 151.39 152.39 2015)

2.6. Catalytic pyrolysis of sewage sludge

Although a tremendous number of catalytic pyrolysis studies have been carried out to
upgrade the bimil derived from biomasg§Morgan et al., 2017)still catalytic pyrolysis of SS
remains scarce ithe literature. The effect of metalxides (AbOs, CaO, FeOs, TiO2, and ZnO)
was explored by means of TGA to check the pyrolysis behavior fqS8&o0 et i, 2010) The
presence of E®s; and ZnO was reported to inhibit the mass loss rate of devolatilization, while
Al;,0s, CaO, and Ti@stimulated the degradation of organic matters to fiawer solid residues.

On the other hand, ADs; and TiQ had decreaseplyrolysis time,counter wiseCaO, FegOs, and
ZnO had prolonged. The presence of catalysts had dieéexts on the degradation process and

no clear conclusion was made. Azura et al. explored the influence of a catalyieposent of
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pyrolysis vapos using gamma | u mi-A2®3) &sa catalyst in a bubbling fluidized bed reactor
(Azuara et al., 2015)Perfections in bieil properties such as HHV, chemical compositiett.
by a minor decrease in the yield was observed. The improvemehtshiooil wereattributed to
a reduction in the portion of oxygetontaining compounds. However, the problem of high

nitrogencontaining compounds in the liquid remained.

There are evidence that zeolite catalysts can be employed for deoxygenation and
denitrogenation of lignocellulosic biomass, proteinaceous feedstocks and municipal solid wastes
in pyrolysis(Liu et al., 2016) Nonetheless, research on pyrolysis of SS with the assist of zeolite
catalystis limited. An early study waperformed to evaluate the effect of zeolite as a potential
catalyst to enhandée production of bieoil (Kim and Parker, 2008 he ncorporation of zeolite
into the sludgematrix did not show any improvement in the liquid yield and no information was
provided in terms of bimil composition. Commercial HZSMwas examined in a tandem miero
reactor system with aim of producing higher value chemi@aiang et al., 2017)The results
indicated that catalyst temperature has a crucial influence on composition. For irnsiacexdon
yield of olefins increased fron2190% to 26.31% as catalysis temperature increased from 400 °C
to 700 °C, before decreasing to 21.08% at 800 °C and aromatics portion topped at catalysis
temperature of 600C. Different portions of HZSM to SS vereinvestigated in a microwave
assisted pylysis system to upgrade the fd quality (Xie et al., 2014)The authors pointed that
the temperature haalgreat effect on both quality and quantity of4oiband 550°C was noticed
as optimum. Moreover, higher rasiof caalysts had higher removal of oxygenitrogen
containing compoursl The reduction in the oxygerontaining compounds was due to
aromatization reactions which transformed carbohydrates to benkzenet al. carried out
catalytic pyrolysiover HZSM5 ina tandem microfurnace pyrolyzfriu et al., 2016)The catalyst
had better performance at higher temperatures to entizaeoxygenation process and prontbte
the formation of hydrocarbons. The explanation was dué¢he& formation ofsmaller volatile

molecules ahigher temperatures that can travel through catalyst pores.

2.7. Production of sludge-derived AC for different applications

One of the pioneering topics is the reuse of pyrolyzed sludgevaleadded adsorbent

for the removhof contaminants from wastewater streaansl soil(Hadi et al., 2015)Application
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of suchlow-price solid waste foremediationprocesses has a dual ecologicalrpireence, the
transformation o§S tocharwhichtacklesthe disposal issues whiliecanremove pollutants from
the environmentMoreover,in the past few years, char derived frolamassefave been used in
catalysis reactions due to themorphology and porosityHowever, char without activation
exhibits vey poor catalytic propertigtee et al., 2017Hence manypieces of researdimve been
directedto modify char morphology and porosity via various treatmeant$ used commercial
types(Dong et al., 2015)Zhang et al. have examined the use of corn stdedrved activated
carbon catalyst with phosphoric acid activation for waste plastic pyrq¥seng et al., 2018a)
The result showed jetiél-ranged alkanes and aromgtroduction verefavored by using activated
carbon. Another recent study has used rice husk for the production of Fe madiifiadiel carbon

for catalytic pyrolysis of corn cob for bioil production(Dai et al., 2019)The modified catalyst
indicated selectivity to valuadded products such as phenol and cresol. Similarly, & char
supported metal catalyst derived from rice husk was prepared for reformiog gueality (Guo

et al.,, 2018) Results indicated that when the vapors from biomass pyrolysis passed through
metallic sypported charthe selectivity and the relative contents of phenol amdethylphenol
increased. However, to the best of our knowledge, few studies focused on the catalytic
performance of sludgderivedAC. The AC derived from S8yrolysisseemsa prectical choice

for catalytic purposes because it is easgéanerate, widely available argsentially inexpensive
(Gao efal., 2020) Notably, metal species are dispersed in the shiidged char matrix inherently
which can enhance the catalytic performance withdbe toxic and expensive synthesis

procedures.

Moreover, the development of porous materials, named sorberh yidrophobicity and
oleophobicity properties hagained interest. Ae createdfunctional architectures can serve as
efficient sorbengs for the remediationof spilled oils or leakage chemicals. The mentioned
propertiesallow the sorbent to be wetted bysoonly. Seemingly, the opesell texture provides
efficient channels and spaces for oil diffusion and enrichment. In this regaestlymuch effort
has been devoted to developiaglvanced porous sorbents mostly from artificial synthetic
materials(Saleem et al., 2018However, these sorbenéxhibit poor hydrophobicity, hence,
surface modificatiorwith toxic chemicals (e.g.1H,1H,2H,2Hperfluorooctyltriethoxysilan) to
enhance the oivettability and hydrophobigithave beewrarried ou{Li et al., 2014) On the other

hand, magnetic sorbentgor easyrecovery and reuse of the materidsm oil/water mixtures,
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have been synthesizeabstly by ceprecipitationwhichis anenvironmentally hazardous method
(Karzar Jeddi et al., 2019; Shokry et al., 20d®erefore, the use oiaturatbasedchars produced

via pyrolysis of biomass has also been tested as oil adsorbents. The main drawback of these
types of sorbents for oil spill treatmerd that they absorb water quickly and sink when apgied
bodies of wate(Zhu et al., 2019)To overcome this challenge, decoration veittoxic chemical,

lauric acid has beerexaminedwhich is detrimental tohe marine ecosysterfNavarathna et al.,
2020)

2.8. Summary of the literature review

Study orthedevelopment of pyrolysis technology is still ongoifige nvestigatios have
been conductedfor enrichingthe theoretical groundwork of eteeding ¢ SS with different
carbonbased materials in ggyrolysis applications. However, the studies are limiteglfeav and
the coreactants that were blended with SS did not show considerable synergic effect due to
different decompositio temperature regimeld.is important to mention the geactants that were
employed for the joint valorization with SS were not generated locally and/or limited to seasonal
supplies making the process impracticable:thermore, most of the feedstocks investigated with
SS in o-pyrolysis exhibited an extreme lack of hydrogen which from #spective of bieoil

yield and selectivity (e.g., olefins and aromatic hydrocarbons) is a drawback.

A difference of SS with other types loibmassess thepresence of nitrogen and sulfbat
usually ends up in condensable and scondensable products of valorization. As for pyrolysis
gas, is mainly composed obHCH4, CO and CQ@andcontans air pollutants, such as HCN, NO
SO, and CHSH. Theseharmful gaseous can downgrade the pyrolygas quality and lead to
environmental problems, enhancirgglditional energy andypes of equipmentfor further
treatment. Nevertheless, little research has been devotbe tavestigation of theseyrolytic
gaseous from the pcess. Thus, its vital tofigure outa beneficial procedure that can eliminate
and mitigate these compounds from the aspectBaoiful gaseous while enhancirgnergy
conversion efficienciedn addition, the bieoil derived from SS containa high percentage of
oxygen and nitrogespecies, limitingheapplicaton of these fuels. To datepmtradiction studies
have shown improvements by applying HZSM5. However, it is to be mentioned that these studies

mainly focused on commercial catalysts to upgrade the pyrolytic vapors froiyr&gsgs which
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the cost of them is a big question here and are still miles away from their final implementation.
Interestingly, tle solid productderivedfrom the pyrolysisof biomasshad the potentialto be
employedas a catalysin the preliminary stepsf researchHowever, auxiliary activation and
metatmodification werecarried out to attain higher surface area and dispersion of active sites for

greater catalytic efficiency for reforming the pyrolytic vapors.

Seemingly,creation ofarecyclable, coseffective, sustainable and scalable sorbent with
good uptake capacity is a challenging task, because thebifiirmance sorbents are facing some
critical defects, such as ecmfriendliness and complex synthesis procedures and issues in large
scale produon and applicationsln general, an efficient sorbent should possess oleophilic
character along with other favorable properties such as high rate of sorption capacity, high
selectivity towards oil, good buoyancy, easy recovery, sufficient reusabilitynamtbxicity.
Therefore, facile and environmentally friendly alternative strategies for massive production from

renewable resource is of critical importance to alleviate environmental pollution.
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CHAPTER 3

EXPERIMENTAL SECTION

3.1.SSpreparation and characterization

SS was obtained from Montre®WTP, JearR. Marcotte,in Quebec, Canada. It was
collected from the clarifiers which aeemixture of sludge decanted at the bottom and the scum
from the top of the clarifier. After in situ mechanical dewatgrat the site, the dewatered sludge
cakes witha surface moisture content of approximately 68% were collected for the experiment.
The initial pH of SS was 6.285S sample was dried at 105 °C in an oven for 24 h to reduce the
surface moisture content toske than 10%. According tthe literature, he best p valudor
decomposition of volatile matter from SS mainly for high v ai$ io thesrange 00.2<p<0.8
mm (Naqvi et al., 2018)The elucidation is to assure that the experiments would be conducted in
the kinetic regime, eliminating mass ameht transfer effects on the results dutnédow thermal
conductivity of SYBridgwater, 2012; Sfakiotakis and Vamvuka, 2Q18)this case, the dried SS
was pulverized and sieved into a fine powder with 0.5 mm; then, sealed in atight bags and

stored in the fridge.

Basic physicochemical cheateristics of SSvasdetermined by proximate and ultimate
analyzes. In the proximate analysis, moisture, ash, volatiles and fixed carbon were measured using
ASTM (D176284) standard methods. The ultimate analysis was conducted using a CHNS/O
elemental angzer (ThermoFischer Scientific Flash 2000)he HHV is the amount of energy
stored in the material. In order to avoid expensive and inaccurate experimental procauures
appropriate model established to date was employed to compute HHV as de@dhibeldhen
and Abdul Salam, 2012Qccording to the elemental analysis, the simplified chemical formula of
the SS that derives can be written as {@No.07550.00540.52)n. The element composition was
analyzed by ICROES Agilent Technologies 500, USA. The proximate and ultimate analysis
were conducted thrice to prevent sampling errors of the raw materials aankthgevalues are

displayedn Table3.1.
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Table3.1.Main characteristics of SS

0 Proximateanalysis (wt.%) Ultimate analgis (wt.%} HHV
S Vol Fixed HiCer  (MJ/kg)
= a Ash®  carbon C H N S @)
e a,b
SS 56.50 41 2.50 2889 4.0 2.48 0.45 20.39 0.40 13.05

Elemental analysiéng/kgy

K P Ca Mg Al Fe As Cd Co Cr Cu

4600 14400 63800 7220 26300 24800 7.50 5.67 4590 4470 338

Hg Mn Mo Ni Pb Se Zn Ba

0.26 212 5.02 3350 5480 2630 458 208

aDry basis.
b By difference.

3.2. Thermogravimetric (TGA) evaluation

Pyrolysis, co-pyrolysis and catalytic pyrolysiexperiments were performed in a TGA
instrument (TAQ500).A blank run wasperformed with an emptgrucible before running each
sample under identical conditions to reduce the effect of buoyancy and achieve a stable baseline
(He et al., 2020)Samplemassesvere kept below 5 mg to avoid heat and mass transfer abhigh
andsubsequentlioaded in the TGA cruciblé&samples were then heatgao 1000°C at a constant
b. To maintin an inert atmosphere with a lawise TGA signal, it was important to purge argon
with a uniform flow.Thus a constant argon flow of 100 ml/min was seaiinexperimentsThe
apparatus is linked to a computer for data loggingthedhermal analysiwas performed using
the TRIOS software.The uncertainty related to the experimental measurement of the parameters
has been provided in TalBe2. Accordingly, the accuracy tfie TGA instrument is high both for
the measurement of mass and for temperatordgrol. It is justified that the uncertainties are
negligible for the kinetic plots in this study. In addition, to ensure the reproducibility and
repeatability of the data; triplicate TGA tests were perfornfdte maximum variation in the
conversion rat¢l) from sample to sample of the same materials was 0.02 and their mean value

was presented in the outcomes.
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Table3.2. Differentapparatuses employed during experimental procedure and uncertainty in
measurement of the parameters.

Variable/analysis Apparatis used Uncertainty

Primary drying of S$3 ) Laboratory hot air oven +3
Weighing apparatu@) Sartorius analytical balance (RKL95522) +0.0001
Proximate analysi€ ) Thermo ScientificE =1

Argon flow rate(mL/min) Mass flow controlle{(Fi s her br an ¢+0.20

Temperaturgs ) TA-Q500 +1
Weighing Precisior(%) TA-Q500 +0.01
Sensitivity in the mass

Measurementé € g ) TA-Q500 0.1
Heating Rat€°C/min) TA-Q500 +0.01

3.3. Kinetic theory

Kinetic modeling of heterogeneous solid materialsraythe cepyrolysis of SS and LDPE
was adapted in order to analythe behavior of the solidtate in a wide range of experimental
conditions. In fact, providing an idepth understanding of the reactions occurring during co
pyrolysis is crucial in determing the role of different constituenfRaza et al., 2019)n general,
it is difficult to predict the possible reaction mechanism of SS pyrolysis. However, the general
kinetic equation of heterogeneous sedidte thermal transformation in a linear temperaburan
be been described as folloW&aker et &, 2019)

SS + LDPHECatalysts 4 Residue + Volatiles (gases + tar) (3.1

The primary goal of pyrolysis and -@yrolysis kinetic modeling is to calculate the kinetic
parameters using mathematical models, E valuglueand the reaction mecha s m, f ( U) ,
may involve other parameters, such as the reaction order (n). All kinetic analyses go through the
Arrhenius law; provide information about the rate of reaction. The rate ofsotimermal solid

decomposition equation is as follo8zsin and Putln, 2017)

— E4m 'AoB- p | (3.2
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where T is the reaction temagure (K), k is the rate constant; A is the-psgonential factor (s
1), Eis the activation energyk{J/mo)), and R is the gas constant (0.008314 kJud). f(U) is
differential form of the kinetic mechanism and usually is expressed-&),(Where,n is the
reaction order antllis a dimensionless measurement of the amount of reactants that have been

converted into products defined as follows :

1 AT 1 OAO6EFT OAOA (3.3

where, W (mg) is the firststage samptg weight, W (mg) is the weight at the end of reaction and
Wt is the weight at time (t).

Eq. 3.2) is the basic formulation for computing the kinetic parameters based on the TGA
data. Herein, Coat&edfern(Salema et al., 2019KAS, FWO and Starink methods were applied
to determine thee value Due to the feasible predure for estimation of E value and good
adaptability and validity, iseonversional approaches are recommended by International
Confederation for Thermal Analysis and Calorimetry (ICTAZhao etal., 2018) |1 t 6 s wor t h
mention that the norrisothermal or dynamic TGAnethodis most often selected ovehe

isothermal TGA since fewer data asgjuiredto determine the reéion kinetics.

3.4. Pyrolyzer system design

To date, variouseactor types have beapplied forthe pyrolysis of SS(Mastral et al.,
2015; Trinh et al., 2013; Yat al., 2016; Zhang et al., 2011; J. Zhang et al., 201tigyestingly,
fix-bed reactorareof particular interest owing tiheir ease of use, large loading capacity and the
high contact between the geactants and/or catalysttc. (Zhang et al., 2019Althoughit may
face poor heat éansfer in largescale pyrolysis systems, overall it is a suitable andefbsttive
option for laboratory experiments and has been widely utilized by researchers in tf@ieddee
et al., 2017; Hu et al., 2017; Wang et al., 20Hrein ahorizontalfixed-bed reactor (700 mm
length and 25 mm 0O.D) sealed with two flange end caps was specifically designed and
implemented. The furnace (Lindberg/BlueMMMii t e E Tube Furnaces, Ther
heated electrically, and the temperature was measured using an internal thermocouple. A control
program was used to manage dwell time, final temperatures and aA sohematic diagram of

the fixedbed pyrolysis system is shown in F&j1.
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For the bieoil experinents, approximately 3 g cfample (dry basis) was added into a
ceramic boat (FisherbrandE Porcelain @Gembust.i
furnace with a continuous flow of higurity nitrogen through the reactor (0.5 L/mbgforeeach
experiment for 20 mirA flow meter (Riteflow® Panel/Bench Mounted Flowmeters) was used to
control the gas flow of nitrogen. The RT of pyrolytic vaparside the horizontal reactor was

assessed from the following equati@unasee et al., 2017)

2 AOE A4RH IABMa - (3.4)

where, V is the volume of the reactor in the heating zonelgVv72 16 m?) and theQ is the
volumetric flow rate of the nitrogen gas (8.33 10° m®/s). The computed residence time is
approximately 17 sThetemperature of the furnace was elevated to asptéemperature with

specificb, and nitrogengaswas purgedhroughout thereactorto direct the pyrolysis vapors
towards the condensers. The exit tube from the reactor was connected to a condensation sequence
througha short connection tutie avoid condensation of the hot pyrolywimatiles before reaching

the condensers. The condensation sequemseconsistingof wo vacuum traps (S
Vacuum Trap with Hose Connection on Side and Top) immersadviaterice bathcontaining
dichloromethane (DCM) to collect the liquid produthe norcondensable portion of pyrolysis

gas was collected as theogasin Tedler sample gas baghe product yields of char and the
pyrolytic liquid were obtained by applying Eqg. 3.5. The yield of the gas product was calculated
from the difference intte char and pyrolytic liquiZheng et al., 2018)

001 AOEA® A pTUTT (3.5)
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Fig. 3.1. Lab-scalehorizontal fixed bed pyrolysis reactor systeajSchematic diagran{l)
Nitrogencylinder, (2) Flow meter, (3) Valve, (4) Furnace, (5) Crucible containing sample, (6)
Quartz tube with flanges on both sides, (7) Ice bath, (8) Vacuum trap, (9) Gdy baygtal

photo.

3.4.1. Optimization of pyrolyzer setup

In order to get the higheportion of bicoil yield, pyrolysis of SS was conducted the

built pyrolyzer setugo optimize the final temperature based on the TGA results and literature

27



survey( Da i et al ., 2014; H. Z h a n gForehis puposefour 2 01 7 ;
differenttargetfinal temperature¢450, 500, 550 and 60TC) with a dwell time of 60 min and
b=30°C/min weretested. Owing to the heterogeneity of the SS, it is crucial to launch the product
yields after multiple experimen{Suriapparao et al., 20184ajig. 3.2 shows diffeent portions of

char, pyrolytic liquid and bigas based on the average of triplicate experiments at different
temperatures. The experiment outcenmelicateda decrease of the char portion with the increase
of temperature due to progressive pyrolysis eman(Huang et al., 2014)r'he yield ofbio-oil
amplified with the change oftemperature and reachadmaximum at 55C°C, then the liquid
portion decreased asmperature increasedhis phenomenorwas in an agreement witihe
previousstudy(F. Huang et al., 2018Y he drop irbio-oil portion above 550C can be explained

due to secondary reactions such as thermal cracking of the volatile comp¥iendsal., 2014)
Correspondingly, the increase of lgas yield at higher temperatures dam attributed to this

phenomenon

100

450 (°C)
500 (°C)
550 (°C)
600 (°C)

TE M 3t

10 20 30 40 50 60 70 80 90 100
Char (wt%)

Fig. 3.2 Effect of final temperature on product distribution fropngdysis of SS.
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The chemical composition of the pyrolysis and catalytic pyrolysisdiiovas analyzed
usinggas chromatagphy/mass spectrometry (GC/M@gilent 7890 with aHP-5 MS capillary
column. Helium was used as the carrier gas at a flow rat ahll/min. The injection size was 1
uL with a split ratio of 1:10. The oven temperature was 40 °C initially held for 3 min and then
increased to 290 °C atfaof 5 °C/min, and held at 290 °C for 5 min. The temperaturdbef
injector and detector were maintained at 250 and 230 °C, respeciibhelypyrolytic liquid was
filtered and diluted 5 times with DCM (HPLC grade, 99.8%, Alfa Aesar, USA¢ compounds
were identified by comparing their mass spectra with those from the National Institute of Standards
and Technology (NIST) mass spectral data library. A sspmantitative method was used to
determine the relative proportion of each compound in the liquid calgulating the

chromatographic area percentage.

3.5. AC preparation and characterization

Dried SS was homogeneously blended with NaOH pellets in a 1:1 ratio. The blend was
placed in a crucible (FisherbrandE Ptabularel ai n
reactor (Lindberg/Blue M MinMi t e E Tube Furnaces, °Twitbabrmfo Sci e
10 °C/min lasting for 120 min with Nas carrier gas at 0.5 L/miAt the end of the reactionhe
nitrogen atmosphere was maintained u#chingheambent temperature and then the AC was
collected and sealed away in the desiccator. diiteined ACwas washed with 2M HCI for 4 h,
and subsequently by cold and hot deionized water of 60 °C for 2 h until reaching neutral pH. The
syntheticAC was overdried & 105 °C for 24 h.

The thermal stability of the AC catalyst was analyzed by the TGA instrumenrQE09)
using an argon atmosphere with b = 10 AC/ min
morphology of AC was analyzed using an FEI Quantastabning electron microscopy (SEM)
(Thermo Fisher Scientific, USA) , o pt@horaleyi ng at
secondary electron detector. Enexjgpersive Xray spectroscopy (ED)was employed for the
elemental composition analysis using FElI Quanta 450 SEM equipped with an INCA
microanalytical system (Oxford Instruments, UK). The surface area wasuradaom N
isotherms at196.15 °C using a gas sorption analyzer (NGY200; Quantachrome Corp., USA).

The sample was degassed for 12 h under the inert condition at 200 °C before applying adsorption

29



measurements. Thexldsorbed per gram of samples schdnaersus the relative vapor pressure
(P/Ry) of N2, and the data were fitted to the Bruna&enmettTeller (BET) equation to compute
surface area. Fourier Transform Infrared {IR]) spectroscopy (Thermo Scientific, 4700) was
employed to evaluate the furmtial groups of AC. The infrared spectra were collected in a range

of 4006500 cm' with a resolution of 8 crh All analyses were carried out in triplicate.
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CHAPTER 4

CO-PYROLYSIS OF SEWAGE SLUDGE AND LOW-DENSITY POLYETHYLENE: A
THERMOGRAVIMETRIC STUDY O F THERMO -KINETICS AND
THERMODYNAMIC PARAMETERS

4.1. Introduction

SS generationhas considerably increased in recent years due tbasy expansion of
municipalities and industrie§S annual production in US was expected to approach 10 million
tons (drybase) by 202dLin et al., 2019) Recently, SS has been considered as a potential
renewable energy resource for substitution of fossil fi®&yedHassan eal., 2017) On the other
hand, demantbr fossil fuel hydrocarbons such as plastics has lesthemnual production of 300
million tons of new plastic material which is added to the existing pléstang et al., 2018b)

This is problematic, as the plasticeeanondegradable and can last for centuries in the
environment. In general, there are two main procedures for dealing with SS and plastic waste:
incineration and landfilling. However, these options are #omesuming and suffer from various
drawbacks andimitations (e.g. production of greenhouse gases and restrictive environmental
regulations)(Chen et al., 2019) T hu s, i t 6 dor aternative tgcanology that ead

simultaneously overcome these restrictions and recycle the wastes into valuable products.

Increasing attention has been paid pyrolysis as alow energyintensive and
environmentally friendly procedure with dominance over biological processes due to higher
efficiency (Ahmad et al., 2017b; Shao et al., 201Byrolysis is esteemed as one of the reliable
practices to convert waste to renewable energy which is carried out in an inert atmosphere at
elevated temperatures (488D0 °C) along with bieoil production as a source of energy,-ciwar
and biegases as valdadded product&Zaker et al., 2019)To optimize the process parameters
and maximize desired productsiowledge about the reactivity and kinetic mechanism is very
critical for guidance and control of thermal cension and the design of largeale pyrolysis
reactorg(Azizi et al., 2017)Neverthelss obtaining adequate data of kinetic rate constants that
can be used for heterogeneous materials (e.g., agricultural residue anal 3&) differentb is
very challenging due to an enormous number of reactions and the differences in compositions of

the main compous. TGA has helped to understand the pyrolysis behavior of heterogeneous
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reactions involved in such complex proces@dehmood et al., 2017)Moreover, it provides
information about mathematical modeisimplification. The most critical steps to analyze TGA

data are modditting and modelffree (iseconversion) methods.

SS copyrolysis with biomass has gained attention as an important strategy for solid waste
managementSalema et al., 2019J he mechanism is similar to pyrolysis with a second feedstock
mixed with SS m the process. The benefits can be pointed out asffestive, environmentally
friendly and highlyefficient technology. Generally, most SS feedstocks are hydrogen deficient,
which has opposing impacts on hydrocarbon production from the pyrolysis. fidwive
hydrogen index (EHIJEQ. 4.1) reflects hydrogen content of various biomass samples. EHI is an
indicator of hydrogen/ carbon ratio after debi
conversion of heteroatoms to NHH>S and HO, which is gpressed as the following equation
(Xie et al., 2015)

EHI = (H-20-3N-2S)/C 4.1)

Where H, C, O, N and S are the number of moles of hydrogen, carbon, oxyigegen
and sulfur in the feedstock, respectively. In this context, addition of other feedstocks with
appropriate EHI value to the SS via-pgrolysis is a versatile approa¢ao et al., 2020)
Moreover, the mixing ratio in epyrolysis isavital parameter to understand the synergistic effects.
Several synergistic effects can happen during thieeding of SS and a éelstockthathas a high
EHI value to accelerate the release of volatile matter and lowéf tadue(Huang et b, 2015;
Jin et al., 2016)Decreasing the E value will cut down the energy consumption of the process with
the proper mixing rati¢Lin et al., 2016)

TGA has been used to investigate thepgoolysis kinetics of SS and several kinds of
feedstocks including woody biomaéSamanya et al., 2012pine sawdus{Zhu et al., 2015)
lignocellulosic biomasgAlvarez et al., 2015h)il shale(Lin et al., 2016)digested manur@uiz-
GOmez et al., 2017hazelnut shel{zhao et al., 2018Yice husk(Raza et al., 2019nd bagasse
(Hameed et al., 2018; Lin et al., 201%ese studies agree on the differentiation of different split
ratios of SS and the feedstocks that influence the kinetic parameters. Howeserfedastocks

had a low EHI<1 value and results revealed weak synergetic effects based on tHesseses
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meaning each component of the mixture acts as alone. In addition, the mentioeadtaats were

limited to regional and seasonal variations.

Typically, plastics are rich with hydrogen compounds (EHE} making them a potential
costeffective option when céed with SS and are abundantly availafileet al., 2013) More
than 40% of the plastic production belongs to packaging sector which approximately 50% is in the
form of LDPE(Patil et al., 2018)Under this context, the bentsfof employing a ceeactant such
as LDPE in the cdeeding process could be a feasible appraobhatcan simultaneously tackle the
problematic issue related to the increase of waste in the enverdrand haabeneficial effect on
SS conversiofiXiang et al., 2018b)

Co-pyrolysis of biomas$ DPE has proven positive synergistic interaction by decreasing
the E value and modifying reaction mechanism of oxygen removal to enhance the quality of bio
oil (Zhang et al., 2016a; Zheng et al., 2Q1&)hough severakinds of researchave been carried
out on cefeeding of biomass and plastits et al., 2018; Xiang et al., 2018b; Zhang et al., 2016c¢)
there have been no investigations orpgoolysis of SS and plastics. The challenges of SS and
plastic waste management and increasing energy akgamninstantaneously be investigated by
co-pyrolysis. It is vital to address the detailed characterization of materials together with TGA
analysis to expand the information about the thermal conversion applications of various blends of
SS/LDPE samples angain insight into the differenb v aihfluence. To the best of our
knowledge and based on the literature survey, this study aims to present for the first time the co
pyrolysis of SS/LDPE blends through a TGA approach. This paper includes studiesadf th
pyrolysis by a combined consideration of mbléand different blending ratios and evaluates the
synergistic effect in terms of kinetics (moditing and modelfree methods) and process
thermodynamics. The data obtained in this study will providerna information for biofuel

generation from SS/LDPE eguyrolysis.

4.2. M aterial and methods

4.2.1.Materials

Dried SS pulverized arsleved into a fine powder with value o6500um. LDPE powder
with p value of 500 um was purchased from Alfa Aesar @Q4,D. Basic physicochemical

characteristics oEDPE wasdetermined byproximate and ultimate analyze&ccording to the
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elemental analysis, the simplified chemical formula of the LDPE is:Q&), The Main

characteristics of LDPBregiven in Tabled.1.

Table4.1. Main characteristics of SS and LDPE.

" Proximate analysis (wt.%) Ultimate analysis (wt.%9
L i HHV
3 . Fixed EHI
3 ;/olatlle ,aAsh carbon G H N S o (MJ/kg)
® a,b
LDPE 100 - - 865 135 - - - 1.9 347
aDry basis.

b By difference.
4.2 2. Pyrolysis and copyrolysis using TGA

Pyrolysis and cqgoyrolysis experiments of SS, LDPE and their blends were peefbrma
TGA instrument Experiments were conducted into two sets. The first set consists of SS/LDPE
blended in different ratios. Samples contag®%%, 50% and 75% mass percentage of LDPE were
nominated SE25, SL-50 and SL75, respectively. Samples mass were kept below 5 mg with a
maximum deviation of £0.3 mg in order to avoid heat and mass transfer influence atamngh
were loaded in the TGA gcible and heated from 30 to 1080 at a constarfi of 30 °C/min. The
second pyrolysis experiment was that the mixeeb8lwas raised from 30 to 100G at different
b of 10, 20, 30 and 40C/min, respectively. It was intended to examine the effect &éreifitb
values considered in the thermal behavior and estimation of the kinetic parameters for the whole

decomposition temperature range.

To determine the discharge act of volatile components, a comprehensive indgxEy D
4.2-4.4) was employed asrinciple for pyrolysis and cpyrolysis release characteristig¢$e et
al., 2019)

$ 5 (4.2)
4, — (43)
D = ix D (4.4)
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where, DT Gnaxand DT Greanindicatemaximum and mean decompositiate obtained from DTG

results (%/min), respectively.;Tis the initial devolatilization temperaturéQ), Tmax IS the
maximum mass loss temperaturdC() ; 1. @dT) indicates the temperature related to the
temperature range @fyrolysisand W is weightloss (%) in the total weight loss. 3 the index

of each peak for multiple phases of the thermal decomposition, representing the activeness of

devolatilization property.

4.2 3. Assessment of synergistic effects

In order to estimate the coupling synetigigffect between the eactants, the calculated
curves of these blends are the sum of the weight of parent componehtsirtportion at that
temperatur¢Yao et al., 2017)The calculated TGA/DTG curves are obtained using Eds) &nd
(4.6) (Garba et al., 2018)

4'1 ©4'! DO 4 (45)
$4° D$4' O $4° (4.6)

where, TGAsand TGAppeare the weight loss rate of pure SS and LDBPEando are the
weight fraction of each reactant in the mixture, and gJ@&nd DTGppe are the thermal
decomposition rate of materials duripgrolysisunderthe same operational conditioigheng et
al., 2018) To further discuss the extent of the interactions duringyrolysis,the root mean
square error (RMSE) vads of the deviation between experimental TGA/DJ @irves and
calculated TGA/DTGcurves was defined d8/u et al., 20186)

2-3% -B 4'T$4' 4' T34 4.7)

4.2 4. Kinetic approaches

4.2 4.1. ModelHitting method

CoatsRedfern model is often applied for determination of E value, A gifid-8ayed and
Mostafa, 2015; Mishra and MohantyQ28) Rearranging Eq.3(2) and integrating both sides
foll owed by | ogarithm of the obtained equatio

leads to:
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I'im — 1 i—p — - (n=1) (4.9

I'Mm — 1 1—p — — (ni 1) (4.9

As exp (T ( ELRTEYAHI canbdsimpliFia as,

-

(n=1) (4.10
and,

'im — 11— — (ni 1) (4.11)

and

This equitéion can be written as a straight line (Y=mX+®)herel 1

I T ——— are considered Y, respectively, and 1/T is X for easy understarktiegvalue

of Uand T at time t could be determined from the eixpental TGA/DTG data. Thus, by plotting
LHS vs 1/T, a straight line will be achieved. From the slope and intercept of the &ind, Acan
be determinedThe criterion to attain precise and satisfactorgné A values were premised on
the ultimate value fon that should concede values of viith the highest coefficient of
determination, Rto the fitted regression line. In the first step, n was considered to berfilest
reaction and later with the assist of Excel the best linear regression for reacd@nwas

determined.

4.24.2. Modelree methods

This method is used to determinethe Evdlueom exper i ment al dat a
paper, KAS, FWO and Starink methods are implemented to E value calculation based on

mathematical model&hao et al., 2018)

KAS methodt T— | I— — (4.12
FWO method: i 1 T—— p8tu po (4.13
Starink method T—  #  p8t T 0 (4.14

36

a



Atconrst ant v altuhee opfl bd— anfll T+n ve(skbs)/T obtained from

t hermograms recorded at several b help in yie

of the E value from the above methods, respectively.

4.2.5. Thermodynamic parameters calculation

Iso-conversional methods are often limitedestimate the A value and predict the reaction
model. In order to improve this limitation, Kissinger developed a mfrdel nonisothermal
equation(He et al., 2019)

I 1%A @Bb— 124 (4.15

Thermodynamic parametersc | ude a ¢ han gld/mo)gibbes free brergyp y (ot
( p&J/mo) and e nk¥nolKyand a8 be obtained from the TGA datdese
parameters can be obtained based on the kinetic data of SS, LDPE and blend of SS/LDPE from
the following equationHameed et al., 2018; Mehmood et al., 2017; Raza et al., 2019)

YO % 24 (4.16)
Y % 24 11 (4.17)
y3 1Y 4.18
where Ks is the Boltzmann constant (1.381x#9n?kgs$?K'y) , h i s t he Pl anc|

(6.626x10%* m? kg S1), Tmaxis the peak temperature of the DTG curve and T the temperature at

the degree of conversidmh

4.3. Results and discussion

4.3.1. Thermal behavior

Pyrolysis of heterogeneoumaterial is a complex process due to the series of reactions
occurring simultaneously. Thus it is important to conceive the fundamentals of SS pyrolysis
reaction chemistry to explore its potential for bioenergy and chen{igidsmood et al., 2017)
Fig.4.1(a and b) indicate the remaining weig¥%) and its derivatives (%/min) curves. As can be

seen from Fig4.1b., the major loss of LDPE occurring over a narrow range temperature -of 414
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510°C, and the decomposition domain was intense @&lig). One should note that LDPE was

entirelydecompose, and no solid residue was left at the end of experiment.

100 =
90 —

60 —
50 —

Weight (%)

20
10 —

1

| | | | |
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

-60 - (b)

Deriv. Weight (% / min)

0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig.4.1 . (a) TGA and (b)) DTG curves of individual
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As exhibited in Fig4.1(a and b), the curves of SS and LDPE have different behaviors. In
fact, SS contains organics, bacteria, inorganic pastaeid colloid, thus, ithas a complex thermal
degradation process and a random distribution of volatile m@tke et al., 2018)As a resul
SS pyrolysis occurred in three stages with two phases during stage two. The first stage started from
ambient temperature unti?00°C, where the mass lossmsrecorded at 8% of the initial sample.

The noisture content of less than 10% is consideregitalde sample for pyrolysis since higher
values decrease the heating va(dmad et al.,, 2017b)The mass loss was attributed to the
dehydration and the decomposition of the bonded hydrated compounds along méHigiat
volatiles(Kan et al., 2016)The main decomposition occurred after dehydration and raised sharply
above~200°C. It reached Fax~360°C and then ceased-#00°C. It is an active pyrolysis stage
where the major mass loss of 40% is observédw: fiape of the DTG curve showed that the active
pyrolysis zone can be swutvided into twophasesin the first phase, the depolymerization of
biodegradable materials phase from 2@W °C, where biodegradableaterials are released by
bond breaking and forming reactions, corresponding to a mass |e88%f. During this phase,

the most reactive organic components (e.g., lipids, polysaccharides and silicates) and organic
polymers (e.g., hemicellulose and cellutpadecompose(ByedHassan et al., 201 AVhile SS is
complicated material with enormousumber of compounds, many of their decomposition
temperature regions overlgprhus, the second plgs400600 °C, illustrated a wide flat shape

with mass loss 0f11%. This phase is allocated to the second degradation of less reactive and
large molecular weight components (e.g., proteins, carboxyl group, bacterial matter and etc.)
(Folgueras et al., 2013; Kan et al., 2016) et al. have classified the active pyrolysis zone as the
main stage for therack of GC bond, GO bond, aromatic rings and oxygé&mctional group with
nitrogen for the generation of volatiléisu et al., 2015) The third stage starts after 680 and it

is accompaniethy a mass loss rate el4% and by the decomposition of inorganic substances.
The peakthatappeared between 65@5 °C is mainly attributed to calcium carbonate (CaLO

and microcline decomposition. Similar behavior has also been pointed out by other researchers
(Folgueras et al., 2013) he final residue of SS was 40% and it can be deduced that the conversion
of LDPE was easier than SS at the same temperature rategeduiléng in greater amounts of

solid residue for SS pyrolysis.

Fig. 4.1(a and b) also displays the TGA/DTG curves of the SS/LDPE blends. The trends

for all three blends were different from their raw materials. Nearly total decomposition of
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SSLDPE mixture takes place in the active pyrolysis zone. According to a previous (Shadlya

etal., 2018)LDPE softesbelow 300°C before coating on the SS surface. This coat would prevent
the escape of volatile substances. As the temperature increase, the partcsadt. DPE may

act as a bridge over SS leading to a promotion in the heat transfer to the SS during thermal
decomposition, hence enhancing the diffusion of the volatile matter in the blends. Lin et al. have
mentioned the difficulty in identifying specifibacromolecular composition due to asymmetrical
shape of DTG peaks, implying that several substances may decompose together at almost the same
temperature rang&.in et al., 2019)Based on the DTG curve of the blends, ¢heas a steep peak

in temperature range of 4820 °C for all mixtures indicating the simultaneous decomposition of
LDPE and SS. It is affirmed that the mixture of-SQ could shift the high peak of individual
LDPE toalower temperature. It can be seeattthe high peak shifted to 46@, which is lower

than that of individual LDPE. The intensity of DTG peak decreased from 53%ahi4i79°C to
24%.min' at 469°C, which meant that the DTG peaks moved towards lower temperatures with
the addition of SSA smilar observation was pointed outaprevious studyXiang et al., 2018b)

Some TGA/DTG characteristic parameters of individual and mixtures are listed in4lable

can be found that the comprehensive index D increased with the imofdd3PE ratio. Index D
values of the whole pyrolysis were 6.96x323.68x10% 5.33x10% 4.75x1@ and 6.4x16 for SS,
SSDPE21, SL-50, SL-75 and LDPE, respectively. Likewise, the mixing ratio of LDPE had a
crucial impact on the epyrolysis behavior. The yield of char dropped gradually as the increasing
LDPE mass ratiavhich were 25.27, 19.67 and 7.73 for-3&, SL-50 and SL75, respectively.

This phenomenon could be ascribed to the hydrogen donation by LDPE (14%) in the reactor
atmosphere during epyrolysis of SS/LDPE. Also, the hydrogen transfer from LDPE to SS
stemned in stabilization of primary products from 8&gradation ankd to an increase of volatile

and loss of char yield. These results indicate that the pyrolysis performance of SS can be enhanced
by addition of LDPE. Furthermore, 80 blend can be selected an optimum ratio from the

perspective of high index D and shifting the high peak to lower temperature.
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Table4.2.Pyrolysis and cgpyrolysis characteristic parameters for SS, LDPE and their blends at
b=30 AC/ mi n.

Features SS SL-25 SL-50 SL-75 LDPE
Ti¥(°C) 237 240 243 396 366
TrP(°C) 537 531 598 534 533
Tmax®(°C) 366 479 469 482 479

DT Gmax® 7 22 24 43 53

DT Gmeant 3.57 5.75 6.22 17.94 18.03
Wp {(%) 34.90 60.09 72.24 81.10 98
Din9(»2K3min?)  6.70x10° 4.68x10" 5.33x10* 4.75x10° 6.4x103
Ti%(°C) 633 618 610 - -
Tr(°C) 756 731 716 - -
Tmaxf(°C) 703 680 665 - -
DTGmax? 3.50 1.84 1.15 - -

DT Gmeanf 2.23 1.15 0.74 - -

W5 3(%) 9.15 4.40 2.65 - -
Di9(%?K=3min?) 2.61 x10¢ 3.92 x10¢’ 1.05x107 - -
DY(%?K=3min?)  6.96x10° 4.68x10* 5.33x10* 4.75x10° 6.4x10°
CP"(%) 39.67 25.27 19.67 7.73 0

aTu, Ti the initial decomposition temperature accoglio the peaks.

5Ty, Tr the final temperature according to the peaks.

¢ Tmaxt, Tmaxethe peak temperature according to the peaks.

4DTGmaxt, DTGnaxethe maximum weight loss rate according to the peaks.

€DTGmeans DTGnean2the mean weight loss rate acding to the peaks.

fWhp1, Wh2 the weight loss percentage in the total weight loss according to the peaks.
9D the comprehensive devolatilization index;dhd 3 are the index D.

h CP the char percentage.

b value is one of the most Cr uc posiion par am
characteristic¢Shao etal.,2008) It al so provides details about
conversion, product distribution and gives a concept about the readterutilized. TGA/DTG
curves of SE50 at b=10, 20, 30 and 4XaaAdd). @eanyanar e i |
increase in b does not significantly affect 1t}

moved towards higher temperatures watltontinuous increase in the conversion rate, which is
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usually referred to thermal hystere¢dhen et al., 2016)This phenomenon is due to the low
thermal conductivity of the SS and limitations of mass and heat transfech whiin good

agreement with other studiésan et al., 2016)
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The calculated parameters of-S0 are presented in Table840 describe the cpyrolysis
characteristics. Gpyrolysis comprehensive devolatilization index D dramatically increased with
thesurgeob. The values of copyolysiswde 6i48x10, 1.86€10, over al
3.91x10% and 6.07x1@ at 10, 20, 30 and 40 °C/min, respectivéljrese plots are also used to

calculate E value by modélee and modelitting methods.

Table 43. Co-pyrolysis characteristic parameters for-S. blerd at different.

?°C/min) pca) pcb) (TmC) " DTGraf  DTGneaf &D)f a,gK'3min'2)
10 202 669 469 111960 199012 75  6.47x10%
20 309 701 473 19.7817 3.73266 72 1.86x10%
30 316 709 470 27.6608 565674 73 3.91x10%
40 319 722 465 327153 7.493D 74  6.07x10%

aT; the initial decomposition temperature according to the peaks.
bT; the final temperature according to the peaks.

¢ Tmaxthe peak temperature according to the peaks.

4DTGraxthe maximum weight loss rate according to the peaks.
¢DTGmenthe mean weight loss rate according to the peaks.

" Ws the weight loss percentage in the total weight loss.

9D the comprehensive devolatilization index.

4.3.2. Evaluation of synergistic interaction

To evaluate the occurrence of interactions between SS and LDPE, experimental TGA/DTG
curves of the Si25, SL-50 and SL75 were compared with the calculated TGA/DTG curves at
b=30°C/min(Fig.4.3(a-c)). Obviously, the calculated and experimental weight loss rate-@5SL
follow similar devolatilization patterns. The blend did not indicate any considerable irdaract
between materials since the temperature corresponding ta.dkieoim DTG curve vasthe same.

As the LDPE split ratio increased in the blends, interaction between mavesstiaised.

The experimentally determined weight logalues for both Si50 ard SL-75 are higher
thanthat of the theoretical one, which indicates a synergetic intera@ioai et al., 2017) As
aforementioned, LDPE completely decomposed at around 500 °{ isnchportant to note that
no residuewas left at the end of pyrolysis. Therefore, the synergistic effect cannot be seen in
temperatureabove 500 °C. In cordst to calculated results, the maximum weight loss rate of the

DTG curves has increased for experimental components. Similarsregrié also stated K u

43



et al., 2018)For SL-50 degradation, a positive decrease iaxWwas observed indicating that the
decomposition process has shifted towarttsver temperature when the split ratio was 1:1. This
could be explained by the fact that SS pyrolysis has Geeglerated by the radicals diffused from
LDPE. The overlap of temperature regimes (B00 °C) between the SS and LDPE allowed the
occurrence of this interaction since the active pyrolysis zone of SS and LDPE are in the same

temperature range.

Interestimgly, the ceconversion of SE50 and SE75 lead to lower formation of char from
experimental cases in comparison to the calculated cases. One explanation can be stated due to the
secondary cracking of the solid residue in the presence of (OREn et al., 2016)/Vhilst the
hydrogen transferred from the polymer structure of LDPE to the SS was related with the radicals
generation. These radicals initiated the scission of synthetic polymer and accelerated polymer
cracking to proma lighter hydrocarbon formation. Furthermore, hydrogen movement from
polymer to SS ended in stabilization of initial products from SS decomposition and resttted
drop of residual. It is worth mentionirtgatinformation and research about the syngegeffect
between SS and LDPE are missing in the literature. One can conclude froomvarsion of
cellulose and LDPE that the synergy is considerably dependent on the presencesaiisodidd
solid-gas interactions where the char acts as a ca(@ystasee et al., 2017)
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Fig.4.3. Comparison between experimental and calculated TGA/DTG curves for the-28) SL
(b) SL-50 and (c)SL-75 atb=30°C/min.

In the present study, RMSE values were 1.12, 5.69 and 4.96 b6 SEL-50 and SE25,
respectively. The values prove that the-8)_had outstanding synergistic effects during the co
pyrolysis amonghe other two blends, suggesting as optimal mixture. The addition of LDPE
had accelerated the decomposition process of SS when temperature pas¥edrd80iting in

lower formation of char residue. The results ascertained higher interaction between SS and LDPE
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in comparison to c@yrolysis of SS with oil shaléLin et al., 2016) Wheat strawf\Wang et al.,
2016) hydrocharYao et al., 2017and Sugar Cane Bagagstameed et al., 2018)

4.3.3. Evaluation of modetfitting kinetic

E value is the least amount of energy required to trigger a reagétibigh value of E
implies aretard reaction, whereby, E value is related to the pyrolysis reaction mechanism. This
information leads to optimization of the process parameters, design and development of new
pyrolysis configurations. CoaRedfern model is based on a singland it is widely employed to
ascertain tha value(Oyedun et al., 2014; Salemetial., 2019; Yao et al., 2017)

Typical temperature ranges where the greatest percentage of volatile mass loss occurred
(active zone of pyrolysis) were chosen to calculate the kinetic parameters in a single step reaction,
including A factor and E valueAs depicted in Tabld.4, the consecutive-th order reactions
model matched the experimental data very \{R¥00.9). Reaction order was calculated using
trial and error procedure by putting the varioadues ofthers uch as 0. 1, 0. 2,
bestfitted value of the order of reaction was n=3 for SS and n=0.6 for LDPE indicating that the
decomposition 08S was more complex than that of LDPE. n was found to be 1.6, 0.6 and 0.1 for
co-pyrolysis of blends Si25, SL1-50 and SL75, respectively. The relatively higher portion of SS
in the mixture can increase the process complexity. The E value of individzl 288700 °C
was 30.01 kJ/mol lower than that of LDPE (187.40 kJ/mol) at3teI°C. In this case, E value
for both individual SS and LDPE is in good agreement with other st@Gaa et al., 2018;
Hameed et al., 2018; Naqvi et al., 20183 presented in Tabke4, E values for different blends
of SS/LDPE samples were in the range 34.89 to 112.41 kJ/mol. E value increases with increasing
the LDPE ratio in the mixture and follows the trend SS25kSL-50<SL-75<LDPE. At the same
time, it was obvious that the reactivity of the mixtures was slighityer than that of SS and
considerably lower than individual LDPE. As aforementioned, this may be attributed to the
mechanism of radical interactions during thepgwolysis where SS components can trigger radical
formation initiating the cleavage of LDR#blymer chain. This phenomenon would increase the
percentage of reactant molecules per unit volume in the reactor and reduce the energy required for
the reactionA high E value means that the reaction reegubre energy from the surrounding
during the proess. The alter of E of various mixtures amplifies that SS/LDPE blends of various

compositions have different quyrolysis relativities. In this case, composition of-SQ can be
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selected as an optimum blend as a result of E value vicinity to SS. Resuitsncthe positive
synergistic effect between SS and LDPE on reducing the E value. The calculatedXoralne
SS and LDPE pyrolysis were 0.398 and 5.060%%0, respectively. A factor was 0.457, 0.398
and 1.320x19®s? for SL-25, SL-50 and SE75, respectively.

Table4.4.Kinetic parameters for SS and LDPE pyrolysis angbgmlysis of their blends.
Reactio Preexponential Correlation

Temperature Conversion E

Sample range (C) (%) (kd/mol) ?n;)rder f?scg())r aggfficient
SS 200-700 1-87 30.01 3.00 1.038 0.98
SL-25 261-700 1-93 34.89 1.6 0.457 0.90
SL-50 300600 1-95 37.32 0.6 0.398 0.91
SL-75 414514 1-96 112.41 0.1 1.320<10% 0.98
LDPE 414510 0-99 187.40 0.6 5.060<10'° 0.99

4.3.4. Evaluation of modetfree kinetics

As mentioned aboveSS pyrolysis is a complex reaction, whose reaction dynamics and
chemical kinetics are influenced by the E and A valdshmood et al., 2017Yhe nodetfree
technique has been extensively implemented for kinetic $&itgng et al., 2018)t can be used
to obtainanaccurate E value without referring to any mechanism fungtiomet al., 2019) This
method is based on dependence of E value asaidanof the conversion degree giving more
realistic values. Three modeling approaches were proposed in this study. Linear relationships are
obtained for all modefreemethods. ThéCTAC has indicatedhe use of at least folrvalues for
iso-conversionalmethod which can lower the uncertainties by improving sensitivity and error
(Vyazovkin et al., 2014)In this case, the linear correlations formgolysis of SI-50 for KAS,

FWO and Starink at bB=10, 20, 30 andh@d.0theAC/ mi n
parallelism of these lines denotes a similar kinetic behavior, indicating that probabdartie

reaction mechanismis attainedt e p el i o] ul ITa providetan estimate, E 2aluds8v¢re
calculated with selected conversion ratedJe0.1-0.9 with a step of 0.1c@ording to the Egs.
(4.12-4.14). The same procedure has been applied for pure SS and LDPE materials and the results
are summarized in Table.5. The correlation coefficient was higher than 0.9 for each model

indicating that the results were credible. Tdheerage values of kinetic energy calculated from
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KAS, FWO and Starink methods are 180kddmol 191.72J/moland 182.24«J/molrespectively
for SS; 342.1%J/mol, 354.4kJ/moland 344.6X%J/molrespectively for LDPE; and 200.%3/mol
212.25kJ/moland202.30kJ/molrespectively for SE50. These results exhibited that the-BL
considerably dropped the E value compared to pure LDPE asdlightly more than SS, which
is in an intermediate value. This confirms the assumption of a positive synergistickeffween

SS and LDPE on lowering E value and increasing reaction activity.
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As shown in Tablet.5, it can be elucidated that the averagevRlue of all curves are
within the small rangef®.94-0.99 indicating that the points are well agreed. The average E value
computed for each method is around 3.11%, being much lower than the conventionally accepted
10%(Brachi et al., 2015 SeeminglytheE value computed from FWO method was slightly higher
than the other two methods. This implies that the reaction mechanissiltbe degradation
process and the E value is reliant on conver@iagvi et al., 2018)
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Table4.5. Activation energy (E), prexponential factor (A) and correlation coefficient$)(R
obtained from KAS, FWO and Starink methods for the glmlysis of SSand LDPE and co
pyrolysis of SI-50 blend.

] SS LDPE SL-50
U E E E
(kymol) R® (k¥mol) Re (k¥mol) R®
KAS
01 14634 098 32356 0.98 76.72 0.95
02 25532 093 32905 0.99 127.88 0.94
03 28485 093  333.05 0.99 154.73 0.94
04  300.39 093 34141 0.9 162.22 0.95
05  312.32 093 34538 0.99 196.43 0.96
06  127.60 099 35066 0.99 223.77 0.96
0.7 8655 092 34935 0.99 245.90 0.96
0.8  48.76 091  351.97 0.99 272.70 0.96
09  61.81 092 35468 0.99 343.00 0.93
Avg  180.44 094 34212 0.99 200.37 0.95
FWO
01 15302 098 33523 0.98 86.08 0.96
02 26428 093  341.00 0.99 138.66 0.95
03 29454 093 34518 0.99 166.66 0.95
04  310.60 093 35365 0.99 174.35 0.96
05 32297 094  357.71 09972  208.73 0.96
06  139.15 099  363.08 09963  236.20 0.96
0.7  99.36 094 36185 0.99 258.44 0.96
0.8  63.05 094 36455 0.99 285.36 0.96
09  77.67 094  367.33 0.99 355.83 0.93
Avg 19172 095  354.40 0.99 212.25 0.95
Starink

01 147.64 098 32592 0.98 77.95 0.95
02  257.16 093 33147 0.99 129.44 0.94
03 28687 093 3355 0.99 156.49 0.94
04 30253 093 3439 0.99 164.04 0.95
05 31454 094  347.89 0.99 198.39 0.96
06  129.23 099 35321 0.99 22584 0.96
0.7 8816 093  351.89 0.99 248.07 0.96
0.8  50.37 091 35454 0.99 274.98 0.96
09 6363 092 35726 0.99 34555 0.93
Avg 18224 094 34462 0.99 202.30 0.95
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The movements of E value calculated from different kineée modelsas a function of
conversion are illustrated in Fig.5. E value for raw SS increased gradually until reaching 50%
converson after that, a sudden decrease is observed which continued until 90% of conversion for
the three methods employed in this study. This fluctuation indicates that pyrolysis is governed by
different reactions. In fact, pyrolytic degradation process of uariocomponents with very
different reactivates that emerge from the difference in the chemical structure and organic nature
of the constituting components represents a complex reaction mechanism. The overall mechanism
involves parallel, competitive and catsitive reactions. The decreasing trend initiating from 50%
conversion can be accredited to porous framework of the intermediate formed serving in the
increase of nomniformed diffusion of volatiles and undergoing decomposition with metallic
components ithe ash matriXAlvarez et al., 2015a; Chanaka Udayangalgt2018) Therefore,
the porous structure of char formed at high temperatures and the metal from ash catalyze cause the
decomposition reaction and shrinking the E value. However, E value of pure LDPE barely
fluctuates with the level of conversion, gigirvidence of singlstep reaction which is in good

accordance wh the findings o{Zheng et al., 2018)
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Fig.45. E (kJ/mol) vale as a function of conversion.
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For thermal degradation of S&0, two noticeald regions between 0.1<0.5 and 0.5&k1
were observedn the first region includindg)=0.5, the E value was lower than both individual
samples, from 50% conversion the E value was higher than SS and lower than LDPE.
Consequently, the result shows that eheias a positive synergy between SS and LDPE that led
to lowering E value and enhancing the reactivity of the blend. The exact mechanism by which

synergy between SS and LDPE causes chemical readimimg cepyrolysis is not very clear.

4.35. Evaluation of thermodynamic parameters

As discussed above, E values derived from the mdel methods (Tabld.5 were
employed to compute A values and ther modynami
and the blend of SB0 by using Eqs.4(154.18 as demonstrated in Taklé.6, 4.7 and 4.8In
addition, a lowb value of 10°C/min is considered to mitigateghmpact of the interaction among
the reagents, since high valuesbafan increase the interaction of constitug@ao et al., 2014)

The values of A ranged from 1.880°%to 7.3%10?°s?, 3.2%10%t0 5.7810?°sand 2.29<10°

to 1.13x10°6 st for SS, 3.7%10%? to 6.35<10?*s?t, 2.58<10?° to 5.0%10*° stand 1.0%10°’ to
4.45¢<10?° s for LDPE and 9.0810°"to 3.9810%'s?, 1.06<10°°t0 1.03«10*stand 1.2%10%to
7.60<10°7 st for the blend of SE50 as calculated byKAS, FWO and Starink methods,
respectively. Normally, A value is an indication of the number of times molecules will hit in the
orientation necessary to trigger a reactiBalasundram et al., 201&ligh values of AQLO° s?)
points out a highly complex reaction when the reaction is not dependent on the surface area,
contrarily, lowe values of A(OL° s?) indicate a surface reactigBhahbeig and Nostia2020)
Furthermore, A value in the range of*4@ 102 s! indicates that the activated complex was
presumably restrained in rotation compared to the initial rea¢fdmhad et al., 2017a)n this
present study, the SS and-50 showed that there are complex materials, with rpinléisic

decomposition reaction chemistry due to variation in A value.

gH is a function of absorbed or released heatasabaric procesand for pyrolysisit
indicates the total amount of heat exchanged between the reagent and activated complex during
the thermal proceg®hmad et al., 2018; Kim et al., 2010) Al | model s reveal ed i
meansan external source of energy needs to be provided in order tihdifenergy level of the
reactants to their transition stgtd¢aqvi et al., 2019)Likewise, it has been stated by Ahmad et al.

that a difference of ~8J/molb et ween E value and @H indicates
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barrier exiss, hence, product formation would be easier to achiahenad et al., 2017b) H

values for SS were computed using KAS (14258136 kJ/mol), FWO (150.290.22 kJ/mol) and

Starink (1439%56 . 18 kJ/ mol ) , respect ifreerhodels reRectsthet i ve
pyrolysis of SS is endothermic. This finding is in accordance with thegque\conclusion of
(Nagvietal., 2018) The | o westhatg® coldrbel used antc@eeding pyrolysis with
variousbiomasses or t her mal conversion into bioenergy.
variation for LDPE was in a steady mode with the average value of 336.06, 348.33 and 338.56
kJ/molfor KAS, FWO and Stank, respectively. For SI5 0 t hrasedgabithe conversion rate
increased from 10 to 90 %. The average value o
196.49kJ/mol for KAS, FWO and Starink, respectively wiéin acceptable deviation of around

3.2%.In addition, one should note that a small potential energy barrier was created indicating the
feasibility of the reaction to appear, due to the formatioandctivation compleXMehmood et

al., 2017)

The change G, also known as Free Enthalpy, shows the overall increase in energy at
theaproach of the reagents and the formation of
values of SS{87kJ/mo) wer e shown t hat are | ower when col
of the LDPE £114kJ/mo) in all models. The averaggs for the SI-50 reveded a slight increase
(~119kJ/moa)), calculated by KAS, FWO and Srarink methods, respectively. The avefagsd
the blend, in contrast to the SS and LDPE, was higher. These values were shown to be lower when
compared with thegs values of the SS and ribeisk (121.8%J/mo) (Raza et al., 20) and SS
and sugar cane bagasse (13k%¥mol (Hameed et al., 2018pixtures.

Changesn S have bot h negadginall matasialsandpneteods The e v a
positive values reveal that the fAndegree of ar
compared to the initial reagents, and negative values indicate contrary. The pheabnegadive
and positive values are attributed to the complexity of the process into generation ohdiffere
products, which by use of GRS or nuclear magnetic resonandéMR) may be identified. In
addition, the @S50tfKAS EWO dndteriak neethatls agelless than <0.5
kJ/ mol . K. Low S could be attributed to the f.
of physical or chemical procedsiinging it to a state near its thermodynamic equilibr{ém and

Chen, 2013)In this condition, th&S and LDPE showed less reactivity, enhancing the necessary
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time to form the activated complex. The chang

entropy member [exp ( S/ R)].
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Table4.6. Thermodynamics parameters of SS, LDPE anéb8lusing KAS method

ss LDPE SL-50
- A s A s A S

v (s) EE;mol) ?E\]C/;mol) ?KE)‘]/ mol. (%) ?Iz;mol) EEJC/;moI) EE)‘]/ mol. (%) EEJF/'moI) EEJC/;moI) EKE)J/moI.
01 9910 161 g702 016 3770 31770 11451 o043 90910 2500 12304 w041
02 1310 s5089 8537 046 9330 5o315 11444 044 53O0 15563 12100 0.00
03 35310 s5006 8504 055 18010 50007 11430 o045 20910 14597 12024 0.6
04 12210 59534 gage o050 [0 53535 11430 o047 39910 15609 12006 0.08
05 13210 35705 8477 o062 13710 33908 11425 o048 29110 19040 11029 015
06 146X10 15108 8743 010 320 suuss 11410 049 2710 51766 11877 o021
0.7 39210 o540  gsss 002 2810 54317 11421 o049 [O%0 53973 11840 025
08 16310 500 9028 013 4910 54576 11418 049 19210 o6647 11708 031
0.0 24910 535 goss 010 03910 54543 11415 o050 3910 33566 11707 046
Avg - 17498 8700 - i 336.06 11429 - i 19456 119.54 -
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Table4.7. Thermodynamics parameters of SS, LDPE anéb8lusing FWO method.

ss LDPE SL-50
- A S A S A S

; (9 ?IZ;/'mol) ((ql?\lcj‘mol) ?KI[())J/moI. (s ?Ii);/'mol) ?I?JC/;mol) ?KIC())J/moI. (s ((:EJ|_/|moI) ((qI[()JC/;moI) ?E)J/mol.
01 26810 15050 ges7 018 29810 50946 11437 o046 199%10 g156 12058 -009
02 8410 o985 8527 049 06810 5510 19430 o047 29710 43340 12068 003
03 23210 59974 gaga o057 130 33949 11426 o048 12210 15090 11995 009
04 22410 50555 gaz9 062 230 34760 11416 050 87710 4eg42 11977 0.10
05 27810 31070 ga67 o065 19510 35160 11412 o051 28T10 50570 11005 047
06 L4410 13353 g717 013 25310 35505 11406 052 0410 53000 11856 023
07 21810 o351 gg17 o001 29710 35568 11407 o051 18640 ,5508 11820 028
08 322<10 goag  gosy 000 322%10 35834 11404 o052 L1710 50915 11780 034
09 0410 Loos oo 005 50910 35108 11401 053 19310 54940 11692 048
Avg - 186.26 8670 - : 34833 114.15 - : 206.44 11928 -
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Table4.8. Thermodynamics parameters of SS, LDPE anéb8lusing Starink method.

ss LDPE SL-50
- A S A S A S

; (9 ?IZ;/'mol) ((ql?\lcj‘mol) ?KI[())J/moI. (s ?Ii);/'mol) ?I?JC/;mol) ?KIC())J/moI. (s ((:EJ|_/|moI) ((qI[()JC/;moI) ?E)J/mol.
01 7710 14301 8699 016 19310 35016 11448 o044 125%10 2343 12008 010
02 L1610 55575 g535 047 3OVM0 gonsr q1441 045 840710 15419 12006 001
03 2210 5508 8502 055 99710 30955 11437 o046 8910 45073 12020 0.06
04 L0910 59748 gag7 060 330 33785 11427 o048 2210 45511 12001 008
05 L1310 30958 8475 o063 /2410 34179 11422 o048 41410 1936 11025 015
06 202<10 15365 8739 010 29310 340607 11417 o050 @ 45910 51973 11874 021
07 24210 o501 8853 002 15710 34570 11418 o049 13¥10 54100 11836 026
08 22910 4371 9019 013 26210 34833 11415 o050 @ 125%10 56875 11705 031
00 36310 5518 8949 000 4410 35101 11412 o050 769%10 33951 11704 046
Avg - 176.78 8695 - : 33856 11426 - : 196.49 11950 -

58



4.4. Conclusion

The caepyrolysis of SS with LDPE was investigated, for the first time, through TGA. It
was found that total decomposition of &%dLDPE mixture takes place in temperature range of
200-600°C. The mixing ratio of LDPE had auaial impact on the epyrolysis behavior due to
hydrogen donation by LDPE in decomposition process. The blend ratio of 1:1 was pronounced as
an optimum ratio from the perspective of high index D and shifting O lower temperature.
Moreover, ceconverson of SS and LDPE lead to lower formation of char from experimental cases
in comparison to the calculated cases, indicating a synergic interaction between the materials.
Within the scope of this study, kinetic parameters of pyrolysis anaycalysis werecalculated
using different modeling approaches. The E value based on-Redfsern method as 30.01
kJ/mol, 187.40 kJ/mol and 37.2 kd/nfiot SS, LDPE and S50, respectively. The CoaRedfern
Kinetic study revealed a considerable decr@akevalue forSS and LDPE when the samples were
cofed in a 1:1 blend ratio. Subsequently, there was a little variation in the E value energy
calculated by KAS (200.37 kJ/mol), FWO (212.25 kJ/naoid Starink (202.30 kJ/mole) methods.
Furthermore, the thermodynamic pareters ofqH, G andgs, as well as the A valuayere
calculated and discussed for dsonversional procedures. TliggH and qpGvalues of SE50
calculated by is@wonversional methods were in ttenge of (194.5206.44 kJ/mol) and (119.28
119.54 kJ/maql indicating available energy to be considered as a feasible blend for bioenergy
production. The iseonversional methods depicted consistency with one anothepgtidability
to simulate the industrial scale of the-gyrolysis plant. Herein, kinetic and gtmodynamic
parameters knowledge will provide referential values to describe the pyrolytic quydadgtic of

SS and LDPE for bioenergy application.
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CHAPTER 5

CATALYTIC PYROLYSIS OF SEWAGE SLUDGE WITH HZSM5 AND SLUDGE -
DERIVED ACTIVATED CHAR: A COMPARAT IVE STUDY USING TGA-MS AND
ARTIFICIAL NEURAL NETWORKS

5.1. Introduction

With the rapid economic development, urbanization imaddstrialization, Sjeneration
rate has been escalating globally. For instance, SS production in the United States had en averag
of 17.8 million tons/year in the last decade and Canada produymexapately 4 million tons/year
(Fang et al.2020; Wu et al., 2020)The conventionainanagement routes for disposal such as
landfilling, incineration, biological treatments and composting, may have serious adverse effects
on the environment linked to the S&trinsic propertiegChen et al., 2019Besidesthe above
mentioned methods are tire®@nsuming and require high energy to proceed which may have
limited their future apljication (He et al., 2020) Meanwhile, renewable energies are getting
increasing attention andre consideredeccfriendly alternatives to fossil fuelé&Zhang et al.,
2016b) Several thanochemical processes have been developed (e.g., incineration, pyrolysis,
gasification and hydrothermal treatment) to simultaneously retrieve energy and reduce the SS
volume. Each thermochemical process has its own technological andesodomic pros and

cons which have beeaecently reviewed byGao et al., 2020)

Among various potential thermochemical processes, red@tseinclude developing
pyrolysis as a versatile and promising technol¢Bgpza et al., 2019)Pyrolysis converts the
organic compounds present in the feedstock into vatlded products in an oxygémree
environment at elevated temperatures. Thus, pyrolysis has been largely investigatecett SS
into bioenergy(Tomasi Mogano et al., 2018)The converted compounds can be valorized for a
variety of applications such as energy through industrial chemicalsoi{bénd bicgas) and
agricultural (charfAhmad et al., 2017b; lianaka Udayanga et al., 2018; Wang et al., 2007
liquid bio-oil is the major substantial product; however, its high oxygen and nitrogen content
reduces the energy density and causes immiscibility with hydrocdrd®ed fuels making the
refining procss difficult and costly(Fonts et al., 2012; Mullen et al., 2018)herefore,

considerable efforts have been devoted to the challenging task of enhancing the properties of the
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bio-oil and improving the efficiency of thentire procesgS. Liu et al., 2017)Commonly, zeolites

have demonstrated efficiencies in the petrochemical industry due to the strong acidity for carbon
carbon bond scission and their distinct structural propefitieset al., 2010) Therefore, zeolite
catalysts have been investigated for upgrading pyrolysis vapors in the productionbakétb
compoundghrough SS pyrolysis, although the number of stutidisited (Zaker et al., 2019)
Among the zeolitdbased catalysts, HZSM5 outperformed other types because of their narrow pore
diameter and shape selectivity for pyrolysis vapors fronfFEBsson et al., 2019%Research has
focused on the catalytic conversion of SS over HZSM5 to upgrade thal lojoality (Yu et al.,

2016) Reduction in oxygen and nitrogen heteroatdxie et al., 2014) enhancements in the
production of aromatics, olefins, and hydrocarbons are obs¢bueckt al., 2016; Wang et al.,
2017) However, zeolites are relatively expensive, and the catalyst preparation steps are time and
energyconsuming, limiting their applicatiofShenet al., 2014)

Recently, increasing interest has been del/tiehe use of A@s a catalyst in reforming
pyrolytic vapors due to their bulky surface area, porosity, and embedded active sites
(Daorattanachai et al., 2018; Zhang et al., 201Rb}earchers have studied the performance of
ACs to upgrade pyrolytic produotXiong et al., 2017)Different ACs derived from other biomass
such as corn stovéZhang et al., 2018k3nd rice huskShen et al., 2014)ave been investigated
for the production of jet fuel range hydrocarbddbang et al., 2019phenol rich bieoil (Guo et
al., 2019)xand hydrogen rich syngéshang et al 2018a) The previous studies are mainly engaged
in the topics of AC derived from biomasses, and such kinds of catalysts and processes have not
been reported for SS extensively to date. The AC can be also derived from SS containing metal
oxides for catiytic purposes, and it is widely available and inexpeng¢aorattanachai et al.,

2018; Gao et al., 2020; Hu et al., 2018ubsequently, influence of different range of catalysts
such as HZSM5 and AC needs to be studied comparatively for SS pyrolysi® foertefit of
process efficiency. Additionally, there has beeflaek of studies about evolved gases during
pyrolysis of SS. Unlike other biomasses, the nitrogen and sulfur content in SS is high which leads
to formationof toxic and/or pollutants during pytysis resulting in photochemical smog and acid
rain(Tian et al., 2013; J. Zhang et al., 2017a)

Therefore, this study attempts to explore the feasibility of usindgederived AC as a
low-cost alternative catalyst to commercial HZSM5 in SS pyrolysis for the first time. The aim of

using catalyst is to characterize the therimathaviorand to cut thee value Besides, there are
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limited studies to improve understandiof gas emission characteristics of the SS under different
catalysts.In this respect, detailed characterization ofé8f TGAto clarify the decomposition
behaviorand pathway of SS with these catalys@sdwstly conducted in this study. Pyrolytic
gagous released during the SS decomposition process were identified, and the effects of HZSM5
and AC catalysts were studied comparatively. The kimetidels includingCoatsRedfern method

were then utilized to examine the value and reaction orderFurthemore, the chemical
composition of bieoils derived from pyrolysis and catalytic pyrolysis of SS in the presence of AC
and HZSM5 with different ratios were explored comparatividgsed on the experimental results,

an artificial neural network (ANN) methodas developed and trained to further simulate and

predict the catalytic thermal degradation process

5.2. Materials and methods

5.2.1 Materials

In this study, two types of catalysts were explordth S§ a commercially available
zeolite catalyst ZSM5 (sface area = 425 #y, Si/Al ratio = 50, p = 50um) and AC derived
from SS. The ZSM5 was purchased from Alfa Aesar (CAS A®18) and calcined at 550 °C for
5 hin a tubular furnace to activate (HZSM5) before Uiteee different SS to catalyst ratiogthw
a fixed SS loading were tested. The ratios of SS to catalysts were 4:1 initiated as SSHZSM5@4
and SSAC@4L; 2:1 initiated as SSHZSM5@Rand SSAC@32, and foranequal portion of 1|
labeled as SSHZSM5@1Land SSAC@1L.

5.2.2. Simultaneous TGA/MS andysis

The pyrolysis and catalytic pyrolysis experiments were implemented in a TGA apparatus
(TA-Q500) coupled with mass spectrometry (MS) (DAcovery MS). In this studyn order to
reduce the influence of sample quantity on the intensity of MS andtd aystematic errors and
minimize heat and mass transfer influeradaout 2.5 mg of SS was loaded into the ceramic pans
for pyrolysis experiment. In the catalytic experiments, a mixture of 2.5 mg SS and 2.5 mg<atalyst
wereplaced in the pans, which tineass ratio of SS and mixed catalystswearly 1:1.TGA and
DTG variations were recorded in the range of 30 to 1@t a constarh of 10 °C/min under

the argon atmospherty obtain a high conversion rafeiu et al.,2015) The pyrolytic vapors
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were passed through a transfer line continuously heated atGlODhroughout MS analysis, a
secondaryelectron multipliertype detector was employed. The intensities ofdhelved gases
were screened out by evolution curvesidg a preliminaryscan frommass to charge ratios (m/z)
2 to 100.

Next, the focus wasn the ions that correspond to evolution of harmful species in the
pyrolysis and catalytic pyrolysis. Baselines with numerous blank trials were first achieved and the
selection of target ions asprepared considering results of continuously repeated scanning. lon
currents of the specific ions are recorded using multiple ion detection (MID) mode with th
Quedar a sof t wAccoadhdy, tlesascuracy d thecTé&Astrument was high both
for the measurement of mass and for temperature control. To ensure the reproducibility and
repeatability of the data; triplicate TGA/MS tests were perforriiéd. maximum vaation in the
Ufrom sample to sample of the same materials was 0.02, and their mean value was presented in

the outcomesThe selected identification of gaseous evolution from MS is shown in Bable

Table5.1.Identified pyrolytic gaseous by MS.
lon CHs HCN CO; NOz CH3SH SO

m/z 16 27 44 46 48 64

5.2.3 Kinetic study

To determingheimpacts of the HZSM5 and AC on the kinetic parameters throughout the
valorization of SS, the weighted average activation energk{Enol) was computed and applied

to analyze samplegactivity (L. Huang et al., 2018)

Em= EiF1+ExFot+ € + (5.0
here, & to E, are adlvation energy at each pyrolysis stg@®s. 4.10 and 4.11and k to K, are
guantities of weight losses.

5.2.4. Artificial neural network development

ANNSs are extensively applied to predict the dimear relationships between input and

output data. Recwly, ANNs have been used for the prediction of data obtained from
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thermogravimetri¢Naqvi et al., 2018; Raza et al., 2019; Sunphorka et al., 2B8iErgin, an ANN
method was developed to predict the SS catalytic pyrolysis behavior. The network architecture of
the ANN model was developed via a Feedforward Multl@ger Perception (FMLP) based on
LevenbergMarquardt (LM) backpropagation, with MATLAB. The backropagation algorithm
utilizes the scheme in which weights are calculated using the output as feedback of input. In FLMP,
thereis an input layer and an outfayerthatcomprises one or more number of inputs and outputs,
respectively. Temperaturé®) andb (°C/min) have been selected as the inputs and the TGA
profiles for the production. The hidden layer was used to implement thénean function on

ANN. The hidden layer comprises different nuntdbef neuronsthat were selected based on
maximum R value The number of hidden layers, number of neurons in hidden layers and transfer
function were chosen using a trial and error analysis depending on the performance criteria. Model
performance was evaluated considering the mean square error (MSE) iB.ZEqrqot mean
square error (RMSE) in Ech.B), mean absolute error (MAE) in E&.4), mean bias error (MBE)

in Eq. 65) ard R? in Eq. 6.6) between predicted and experimental TGA values. Lower MSE,
RMSE, MAE, MBE values and higheRalues indicate moreptimized ANN architecture. The

selected network architecture parameters are presented inST2ble

S3%-B ( (4 (52)
2-3% -B ( (F (53)
-1 % -B  ( (s (54)
- "% =B ( (; (53)
2 p 1 (5.6)

where H is the target value, ikhodel IS the network output of each pattern, #nds the mean of

target values.
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Table5.2. Parameters used for the development of ANN model.

Parameters Values

Number of inputs 20
1. Temperature°C)

2. Heating rate°C/min)

Number ofoutputs nlo
1. Weight loss (%)

Network type Feed forward back propagation

Training function LevenbergMarquardt (LM)

Transfer function Hidden layers: TANSIG (Hyperbolic tangent sigmc
function); Output layer: PURELIN (Linear transfer
function)

Data division function Dividerand (7015-15)

Performance function Mean square error (MSE

Max number of epochs to trains 1000 epoch

Error tolerance 0.001

5.3. Results and discussion

5.3.1. Characteristics of AC catalyst

A preliminary idea about the structure of the AC was elucidated by SEM images. As
displayed in Fig5.1(a), micropore sigs were observed in the prepared sorbent. AC is composed
of agglomerated carbon particles with a size ranging from tens to hundreds of nanometers in
diameter. Fig5.1(b) shows the EDX result of AC, demonstrating that there are several inorganic
elements o the surface of the fabricated catalyst, such as iron, aluminum, titanium potassium,

oxygen and silicon. This observation is in line with Tahlkedata.

65



sl ¥ ©)

Ti Fe

Ee 41 ifi Pp Ti Ti Fe

0.67 134 201 2.68 335 4.02 4.69 536 6.03

Fig.5.1.(a) SEM image and (b) EDX of the AC catalyst

To identify the functional groups formexh the suidice of AC sample, FIR analysisvas
conducted as represented in B@. The functional groups detectable on the IR spectrum may be
responsible for the appearance of multiple bands in a wide range of wavenumbers. In this respect,
each band mahave a contribution of different functional groups present on the surface of the AC.
Moreover, some functional groups lik€=0O and-OH are usually formed during the production
of AC and have proven to have a substantial influence on catalytic a¢tiani etal., 2015;

Zhang et al., 2019)The spectra of the examined AC exhibited two bands in the-2000 cm'

range. The broadband centered at about 340baam be ascribed to the stretching vibration of
hydrogenbonded hydroxyl groups of water, alcohals phenolic COH stretching as well asiN

H stretching vibration in the amino bof@ubrik et al., 2017)Likewise, inorganic materials such

as sulates and phosphates are in the approximate range of 3345 and 3440Zm e | akEs k a e
2015)which is in line with the data presented in TaBl& The narrow band around 2900 -¢is

ascribed to the &1 symmetric and asymmetric vibration mode of ethyl and methylene gfbumps

et al., 2012) The band at about 1650 tivis mainly the stretching vibrations of thearbonyl
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groups belonging to various functional groups such as quinones, ketones, lacetones, diketones,
ketoester and ketoen(lin et al., 2012) The GH stretching find at 1470 cfand the phenol ©

H bending is identified at 1410 ch{Daorattanachai et al., 2018)he strongest peak at around

990 cm' is assigned to the-O stretching vibratiogAntunes et al., 2017)he peak at ne&70

cm'® can be allocated to the aromatieHCbending vibrationgShahrokhiShahraki et al., 2021)

The latter may be confirmed by the presence of the band at 990 c&ni el i Bska et al
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Fig.5.2 FT-IR spectrum of AC catalyst.

To evaluate the thermal stability of the obtained AC, TGA was performedb.Bighows
that the TGA/DTG curves of the AC are in good accordance with the results of a previous study
(Saleh et al., 2017Below 120 °C and due to the desorption of absorbed water, about 8% weight
|l oss i s observed. The slight weight | oss of 1C
volatile compoundsThe pronounced weight loss observed in the TGA analysis atfisoene
functional groups such as amino and carboxyl groups existence on the surface of the AC, which is
identified by FFIR analysis(Saleh et al., 2017)Above 625°C, the AC framework remained
unchanged, indicating the high temperature durability of AC.
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Fig.5.3. TGA/DTG curves for AC catalyst.

A brief comparison of the surface areas of the prepared AC derived from SS via different
chemical treatment methods (see Tdb® revealed that therategy developed herein has higher
efficiency in terms of the synthesis of highly porous and efficient catalysts. The obtained AC has
a relatively larger BET surface area of 899.3%8gwwompared to previous studigghang et al.,

2019) In contrast to the carbonized SS obtained under the sanditions without the activation
agent , the surface area has folded more than
activation methods available theliterature; chemical modification of SS with metal hydroxide
agents such as NaOH and KOldshbeen investigatedan et al., 2017; Xiong et al., 2017)
Activation with metal hydroxides not only increases the surface area but also creates several
oxygenated functionagroups on the surface of the AGizmur et al.,, 2017)NaOH is more
environmentally friendly than KOH and is deemed more economical and less corrosive for carbon
activation (Rajapaksha et al., 20L80n the other hand, there are two main chemical preparation
routes to activated SS; singdeep and twestep procedure Herein, a singkstep chemical
activation with NaOH was adapted since it is energetically more suitable compared to other
processeéZubrik et al., 2017)
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Table5.3. Comparison of the BET results of AC derived from SS pyrolysis.

Activation condition Chemical treatment

Activation BET ¢
procedure T t . Atm Chemlcal Imp.ra Acid - (mzlg) Ref.
(°C) (min) activator  (w:w)  washing
Carbonized SS 700 120 N2 - - - 69.63
Present
. study
Dry singlestep 700 120 N NaOH 1:1 HCI (2M)  899.33
KOH 186.00 dos Reis et
Dry singlestep 550 60  Ar 11 HCI (6M) (dos Reis e
al., 2016)
ZnCl 192.00
Soaked in (Bjorklund
activator prior 500 n/a n/a ZnClz 5M HCI (5M) 721.00 and Li,
to pyrolysis 2017)
Soaked in ZnClz 18.30
activator prior 550 60 Nz 3M  HCI (M) (Huang et
; al., 2017)
to pyrolysis H2SQu 51.90
Dry two-step 600 120 N:  NaOH 1:1 HCI (2M)  346.49 (ZZO(_?L%)Gt al.,

@ |mpregnation ratio
5.3.2. Thermal decompositionbehavior analysis

TGA/DTG profiles for SSSSHZSM5@311 and SSAC@11 samples at neisothermal
conditions are depicted in Fi§.4. the three samples exhibit a relatively similar pattern which are
consistent with the results obtathifom catalytic pyrolysis of lignin over activated carliBu et
al., 2016)and zeolitegLuo et al., 2012)vhich were also mixed in the ratio of 1:1. The degradation
process from the samples occurred over a weteperature range from MO0 °C, and was
divided into 4 significant stages based on the decomposition of different components. The first
stage of degradation (200 °C) is accompanied mostly by dehydration of organic contents by
losing both free wateand chemically bonded water. One should note that stage one is not well
explained in most previous literature. Generally, in the region of2DB0’C the SS chemical
structure starts to depolymerize and soften with the release of a very low quantityt wblagile
compoundgRomanovskii and Martsul, 2009n this stage, the weight loss is 6.01%, 2.67% and
6.87% for SSSSHZSM5@11 andSSAC @11, respectively. Stage 2 and 3, commyonamed as
the active stages, are the main decomposition of reactive orddadei et al., 2018; Zaker et al.,
2019) Seemingly, the mass loss in stage 2 is 31.14%, 13.25%, and 14.53%3St&ESM5@1
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1 and SSAC@11, respectively. This loss is ascribed to the diffusion of biodegradable organic
components such as lipids and organic polymers. The DTG profiles of this stage sketched the
largest peaks, which represent the maximum rate of mass loss &€,3527°C and 358C for
SS,SSHZSM5@11 and SSAC@11, respectively. This depicts both catalysts tend to slightly
increase the temperature of the thermal degradation process and can be explained by the behavioral
similarity of the catalystBu et al., 2016; Luo et al., 2012)he third stage (46600°C) is related

to the cleavage of higher molecular weight compounds into smaller ones alternative to chars
formation by applying continuous heat, for instance, actidelyomposing reactiong proteins

(Lin et al., 2016) The mass loss in this stage is lower than the previous stage, with a wide flat
DTG profile. The mass loss is 16.25%, 7.51% and 13.44% fo8SBZSM5@11 andSSAC@1

1, respectively. After the triplets, the degradation process came into the fourth stage, which is the
decomposition of inorganic matters, calcium carbonate and microclimengesition (see Table

3.1), with a DTG peak arising from 600 to 780 for all samples. The thermal behavior trend for
SSAC@11 is close to SS rather thaBSHZSM5@11 which may be ascribed to AC
devolatilization, formed primarily due to the scission ofrtigral G-C bonds in the structure of AC

(Lee et al., 2017; Shen et al., 201A)so, it can contribute to presence of mineral fractions (e.g.,

Ca, Mg, K etc.) in SS and AC. Other authors presented similar trends and obser(@blgueras

et al., 2013; Naqgvi et al., 201HAfter 700°C, the mas$oss rate became slow and reached a stable
steady state at 1000 °C. The total mass loss 06SHZSM5@11 andSSAC@11 are 61.97%,

29%, and 42.58%, respectivelySHZSM5@11 hasa lower mass loss that t8SAC@11 and

this can be attributed the better thermal stability of HZSMXiang et al., 2018aAlthoughthe
presence ofatalysts haabridged the mass losses, still can be beneficial by promoting selectivity

on compounds of bioil for further researclLiang et al., 2017)
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Fig.5.4. TGA/DTG arves for SSSSHZSM5@1 andSSAC@11.

5.3.3. Kinetic evaluation

In order to determine the pyrolysis and catalytic pyrolysis mechanisms, severatatgid
mechanisms are computed by the differential metiiBdasundram et al., 201&lowever, only
Coat$ Redfern method adequately described the pyrolysis reaction in each stage for non
isothermal kinetic analysi@Naqgvi et al., 2019 Thus, this method is selected to analyze the
kinetics of SS pyrolysis and catalytic pyrolysis 88HZSM5@11 and SSAC@11. Fig. 5.5
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indicates the conversion rate as a function of pyrolysis temperé@ydof SS,SSHZSM5@11
and SSAC@11. With the teted catalytic and nonatalytic pyrolysis, the samples did not
influence the shape of the profiles indicating that the reaction mechanisms could be computed with

the same reaction model.
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Fig.5.5. Degree of conversion of SSSHZSM5@11 andSSAC @11 during pyrolysis and
catalytic pyrolysis ab=10 °C/min.

Fig. 5.6 illustrates theE value distribution of pyrolysis and catalytic pyrolysis (with
different reaction orders n=1, 2 and 3), calculated by BgbkO(and é.11) for SS,SSHZSM5@1
1 andSSAC@211. The R? acknowledged the acceptable accuracy of the outcomes. The obtained
results are similar to that of SS pyrolysis found by other authors adapting the same mechanism
(Hameed et al., 2018; Naqvi et al., 201Since significant weight loss was found between-200
600 °C for SS, theE valuewas calculated for stages 2 and 3 of degradation, which is also in
concurrence with other studi@su et al., 2018)Likewise,theEmn valuewas calculatedat observe

the catalytic activity throughout the main devolatilization stage of pyrolysis.

In the second stage of pyrolysis, 2000 °C, it is perceived that the SS decomposition is
first-order reaction (R= 0.964) while forSSHZSM5@11 andSSAC @11 is third-order reaction
(R? values are 0.855 and 0.86 forSSHZSM5@311 and SSAC@1%1, respectively).

Correspondingly, presence of both catalysts has declindd Wladuefor all three reaction orders
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which is in good agreement to that obtained results by othearodsegBu et al., 2016; Xiang et

al., 2018a)This lowE valuecan be ascribed to the trivial amount oéggy required to trigger the
thermal degradatiofLiang et al., 2017)It is clear from Fig5.6that theE valuehas dropped 10
kJ/mol for the first and secorarder reaction and 15 kJ/mol for thicdlder reaction when AC is

usal as a catalyst. The decrease in Ehgalueis more pronounced in the caseSBAC@11
compared toSSHZSM5@11 indicating higher catalytic activity at the second stage of
decomposition. This phenomenon can be explained by the fa83ReE @11 possesseshigher
surface area. Thus, it is more favorable to the distribution of active sites of AC, which accelerates
the degradation process of SS pyrolytic volati{€uo et al.,, 2018; Zhang et al., 2019)
Furthermore, the use of an activating agent causes more reactive molecules to become activated
molecules. Therefore, an upsurge in the number of reactant molecules per unit volume occurs,
which deceases th& value(Hu et al., 2018)Subsequently, the beftted value for the order of
reaction in temperature range of 4800 °C is calculated as n=2 for SS%R0.99) and n=1 for
catalytic pyrolysis (R values are 0.992 and 0.952 f@SHZSM5@311 and SSAC@11,
respectively). In this stage of pyrolysiee E valueis lowered by the catalysts and the values for
bothSSHZSM5@11 andSSAC@11 are proximate. For instance, when n=2Ehealueis 26.45

and 27.75 kJ/mol foBSHZSM5@11 andSSAC@ 11, respectively, indicating a drop of around

10 kJ/mol in comparison to SS pyrolysis (33.77 kJ/mbhe reaction between AC catalyst and
radicals, mainly i produced from the catalytic reaction is the essence of the pyrolytic vapors
AC interaction,and H'could even penetrate the AC at low temperat(yeset al., 2016)This

could explain the better catalytic performance of B8BAC@211 thanSSHZSM5@11 at lower
temperatures. The mean activation energies obtairoed datalytic pyrolysis of SS with SO

Al>03, FeOs, and red mud are 191.1 kJ/mol, 189.8 kJ/mol, 175.6 kJ/mol, and 169.4 kJ/mol,
respectivelyYang et al., 2018 HZSM5 has been modified with Zn and Co and used for rice straw
catalytic pyrolysigLiang et al., 2017; Xiang et al., 2018&je addition of these modified HZSM5

had an identical reaction order in which tBevalueis almost thesame or higher than the raw
material. Compared to metal oxides and modified HZSM5, AC and HZSM5 used in this study

proved higher catalytic activity in terms of energy saving.
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Fig.5.6. The relation between reaction stages and activation energy f&SEEZSM5@11 and
SSAC@11.

Em values, as indicated in Fi§.7, for the three reaction orders, are estimated at 6.67
kJ-mol?, 12.7 kJ-mdI* and 20.36 kJ-mét for SS; 1.51 kJ-mét, 3.86 kJ-mdl* and 6.87 kJ-mét
for SSHZSM5@11; 2.29 kJ-mdl, 5.32 kJ-mdl* and 9.17 kJ-mébt for SSAC@11, respectively.
The presence of catalysts increased the reaction activity, ang thsignificantly reduced. These
results confirm that sludgeased AC catalyst has almost the same performance as a commercial

HZSM5 catalyst in the main devolatilization stages of SS pyrolysis. It can be attributed to the
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presence of metals in the sludigeased AC which can catalyze the pyrolysis vapors passing through

the pores, resulting in a decrease in thev&due(Hu et al., 2018)
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Fig.5.7. The relation between reaction stages and average activation engydgr (&S,
SSHZSM5@11 andSSAC@11.

5.3.4. Monitoring pyrolysis gaseous

In thermochemical processes, the release of pyrolytic gaseous during SS pyrolysis can be
identified with sensitivity due to synchronized measurement of analytical practices with TGA.
(Ozsin et al., 2019; Ozsin and Putin, 201Rig. 5.8 displays single ion curves of volatile
compounds including C£ CHs and nitrogen/sulfucontaining species evolving during SS non

catalytic and catalytic pyrolysis.

The levels of nitrogen/sulfecontaining volatile products are much lowernthaQ, and
CH4 emissions during the thermal degradation processes wangatonsistent with the ultimate
analysis (Table3.1). Emission of such compounds during SS pyrolysis can harm residents,
accelerate the pace of global warming and reduce the valle @iytolysis products (e.g., bio
gas). Also, the evolution and emissions pathways of these pyrolytic geesestgl not well
investigated to this date. Gknd CQ are reported in the literature to be the most abundant air
pol |l utants i rspherdiHerndadez dt al.0 201L.78H: (Mmd&z=16) is formed from
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organic compounds containinGHs groups and is generated continuously in a wide temperature
range with a peak observed at 2000 °C. The presence of both catalysts has eliminated the peak
and shows similar profiles. The decreasedount of CH could be ascribed to the functional
groups chelated in the AC such-&H, assisting the bond cleavage of pyrolytic vapors to form
smaller compounds during the catalytic procegZdang et al., 2018aY he masspectra of the

SS is compared witBSHZSM5@11 andSSAC @11, and it is found thatie catalysts affect the
formation of the C@(m/z=44), which is well depending on the pyrolysis temperature. SS arises
from 200 to 600C with two peaks at 400 °C and 550 °C. The first peak is related to biodegradable
and organic fractions while the secqmehk can be directed to secondary reactions of tar cracking
and steam gasification in higher temperaty(@ssin and Ptiin, 2017y he mixture of SS and
catalysts have decreased the intensity at the nearly same rate for both catalysts till aré@nd 400
Above 400°C, CQlevels decreased in the case of HZSM5 and increased in the GSAG@1

1. This observiion can be ascribed to the carbonyl functional groups elimination and

decarboxylation reactions from the surface of AC.

Additionally, the evolution of nitrogenous volatiles HCN (m/z=27) and, Ni9/z=46)
generated during SS pyrolysis is also tracked. HEMainly generated from thermal cracking of
nitrile-N compounds derived from protein in slud@éan etal., 2013) HCN is detected in a
temperature range of 200 °C with a stronger evolution intensity for SS in comparison with
presence of catalysts. The release of HCN is almost absent @8&G @ 11 pyrolysis. For the
case of NQ, the release behavefromSSHZSM5@11 andSSAC@11 exhibited contribution
of catalysts in contrast to pyrolysis of SS. The profiles against temperature revealed a drop in the
intensity, especially foSSAC@Z21 catalytic pyrolysis which is in line wittheliterature(Gao et
al., 2020) CHsSH (m/z= 48) and S)(m/z= 64) compounds are from thiol compounds during
thermal decomposition and areexsively inhibited in botESAC@11 andSSHZSM5@ 11 (Xu
et al., 2017)No CHSH and S@ emissions are detected in case of SS, proposing that sulfur is
captured by both catalysts. A similar observation is stated in another wartedew the catalytic
pyrolysis of SS with AC{Chen et al., 2015)These results revealed that the presence of AC

catalyst to some extent benefited the reduction of harmful pyrolytic gaseous during SS pyrolysis.
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Fig.5.8. Single ion current profiles monitored using MS during SSHZSM5@11, and
SSAC@11 pyrolysis.

5.3.5. Thermal decomposition prediction by ANN model

The training performance metrics of ANNs topologies with a different number ofrhidde
layers and various numbers of neurons trained with LM are displayed inT.dbldhe TGA data
for catalytic pyrolysis 06SAC @121 is divided into three groups with 70% used for training, while
the remaining 30% of data has been equally applied for afidation and testing. The total
iterations are set to 1000 while the performance goal (MSE) is arodfdii@his study, the

transfer function combination is selected based on the optimization of a variety of possibilities in
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each hidden layer basedthre computed MSES, where the best combination is a nonlinear tangent
sigmoid function (TANSIG) for the input and hidden layer and output layer follows a linear

transfer function (PURELINE) in the network topology.

Table5.4. Comparison of different ANN gsicture performances f@SAC@211.

Model Network topology MSE RMSE MAE MBE R?

ANN3-1 3*1 0.1276 0.3576 0.2792 -0.0016 0.9994
ANNS5-1 5*1 0.0134 0.1103 0.0703 -0.0019 0.9999
ANN7-1 7*1 0.0008 0.0292 0.0233 0.0000 0.9999
ANN9-1 9*1 0.0012 0.0351 0.0270 0.0001 0.9999
ANN3-3-1 3*3*1 0.1803 0.4303 0.3353 0.0597 0.9991
ANN3-5-1 3*5*1 0.0311 0.1821 0.1342 0.0395 0.9998
ANN3-7-1 3*7*1 0.0316 0.1821 0.1342 0.0395 0.9998
ANN3-9-1 3*9*1 0.0306 0.1821 0.1340 0.0378 0.9998

The outputs are assessed to predicttBA curves under the increase of temperature.
According to the training performance assessment from Tabjét is determined that ANNT
provided the best predictive power with the highe3tR.99 and the RMSE, MAE, and MBE
values 00.0292 0.0233,and 0, respectively. The ANNF incorporates a single hidden layer with
7 neurons. The ANNZ accomplished excellently to simulate the TGA (wt.%) curves for
SSAC@11 and justified the accuracy of ANN calculation between the experimental data and

predictedvalues for all catalytic pyrolysis zones (F&9).
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Fig.5.9. Comparison of experimental and ANN predicted model (AMNTor SSAC@11
catalytic pyrolysis.

5.3.6.Bio-oil analysis by GC/MS

Pyrolysis of SS is a very complex practice due to the mixinrdse SS bieoil leading to
a wide range of compounds in the spectrum as displayed i® Bi@.The chemical composition
of SS pyrolytic liquid obtained under the optimal condition (final temperaturéG50well time
60 min andb = 30 °C/min) from the pyrolyzer setup was analyzed for identification of organic
compounds via GC/MS. Based on the spectrum data, 117 different compounds from different
functional groups comprising of hydrocarbons (aliphatic or aromatic), oxygenateachyions
(phenals, lipids, alcohols, acidstc.) and nitrogenated compounds (nitriles, amiees) were
recorded. According to the definition of various transportation fuels, idenhfidcbcarbons were
in the range of C£27 with 19.63% in the rangd 64-C9; 66.21% in the range of &3918; and
14.49% in the range of Ci827. Moreover, the bioil oxygencontaining compounds portion
was more than 50% which is a detrimental property. It can affect stability and reduce the calorific
value, thus, limitinghe potential usage of the bod for engine and turbine applicatio(&razo
et al., 2017; Hassan et al., 2016xygenated compounds are mainly derived from extractives,
lipids and polysacharides in the SGAlvarez et al., 2016 Besides, the presence of light aliphatic
aromatic compounds was around 0.71% in the derivedibfoom SS pyrolysis and were mainly

organicacids (e.g., butanoic acid, heptanoic acid, pentanoic etdd. In contrast to other studies
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in the literature, there is no straightforward conclusion due to the heterogeneity of the SS and the
operating conditions selected by the different authoran®egy, many authors have also pointed

the presence of oxygerand nitrogercontaining compounds and higher molecular weight
hydrocarbongTomasi Morgano et al., 2018; Trinh et al., 2018% a result, the application of
pyrolytic liquid as a fuel requires furthenprovements by cracking the large molecules into lower

molecular weight species while reducing O anddwtaining compounds.
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Fig.5.10 Total ion chromatograms for pyrolysis of SS.

In this regard, to split heavier components into light organic oil aadige oxygen
containing compounds, catalytic cracking process with different ratios of HZSM5 and AC has
been investigated. Catalytic reforming is beneficial compared to the hydrodeoxygenation method
since it does not require the addition of hydrogen andoesoperated at atmospheric presglire
L. Liu et al., 2017) The chemical composition of the SSHZSM5®4nd SSAC@4 are shown
in Fig.5.11 The results revealed that the hydrocarbons were in the range@2 Cwith 52.83%
in the range of C4L9; 32.8% in the range of @918; and 188% in the range of C1827 for
SSHZSM5@41. For the presence of AC catalyst, 66.26% were in the range-GBC26.11% in
the range of C&L18; and 5.61% in the range of GC27. The oxygenated compounds were
36.69% and 44.65% for SSHZSM5@4and SSAC@4, respectively. Also, the proportion of
valueadded compounds was increased to 11% for both catalysts. The masaddadeidentified

compounds were toluene, ethylbenzenayliene and styrene. Although HZSM5 and AC had
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improvements in the quality of bioil to some extent, still the amount of oxygeontaining

compounds were not acceptable for the application cbbbias a fuel.
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Fig.5.11 Total ion chromatograms for catalytic pyrolysis of SSHZSM5@ahd SSAC@4..

With the increase of catalyst tedd ratio from 4:1 to 2:1 a considerable improvement in
the number of carbon atoms was not identified, as displayed v E2gHowever, oxygen removal
was enhanced. The proportion of oxygenated compounds dropped to 20.51% and 26.76% for
SSHZSM5@21 and SAC@21, respectively. On the other hand, the production of vaticed
species increased to around 22% and 14% for SSHZSMb@ SSAC@2A, respectively. The
major components of bioils were toluene, ethylbenzene;xylene and benzene,-ethyl-2-

methy}. This is in agreement with previous research on microvesgested pyrolysis of SS over
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HZSMS5 presenting that the organics derived in the pyrolysis could be deoxygenated and cracked
for the production of aromaticéXie et al., 2@4). The reaction mechanism and pathways can be

attributed to several oxygenated compounds produced during the catalytic pyrolysis of SS which
are intermediates in the production of aromatics. When the intermediates passed through the pores
texture of HZ$1-5 and AC catalysts, some of them are altered to simigdearomatic products

through a series of oligomerization, decarboxylation, decarbonylation and dehydration reactions

(S. Liu et al., 2017)
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Fig.5.12 Total ion chromatograms for catalytic pyrolysisSSHZSM5@21 and SSAC@2A.

The analysis of bimil components when the SS and catalyst ratios were in the same

portion is shown in Fig5.13 For both catalysts, it was noticed that the carbon numbers were in
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the range of C4.8 with around 73% in themge of C4C9 and 27% in the range of €218. This

great range of hydrocarbon belongs to the jet fuel compo(@nésg et al., 20198imilarly, we
speculated that the-Gontaining compounds dropped to 7.3% and 13.02% for SSHZSMb@1
and SSAC@11, respectively. In addition, the proportionvalueadded chemicals in the bmls
significantly increased to approximately 29% after catalytic cracking over HZSM5 and AC
catalysts. The effect of catalysts on the formation of light hydrocarbons is related to their pore
structure and acid sit€§. L. Liu et al., 2017)The longchain hydrocarbons (e.g., acids, alcohols,
ketones etc.) were deoxygenated and cracked intd @2 olefins. Then, they are converted to
benzene through a series of aromatization reactions and can be transformed to other aromatics
through alkylation and isomigation reactiong¢Liu et al., 2019; Ren et al., 2014he main light
hydrocarbons detected in the liquid product of SSHZSM&@1ere toluene, ethylbenzene, p
xylene, cyclooctatetraene and benzenathyl2-methyl and for SSAC@4L were toluene,
octene, ethylbezene, pxylene and styrene. The higher performance of 1:1 ratio compared to 2:1
and 4:1 is probably due to higher surface contact between pyrolysis vapors and active acid sites of
catalyst particlegXie et al., 2015)Based on Figh.1(b) presence of inherent metal species in the
sludgederived AC matrix is obvious. These transition metals on the surface of AC may react with
the free radicals and reforming the volati(#gu et al., 2002)Moreover, abundant -©ontaining
functional groups (see Fi§.2) on the surface of AC can form some acidic centers whiath ta

the negatively charged °~ electron system of
cracking reactions of those compounds in-tilo(Fu et al., 2018)Interestingly, proportions of
nitrogenated components in the 4aib of SSAC@11 were almost eliminated while for
SSHZSM5@11 the portion was aroan30%. This can be attributed to the presence of Ca and Fe
elements in the AC which can transform the nitrogenous compounds intmWever, more in

depth studies are requir¢@ao et al., 2020)Removal of nitrogenous compounds is one of the
vital targets duringhe upgrading of SSlerived bieoils since they can lead to release of NO
emissions if burned as a fuel. Acdorg to the results, AC catalyst can be considered as an
environmentallyfriendly alternative for HZSM5 substitution. Among the tested catalyst to feed

ratios,the 1:1 split ratio can be considered as an optimum.
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Fig.5.13 Total ion chromatograms featalytic pyrolysis of SSHZSM5@1 and SSAC@-1L.

5.4. Conclusion

In this study, norcatalytic and catalytic pyrolysis of SS have been analyzed by-WISA
and GC/M3ausing commercial HZSM5 and sludgerived AC catalysts. The novel developed AC
catalyst showpromising performance by increasing reaction rate and reducing the energy required
for the decomposition process. Also, presence of catalysts reduced thelCY, CQ and NQ
while eliminating CHSH and S@gaseous evolving during pyrolysis of S%ie oggimal catalysts
to feed ratio for upgrading bioil quality was 1:1. The presence of HZSM5 proved catalytic
cracking of highweight hydrocarbons to lighter species while removing oxygeraining

compounds. Besides the mentioned improvements, the fadatiédl catalyst was able to remove
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nitrogenous compounds and showed more selectivity in amdded compounds. The
characterization sludgeased AC manifested porous particles in which the presence of inherent
metallic minerals and @ontaining functional ups plays as active sites in the catalytic
upgrading. The synthesis AC had a larger specific surface area and more active sites in contrast to
HZSM5 resultingin better catalytic performance. However, furtherdepth investigation for
exploring the medanism pathways of the deoxygenation and denitrogenation of the process is
recommended. Alsdurther investigations on the analysis of evolved gaseous during the activation
process is recommended prior to the use 6b&&d AC as a catalyst. Notably, aNM method
wasfurther developed for the forecast of TGA profiles for catalytic pyrolysis. The results obtained
from the ANN model are in good accordance with the experimental outcomes, depicting it as a
reliable tool for the prediction of the TGA experini@ndata. Our findings would serve as a
theoretical basis for future scal@ of the catalytic conversion of SS using slutigsed AC as a

catalyst.
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CHAPTER 6

DEVELOPMENT OF SLUDGE -BASED ACTIVATED CHAR SORBENT WITH
ENHANCED HYDROPHOBICITY FOR OIL SPILL CLEANUP

6.1. Introduction

Oil spill incidents have occurred globally during the exploration/production and
transportation process, bringing catastrophic environmental impacts on marine ecosystems and
coastal areagMotta et al., 2019) Despite advances in technologies and improved safety
guidelines, accidental spills will continue to occur due to human errors, equipment malfunction,
etc. Nevertheless, whenever an oil spill paps, it can represent a severe and challenging
ecological problem. The environmental pollution of oil spills requires an urgent need to develop
advanced material and methods to cleanup oil from the surface of water effectively, fast and
affordable while ntigating the negative consequences of spilleqlailet al.,2014) To address
these challenges, considerable efforts have been made to cleanup oils by employing different
techniques, categorized as chemical methods (in situ burning, surfactants, dispersants and
solidifiers), mechanical cleanups (barriers, boorisnsiers, synthetic sorbents) and biological or
bioremediation (use of microrganisms to alter, transfer and breakdown the hydrocarbons of oil)
(Thakkar et al., 2020)

Among the mentioned technicghysical recovery of spilled oil by the use of sorbents
remains a cornerstone in oil spill response, due to its effectiveness and proven ability to remove
oil from the environment by absorbing, capturing and recovering the pollutant within a sorbent
matrix (Bhardwaj and Bhaskarwar, 2018)he selection of an appropriate sorbent material plays
a crucial role in oil/water remediation. In this case, various materials such as ergaganic
hybrids(da Costa Cunha et al., 201®plymers(Abirami et al., 202Q)nanofibergKarzar Jeddi
et al., 2019) nanocompositedeamviteevanich et al., 20203ilicas(Thakkar et al., 2020and
carbonbased natural materia(dlgaini et al., 2018have been explored. Among these, natural
carbonbased materials have drawn attention due to their biodegradability, appritiachab
affordability and safe disposé@Kandanelli et al., 2018; Nurliyana Che Mohamed Hussein et al.,

2019) Accordingly, a stable carbon (@xh by-product, named char, generated through pyrolysis
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of agricultural and forestry biomasses in an oxylymited environment have been tested in recent
studies for oil spill removalAhamad et al., 2019; Kandanelli et al., 2018; Silvani et al., 2017)
However, their widespread application is limited by poor hydrophobicityotemphobicity with
unsatisfactory low oil sorption capaciti€Bayeb et al., 2020)n addition, they face difficulties
during separatioand recycle from the aqueous system. Therefore, inexpensive sorbent materials
with excellent hydrophobic araleophilicproperties along with facile and fast recovery processes

are greatly demanddgiivang and Wang, 2019)

In recent decades, the volume § generatedrom wastewater treatment plantsgs
considerably amplified due to the expansion of municipalities and industries. For instance, SS
annual production in Canada is now around 4 million tons/year (dry blasegt al., 2019)
Management of this waste material has included investigations of its potential use in the production
of char as an adsorbent f@moving a large range of organic/inorganic contaminants from water
and wastewatdAl -Malack and Dauda, 2017; Fan et al., 2017; Sizmur et al., 20h&)adsorption
capacity of char was enhanced through chemical activation, due to the improvements in the pore
structure, specific surface area and availability of hydrox@H) groups(Yan et al., 2020)
Nonethé¢ess, utilizing ACas a sorbent sters some main drawbacks for oil spill treatments. The
densities of the carbonaceous char and inorganic mineral regions are far more than the water, thus
as pores take up water, it sinks quickly when exposed to water. Recently, modification of char with
fatty acids (e.g., lauric acid) has drawn interest because it can reduce water penetration and
avoiding the filling of AC pore volume with watdiNavarathna et al., 2020Meanwhile,
substitution of hydroxyl groups with the alkyl chain from the lauric acid can provide greater sites
for higher oil uptake capacifbidik et al., 2012)However, lauric acidGHS classification: toxic
to aquatic life, category 2) is toxic to the aquatic environment. In this study, modification with
myristic acid (GHS classification: not -a haza
friendlyd opt i oforaquaticlifecaed its long ¢chan ohhydrocarbons may result

in better hydrophobicity and oleophobicity properties.

Separation of sorbents after the oil sorption process from the aquatic system is an energy
and timeconsuming task. To surpass routinedgedures such as filtration or centrifugation,
magnetic property has been functionalized to the synthesized sorbents structure to facilitate fast
recovery in the presence of a magfMhamad et al., 2019; Raj and Joy, 20189pwever, the

complex and costly chemically developed magnetic sorbents often induce toxic responses from
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aquatic organisméAhamad et al., 2019)ron-based coagulants are widely used in wastewater
treatment plants, resulting large amountF&fmineralsincorporated in SS during wastewater
treatment(Gu et al., 2018)The ferric ions within SS can be reduced torfanagnetite during
pyrolysis reactions in the optimized condition that result in magnetic prop@teset al., 2017)
That could be beneficial in terms of sorbent recovery by the use of mgghatsad et al., 2019;

da Costa Cunha et al., 2019)

Keeping these merits of SS in our mind, in the present study, we aimed to synthesis an
efficient and ecdriendly sorbent for oil spill cleanup with excellent hgghobic and oleophilic
properties with inherent magnetic function for the first time. Generally, SS can be directly
transformed to AC via pyrolysis reaction with high surface area and abundant hydroxyl groups.
The availability of the hydroxyl group permssarface modification with myristic acid to enhance
hydrophobicity and sorption properties. Furthermore;nfigerals can be reduced to form
magnetite during pyrolysis reactions. This process can theoretically produce highly efficient
sorbent properties thaan be recovered by the use of magnets to remove oil spills from surface
waters.The influence of the pyrolysis reaction, surface modification on sorption performance and
separation efficiencyas examined in the laboratory for the removal of motorrdl lgght crude
oil. The possibility of reusability was also investigated through five cy€essidering the high
performance, inexpensive precursor, green and facile synthetic procedure, the modified AC is

believed to be beneficial for the oil spill clagp.

6.2. Materials and methods

6.2.1. Materials

The SSused in this studis subjected to conditioning with a polyvalent cation (iron and
aluminum salts) in the treatment pla@ommercially available motor oil product and light crude
oil were employed aprobing liquids for oil sorption studies. The chemic&ssker Scientific,
USA) used in this research were analytical grade and used as received without further purification.
De-ionized (DI) water was obtained frolfillipore Integral 10 water system (Mippore, Billerica,
USA) andused in all experiments. The SS was carbonized in a tubular pyrolysis reactor
(Lindberg/Blue MMiniMi t e E Tube Fur nac eUSA) asTndieatedioFigSlc i ent i f
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6.2.2. Sorbent synthesis

The AC derived from SS was themodified with myristic acid and initiated as MAES
(Sidik et al., 2012)Briefly, a 2 g portion of AC was slurried with 1 g myristic acid and dissolved
in a warm aqueous methanol solution (70 °C, 10% (v/v)) and stirred for 6 hr. Theo|utens
was vacuurtfiltered to remove the MAESS. Finally, crude MAESS was washed several times

with n-hexane to remove excess myristic acid before being-dved at 105 °C overnight.

6.2.3. Characterizationof sorbent

The surface area of MAGS was meaured from N isotherms at196.15 °C using a gas
sorption analyzer (NOVAL200; Quantachrome Corp., USAhd MAC-SS was degassed for 12
hunder inert conditions at 200 °C before applying adsorption measurements; dthgokbed per
gram of samples schemedrsus the relative vapor pressure (P6? N2, and the data were fitted
to the BETequation to compute surfacesar FFIR spectroscopy (Thermo Scientific, 4700, USA)
was employed to evaluate the functional groups of the samples. The infrared spectalleeted
in a range of 400600 cm! with a resolution of 8 crh The samples were characterized bya)
powder diffraction (XRD) (Bruker AXYSEB Advance, USA) wusing Cu KU
X+ ays) to inspect the geyesfablPDBA. pAhe-S&Iosphal
was examined using aREl Quanta 4505EM (acquiredby Thermo Fisher Scientific, USA),
oper at i nigavacuum2The skaNt water and oil contact angle (CA) data was measured on
aVCA optima instrument (AST Prodts; Inc. Billerica, MA, USA) at ambient temperature, using
a sessile water drop method with 2 L | iquid c
by a Nikon (D700) digital camera and the surface color was modified for better observation of the

droplet. All measurements were performed in triplicate.

6.2.4. Oil sorption capacity

In this research, two parallel wédhown analytical procedures were carried out in order to
study the sorption capacity of the AC and MAS against motor oil and lightuxle oil(Ahamad
etal., 2019; Li et al2014) The properties of the studied oils for sorption capacity are summarized
in Table6.1.
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Table6.1 Characteristics of oil samples studied for sorption.
Oil Sample Viscosity (cP, at 25°C API (g/mL, at 25 °C)

Motor oil 219.2 0.89
Light crude oil 6.3 0.87

Both procedures were carried out at an ambient temperature and pH value of 6.5.
Noteworthy, the variation in pH, temperature and aqueous condition (i.e., DI or saline water) does
not affect the oil sorption process considerably according toreiffestudiegKandanelli et al.,

2018; Navarathna et al., 20200 this case, no adjustment has been carried out regarding the pH
and temperature. Besides, DI water has been useteasimulated water body. In the first

procedure, according to ASTM F72&, 25 mL of deionized water and 2 g of oil was added to a

50 mL glass beaker and a mesh screen basket was depressed at the bottom of the beaker before

adding the oil samples in a stacondition( De mi r e | Bay é k The mesh sizé foré n
filtration was |18 @gd sothdntavas sprifkled anto thd saréace ol ldyer and
allowedto equilibrate for 60 s, without agitation or swirling, collected by the mesh screen and the
sorbent was left to drain for 30 + 3 s. The sorption capacity was determined as the ratio of the
adsorbed amount of oil to the initial dry weight of the sorbettt thie following equation (g oil/g

dry sorbent):
Oil-sorption capacity (g/g) = M Ms/ Mg (6.1)

where M and M are the mass of the initial dry sorbent material and total mass of the sorbent

samples after oil adsorption, respectively.

Naturally, ctar derived from SS has a magnetic property to ensure the easy recovery of the
sorbent via the application of an external magnetic field. This property is based on the presence of
a high amount of Fe in raw SS (see TablE) making the ACmagnetic duringhe pyrolysis
procesgKomlev et al., 2018)Thus, in the second procedure after sprinkling the sorbent on top of
the oil after 60s the sorbent with adsorbed oil was recovered using an external magnet and
weighted under the static condition as depicted in Bidg(a-d). The sorption capacity was
measured using E@.1 The maximum variation in the oil uptake capacity between the two

procedures fsm the same type of oil was (aBd their mean values were presented in the outcomes
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in this research. Modification with myristic acid prevented water to occupy the AC pore volume,

thus, the MAGSS floated on the water surface as illustratelig.6.1(e).

MAC-SS
smeared over
the spilled oil

Motor oil on
spilled over
water surface

MAC-SS along
with the oil is
removed by an

(e)
MAC-SS

regenerated with
tolune (floating

on water
surfacer)

magnet

Fig. 6.1(a-e). Schematic depiction of oil removetbm the water surface with MAGS sorbent
via magnet bar.

6.2.5. Reusability

The reusability of sorbents plays a crucial role in pollution control and environmental
protection(Bhardwaj and Bhaskarwar, 2018; leamviteevanich et al., 2@2@prdingly, repeated
absorptioindesorption cycles of oils were performed @waluate the reusability of fabricated
MAC-SS based on solvent extraction. This approach is previously conducted as an efficient
technique for oil adsorbed coconut sHmdlsed activated carberon oxide magnetic
nanocompositéRaj and Joy, 2015)n this technique, the oil forms the sorbent was desorbed using
ethanol and when all the oil was desorbed, the sorbent wasinliaadoven at 120 °C to remove
adsorbed ethanol and reuse for further sorption tests. In this study, we have repeated the
absorptioindesorption process 5 times for both types of oils. Weight gains were noted after each

sorption cycle, and the recoveredl weights were documented.
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6.3. Results and discussion

6.3.1. Detailed characterization of sorbent

6.3.1.1. F-IR analysis

The functional groups detectible on the IR spectrum could verify the possible functional
groups involved in bonding interaction beeveAC and myristic acid. Therefore, to identify the
functional groups formed on the surface of both sample$RFanalyses have been conducted and
represented in Fig.2 The spectra of the examined AC exhibited two bands in the-2000 cm
! range. Thébroadband centered at about 3400'aran be ascribed to the stretching vibration of
intra- and intermolecular hydrogefbonded (GH) stretchingd Zi el | Bska et al .,
2017) The small band at about 2900 “tris ascribed to the € symmetric and asymnrét
vibration mode of ethyl and methylene grodbi et al., 2012)However, two intense peaks have
appeared between 282900 cm* for MAC-SS. The doublkpeak phenomenon is attributed to the
C-H asymmetric stretching of carboxylic and carboxylateugs, indicating the successful
decoration of AC with myristic aci@Sidik et al., 2012)Between 1404700 cm* for MAC-SS
two intense peaks can be observed in comparison to AC. The peak at 14 i€pcesents the C
H bending vibration mde and 1610 crhs attributed to the C=0 stretching of the carbonyl group
(Yang et al., 2019)Both peaks are linked toyristic acid structure. The strongest peaks for both
samples are around 1000 €mssigned to the-© stretching vibratiofAntunes et al., 2017 he
peaks near 870 crhcan be allocated to the alker@=C group for both AC and MAGS(Zhang
et al., 2018a)
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Fig.6.2 FT-IR analysis of AC and MAESS.

6.3.1.2. Xray diffraction

The sharp diffractn peaks illustrated in Fi@.3, indicated good crystallinity of the AC
and MAGSS patrticles. The expected sharp peak of myristic acid af Z.66° was observed for
MAC-SS, confirming the success in modification of AC with myristic gbldvarathna et al.,
2020) The XRD pattern of AC and MAGS shows a broad and lentensity Bragg diffraction
peak between #= 20-35° which is ascribed to amorphous carbon matrix (002) orientation
(Ahamad et al., 2019; Shokry et al., 2020he low intensity with a broad peak is evidence of
nanoscale carbon particles which is in agreement with the resu{Beshkar et al., 2017)
Correspondingly, at® = 44.65° an overlapped peak was observed for the materials indicating
graphite (101) plane@andanelli et al., 2018Higher intensity of (002) compared to the (101)
plane can be an indicator of the porous structure of the matéikiatalev et al., 2018)As
evidenced by Zhu and coworketsgh pyrolytic temperatures (above 600 °C) are beneficial for
spinal FeO crystalline evaltion (Zhu et al., 2019)The XRD pattern certifies the presence of
cubic phase of B®.in the materials based on the observed peaks at approximgtelyd0.97,
35.04, 43.7 and 65 which are attributed to the (220), (311), (400) and (440) lattice planes,
respectively(Cho et al., 2017; Di lorio et al., 2019)hese outcomes are evident that the ferric
hydroxides are decomposed to form magnetigOkgarticles during the activation pyrolysis

reactionand are in line witliGu et al., 2018)nvestigation.
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Fig.6.3. XRD patterns of AC and MAGS.

6.3.1.3. Morphology and textural studies

A preliminary idea about the structure of the sorbent surface was elucidated by SEM
images.As displayed in Fig6.4, micropore sizes were observed in the prepared sorbent.-MAC
SS is composed of agglomerated carparticles with a size ranging from tens to hundreds of
nanometers in diameter. Moreover, the BET surface area was found asi®2@.8% AC which
is comparable to the values of other orgamsed sorbents used for oil recovery in literature such
as datepalm pits(Ahamad et al., 2019Douglas fir(Navarathna et al., 202@nd coconut shell
(Raj and Joy, 2015)
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Fig. 6.4. SEM spectra oMAC-SS.

6.3.1.4. Contact angle measurements

The intrinsic hydrophobicity of a sorbent is critical for water/oil separaBasically,a
hydrophobic surface has a strong ability to repel water. Naturally, a water drop can easily roll off
from lotus leavesvithout wetting them due to its no adhesive properties. This phenomenon must
be addressed for developing sorbents with the purpose of oil spill recovery applications. The water
CA values for AC and MAGSS ardlisplayed in Tablé.2. Surfaces with a wat&A in the range
of 90-150° are considered hydrophobic and over 150perhydrophobi¢Beshkar et al., 2017)

There is evidence that the production of char at higher temperatures has fewer polar functional
groups and greater hydrophobicifghang et al.,, 2020)Consistent with that, AC had a
hydrophobic CA value of around 122.4°. Despite its hydrophobicity, AC sinks rapidly whed s
placed on the water surface.
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Table6.2. CA measurement for MAGSS and refance data.

Base sample Preparation process CA Ref.
Douglas fir Char from gasification; Lauric acid 1359 + 5 5 (Navarathna
chips modification; Magnetite with FE©s. R et al., 2020)

. - . . o (Ahamad et
Date palm pits  Char from pyrolysis; Magnetite with E@s. 148 al., 2019)
Winter melon  Char from hydrothermal and pesgtyrolysis. 135° (Zlélei)al.,

Activated char from pyrolysis. 122.4°+ 3.8
Sewage sludge  activated char from pyrolysis; Myristic acid Pt:fjsem
’ 152.2°+3.p2 SUY

modification.

aCA is based on the average of 5 measurements with a standard deviation of 3.8.
bCAis based on the average of 5 measurements with a standard deviation of 3.2.

Interestingly,the water droplet takes a spherical shape when deposited on theS8AC
sorbent and instantly bounces off the surface, indicating disfavor towards the water as pictorial
representation is indicated in F@y5(a). The CA image of MAESS is shown in Figs.5(b) inset,
where a water droplet (size 2 mm) deposited on the M¥SGsurface, is almost perfectly spherical
with a CA of about 152.2° verifying supleydrophobicity property.To further confirm the
superhydrophobicity of MAESS, once it wasitroducedon the water surface it remained buoyant
and did not sink (see Fi§.1(e)). The MAGSS continued floating for at least 4 weeks before some
of the sorbent particles started descending. The phenomena can be explained due to the carboxylic
acid groups attracted thydroxyl functions on AC surface. This makes the hydrocarbon chains of
myristic acid (CH(CH2)12COOH) bulging from the surface where it would block water access to
the surface and into the AC pore structure. The CA measurements of AC anibBlA&ve been
compared with other biomasterived sorbents in the literature (see Tahl® . ltds cl ear
Table 6.2 that MAC-SS has higher CA in contrast to other materials due to the modification

process.
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Fig.6.5. (a) Optical image of a water droplet with spiloal shape on MAGS surface, (b) CA
of 152.2°+ 3.2h

By contrast, when oil droplet was deposited on the M@& surface, they spread quickly
on the surface and permeated it thoroughly, exhibiting M#&excellent oleophilic propertyig.
6.6 shows theCA 0° of using motor oil, resulting in a high sorption capaditghould be noted
that CA measurement time was within 10 s of contact of motor oil with the surface of sorbent

which proves the hasty sorption process of the M3&

Absorbed oil

Fig.6.6. The oleophik surface of MAGSS which the motor oil spread has penetrated the inner
pores of the MAGSS with a CA of @.

6.3.2. Sorption capacity studies

To study the sorption efficiency of AC and MAES quantitatively, motor oil and light

crude oil were selected. €be materials are common pollutants in our daily lives as well as from
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industry. As displayed in Tabl&.3, the sorption capacity in DI water under static condition
indicated uptake capacity of 6.3 g motor oil/g and 8.4 crude oil/g for AC and 8.5 g nigt@mal

10.7 g crude oil/g for MAESS based on an average of 6 uptake experiment, 3 experiments with
screen and 3 experiments with magnet removal. The difference in sorption capacities of the oils
can be accredited to their API gravity which results imigher pore diffusion for crude oil. In
general, AC and MAE&SS canremwe oi |l s at approximately 8110
sorption capacity of MAESS has been enhanced by myristic acid decoration on the surface. It is
greater than those of biomassrived char sorbents, such as maple, coconut shell, pinewood rice
husk and wood chips as compared in Tablg The explanation can be contributed to the
effectiveness of myristic acid by enhancing the affinity of M&S to adsorb oi(Sidik et al.,

2012) The deposition of myristic acid on the surfacehsd AC leads to a rich alkyl chain that
promotes the noepolar layer on the AC surface. These hydrophobic tails grant more contact areas
and sites for oil adsorption. It must be mentioned, the sorption capacity of38A0r motor and

crude oil is not thenighest ever reported such as polymgesmviteevanich et al., 202@nd
zeolites(Zhao et al., 2020However, it has the benefit of the lav@st and ecdriendly synthetic

procedure.

Table6.3. Oil sorption capacity of AC and MAGS in comparison to other chbased sorbents.

Sorbent Type of oil Sorption capacity (g/g) Ref.
Maple char Crude oil 3.80 (Nguyen and Pignatello,
2013)

Coconutshell char Motor oil 3.01 (Raj and Joy, 2015)

Raw wheat char Motor oil 5.64 (Tijani et al., 2016)

Pinewood char - 0.70 (Silvani etal., 2017)

Wood chips char  Crude oil 6.87 (Navarathna et al., 2020)

Rice husk char Motor oil 7.50 (Angelova ¢al., 2011)
Light crude oil  6.00

AC Motor oil 6.30 Present study

Light crude oil  8.40
MAC-SS Motor oil 8.50
Light crude oil  10.70
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6.3.3. Sorbent reusability

Recovery of the adsorbed oil and reuse of the sorbent must be taken into acwount af
uptake and removal from water for MAES. The results of sorption capacity for 5 repeating cycles
to study the reusability of MAGS for motor oil and light crude oil are displayed in BiF. The
recyclable sorption behavior of MASS for both oilss similar. A slight decrease in the oil uptake
was observed in the first three cycles, then no obvious change in the sorption capacity-of MAC
SS can be noted. The same behavior has also been reported for otherlmgadisorbents such
as esterified calllosic sago wastéNgaini et al., 2018)banana pedlAlaa EFDin et al., 2018)
coconut shell based ARaj and Joy, 2015karbon aerogel from winter melghi et al., 2014)
and commercial chgdNavarathna et al., 2020Y1AC-SS motor oil uptake for the first three cycles
was 8.5, 7.53 and 7.1 g/g, respectively, and for light crude oil was 10.7, 9.8 and 9.1 g/g,
respectively. The oil sorption capacity goes down witlyekeg cycles which can be attributed to
a partial loss of myristic acid during ethanol stripping. In addition, charring of oil molecules and/or
ethanol trapped on surfaces and pores structure of the sorbent may result in a decrease in the
porosity after he first cycle(Raj and Joy, 2015Although the sorption capacity lessened after the
first cycle, it remains almost cetant from the third cycle onwards and the rate is still promising
in contrast to the previously reported sorbgnt® e mi r e | Bayéek and Alteéen,
et al., 2020)Overall, a minor difference was observed in both sorption capacities of the motor oil
and light crude oil onto thRIAC-SS. Alternative methods such as distillation also can be carried

out for the regeneration of sorbent with the advantage of harvesting the oil.
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Fig.6.7. Variation in the sorption capacity of MASS (g/g) on recycling of motor oil and light
crude ol.

6.4. Conclusions

This work explores, for the first time, the potential of utilizing SS waste as a precursor for
sorbent synthesis through pyrolysis reaction and surface modification with myristic acid as an
integrated approach from the perspective efremmental sustainability and oil spill cleanup. The
magnetic AC production was successfully carried out and was supported by XRD analysis.
Meanwhile, the presence of hydroxyl groups on the surface of AC was confirmedIByRaking
surface modificatiorwith myristic acid applicable. The developed MAS sorbent revealed a
superhydrophobic and superoleophobic property affirmed by water CA of 152.2 and oil CA of 0°.
The oleophilic property resulted in high sorption capacity for spill oils 8.5 and 10f@rgfuptor
oil and light crude oil, respectively, from water solution. The recycling and recovery studies with
ethanol stripping supported the reuse of the sorbent up to at least 5 cycles. The innovative strategy
of this work can further be extended to bieader development of sorbents by coating the material

on stainless mesh or creation of thitBmensional network structured biocomposites
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1.Overall conclusion

The main purpose dfieresearch work presented indldissertation is to provide scientific
reference and technical support for the research and further development of pyrolysis technology
for SS waste processirgr different applications that can combat environmental probleisiag
pyrolysis reactionSS wasteesourcewith low value can be converted into clean and high energy
density valueadded products including bimil and char as a sustainable approdchexamine the
objectives of this research pyrolysis reactor was designed and built for ékperiments Also,
the thermal behaviors and reaction kinetics ofpgwmolysis and catalytic pyrolysis were
investigated using TGA telucidatetheir reaction mechanismAs to co-pyrolysis, for the first
time, SS was mixed with LDPED increase the overdliHI value ofthe feedstock LDPE proved
to be a good hydrogen supplier to increase the oveffatiency of the process. The reaction
resultedin a significant synergistic effect between the materidts.addition kinetic and
thermodynamic parameters mgecvaluated which tlireknowledge will provide referential values

to describe the cpyrolytic of SS and LDPE for bioenergy application.

Besides its lowcost and availability, the major advantage of SS over other sources of
biomassess its high inherentmetallic containing.This featurehas beertonsideredo extend the
application of sludgéased char fothe synthesis ohighly performantcatalyss and advanced
sorbents for oil spill cleanup applications. this thesis several pyrolysis pathways foom
catalytic and catalytic pyrolysis of SS ov&@udgederived AC were postulated by analysis and
identification of pyrolysis products. Alsa,comparison between HZSM5 asllidgederivedAC
catalyst, as a green and efficiegternative demonstrated higlperformance, especially for
upgrading bieoil compositionand removing harmful gase$¥Ve have also investigated the
potential conversion of the Hainerals via pyrolysis to magnetic sorbents that can bityeas
recovered from the contaminated media by mggpibn of an external magnetic fieldFurther
modification of thesludgebasedAC with myristic acid enhanced the sorption capacity and

allowed the material to float ahe water surfaceOverall, the solid residue from pyrolysis of SS
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showed to be raecofriendly and efficient material with various applicat®which can be

developed as an alternative to enemgfgnsive materialgwestigatedn previousstudies

7.2.Contribution of research

The research work presented in this dissertation offers pnalgn insight intothe
extension ofSS pyrolysisapplication The generalcontributiors of the present worlare either

published or submitted argén bepointed out as

1 The pyrolysis setup was designed, built and optimized for the related experioments
converting biomass to valuadded products

1 Theco-pyrolysis of SS and LDPE was investigatedthe first timeThe process efficiency
based othermakinetics and thermodynamic parameters shoapdsitive synergic effect
and proved the feasibility of thheaction(Zaker et al., 2020)

1 The pactice of catalytic pyrolysis over sludgerivedAC as an alternative to HZSM5
catalyst wa invested for the first time. As a restifteuse of sludgealerived AC asaeco
friendly catalyst is promisindpr the production of biefuel (Zaker et al., 2021; Zaker and
Chen, 2021

1 Theevolutionof a sludgebasedAC for oil spill cleanupvasexplored as a green attempt

to tackle environmental pollution.

7.3. Recommendatios for future work

Based on the studies of this dissertatitre future researchdirections that should be

undertaken are briefly presented as follows

1. Long-chain vax (>C23)is the main product in thieio-oil produced from the pyrolysis
of plasticssuch as LDPHKZhang et al., 2019)lo fill this research gap,cepyrolysis of SS with
LDPE for biofuel production requires further investigatioegpecially, for the bicoil quality and
yield. Also, it is an interesting practice to integratepywolysis and catalytic pyrolysis proces
with the aim ofcracking the longchain waxhydrocarbongo diesel (C9C23) and jet fuel range
(C8i C16).
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2.Catalyss play a critical role i8S thermochemical conversion technoloblye catalytic
experiments in thisesearchand most similar literature studiggere examinedn a benchscale
batch reactarA detailed cosbenefit analysis, energy and mass balance neduls performed to
assess the feasibility of the procdss scaleupping Moreover,to realize theeconomical and
efficient useof the SScatalytic pyrolysis technologya costeffective and intelligent operation
mode should be further studidebr instarwe, microwaveheating can be considered agractical

approach based on our surV@&aker et al., 2019nd similitude theory could be applied.

3. A challengdacing commercializing catalytic pyrolysis is deactivation and regeneration
of the catalysts. The process is commonly plagudtiéiprmation of coke on the catalyst surface.
The coke could rapidly deactivate the catalyst and reduce its lifefiorther studies concerning
the deactivation and regeneration of AC catalgset highly recommendedn addition, exsitu
catalytic pyrolysis, whereatalystsare ina separated catalyst bed downstream of the pyrolysis
reactor, requireguxiliary investigation The benefit of this typef procedure is the ability to
remove the cataly$b avoid contamination and to be easily separated and collectachimble
byproduct The catalyslifetime can be prolonged and can be recycled and regenerated more easily,

resultingin areduction in cost

4.1n oil spill remediation, sorbents withodifiedproperties have emergedany types of
sorbents have beeatevelopedhat performed well at laboratory scal®wevertheir durability in
long-term applications h&not been established y&onsidering the issue of applying sorbents in
largerscale aquatic environments the material can be easily diminisheddbydunditions such
astheblow of wind. Therefore, larger and robust sorbents are requirélais context, coating the
fabricated AC on a thregimensional network structured nanocelluleap®nge can be feasible
practice. Nanocellulose is a natural filhleatcan be extracted frothe plant cell wall. Besides its
physical advantages such as high surface area, lightweight, high porosity, and biodegradability; it
has a large number of hydroxyl groups. These functional group$aaoeable for surface
modification with AC. Then, the agrepared sponge can be fixed onto stainless steel amesh

applied tolargerscale applications.
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Appendix A: Compounds of bic-oil detected by GC/MS

TableA.1. Major chemical compounds present in pyrolytic-bibof SS.

RT Relative
No. (min) Compound MW CAS Number cE/:Oontent
1 3.838 Pyridine 79.042 000110861 0.15
2 4.283 Toluene 92.063 000108883 0.33
3 4.843 Ethanimidic acid, ethyl ester 87.068 00100084-6 0.22
4 5.066 Diglycolic acid 134.022 000110996 0.20
5 5.912 Butanoic acid 88.052 000107926 2.34
6 6.923 Pyridine, 3methyk 93.058 000108996 0.77
7 7.14  2-Propanone, dacetyloxy) 116.047 000592201 0.26
8 7.413 Butanoic acid, 2nethyt 102.068 000116530 0.32
9 7.718 Styrene 104.063 000106425 0.42
10 8.024 Heptanoic acid 130.099 000111148 0.17
11 8.208 2-Cyclopentenl-one, 2methyk 96.058 001120736 0.48
12 8.425 Pentanoic acid 102.068 000109524 0.51
13 9.061 Pyridine, 2,5dimethyk 107.073 000589935 0.10
14 9.474 Pyridine, 2,5dimethyk 107.073 000589935 0.21
15 9.761 Hexanamide 115.1 000628024 0.13
16 9.901 Pyridine, 3ethyl 107.073 000536787 0.10
17 10.072 2-Cyclopenterl-one, 3methyk 96.058 002758181 0.42
18 10.632 .alpha:Methylstyrene 118.078 000098839 0.20
19 10.957 Phenol 94.042 000108952 0.53
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4-(4-(2-Naphthoxy)butylthio)s-
methylpyrimidin2(1H)-one

Cholesta3,5-diene

7-Cholester3-one

Pyridine3-carboxamide, oxime, N

(2-trifluoromethylphenyly
2,4-Dibenzylt5,8-dimethoxy6-
methyt1-naphthol
2,4-Dibenzylt5,8-dimethoxy-6-
methyt1l-naphthol

129

282.256

281.272

283.288

225.209

282.256

270.044

278.152

378.127

282.256

324.376

260.992

350.391

370.36

370.36

320.199

340.125

368.344

384.339

281.078

398.188

398.188

05600920-2

1000190613-7

00030102-0

00012426-5

072255857

1000190613-7

1000140664-2

004376209

100013794-7

000112798

00063867-5

03968907-1

1000131094

028338694

040071656

1000315299

11836579-0

000747900

01309/64-8

28824653-7

08664980-1

08664980-1

0.20

0.23

1.17

0.88

0.18

0.21

0.30

1.26

0.14

0.13

0.16

0.11

0.45

2.50

1.63

1.53

0.51

1.88

0.44

0.90

1.10

1.18



107

108

109

110

111

112

113

114

115

116

52.042

52.354

52.628

52.793

53.137

53.684

54.937

55.421

56.54

56.827

Corynanrl6-carboxylic acid, 16,17
didehydre9,17-dimethoxy, methyl  398.221
ester, (16E)

Ergost22-en-3-ol,

(3.alpha.,5.beta.,22E) 400.371
Epicholestanol 388.371
StigmastarB,5-diene 396.376
Cholest5-en3-ol (3.beta) 386.355
Pyridine-3-carboxamide, oxime, N

(2-trifluoromethylphenyl) 281.078
Cholest4-en-3-one 384.339
3'-Ch|orooxan|I|c_ acid N(B-eth_oxyL 361.083
4-hydroxybenzylidene)hydrazide

Pyridine3-carboxamide, oxime, N 281078

(2-trifluoromethylphenyl)

Hexadecanoic acid, hexadecyl este 480.491

00469#67-0

05552792-9

000516950

100021416-4

00005#88-5

288246-53-7

00060157-0

32801874-2

288246-53-7

00054010-3

0.73

0.62

0.68

1.15

191

0.75

0.92

0.57

0.43

0.67
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TableA.2. Major chemical compounds present in pyrolytic-bibof SSHZSM5@21.

RT Relative
No. (min) Compound MW CAS Number (():/Sntent
1 3.698 1,4Cyclohexadiene,-nethyl 94.078 004313579 1.24
2 3.78 Pyridine 79.042 000116861 1.20
3 4.022 Cyclopentene, &thyl 96.094 000694359 1.74
4 4.219 Toluene 92.063 000108883 12.22
5 5.021 Butanoic acid 88.052 0001074926 7.11
6 5.18 Butanoic acid 88.052 000107926 6.90
7 6.414 Butanoic acid, 3methy} 102.068 00050374-2 2.20
8 6.72 Ethylbenzene 106.078 00010041-4 3.42
9 6.968 p-Xylene 106.078 00010642-3 6.27
10 7.642 1,3,5,7Cyclooctatetraene 104.063 000629209 4.32
11 9.913 Benzene, fethyl-2-methyt 120094 00061114-3 2.98
12 10.69 Phenol 94.042 000108952 2.02
13 (130.89 Benzene, 1,2 &imethyl- 120.094 000526738 1.09
14 £193.64 Phenol, 3methy} 108.058 000108394  2.27
15 18.27 Isoquinoline 129.058 000119653 0.80
16 E38.91 Naphthalene, 1;2lihydro-4-methyl  144.094 004373131 0.84
17 59.90 1,4-Methanonaphthalene, 1,4 142.078 004453901 4.17
8 dihydro-

18 22.48 1H-Indole, Xmethyt 131.073 000603769 3.03
19 22.79 Naphthalene, 2;dimethy} 156.094 00058216-1 1.83
20 E54.94 1-Penta@cene 210.235 01336061-7 1.20
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21

22

23

24

25

26

29.67

33.92

37.80

48.6

48.98

50.06

Tetradecanenitrile
Pentadecanenitrile
Heptadecanenitrile
Cholest3-ene, (5.alpha:)
Cholest5-ene

Cholesta3,5-diene

209.214

223.23

251.261

370.36

370.36

368.344

00062963-0

018306919

00539902-0

028338694

000570674-1

000747900

1.86

15.05

7.56

3.71

2.33

2.67
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TableA.3. Major chemical compounds present in pyrolytic-bibof SSAC@21.

T Relative
No. (min) Compound MW CAS Number (():/Sntent
1 3.717 1,3,5Heptatriene, (E,E) 94.078 017679935 1.13
2 3.793  Pyridine 79.042 000116861 1.08
3 4.029 Cyclopentene, ®thyk 96.094 000694359 1.64
4 4.226  Toluene 92.063 000108883 8.93
5 4.792  1-Octene 112.125 000111660 5.82
6 4,957  Ethyl .alpha:d-glucgoyranoside 208.095 1000127294 4.60
7 5.937 2-Cyclopentenl-one 82.042 000936303 1.88
8 6.72 Ethylbenzene 106.078 000100414 3.25
9 6.981  p-Xylene 106.078 00010642-3 2.47
10 7.642  Styrene 104.063 000100425 5.71
11 7.922  Nonane 128.157 000111842 1.32
12 8.119  2-Cyclopenternl-one, 2methyt 96.058 001120736 2.03
13 8.399 2-Hexene, (B) 84.094 004050457 1.70
14 9.964  2-Cyclopentenl-one, 3methyt 96.058 002758181 4.01
15 10.702 Phenol 94.042 000108952 1.14
16 10.88 1-Decene 140.157 000872059 1.91
17 11.122 Decane 142.172 000124185 1.97
18 12.344 2-Cyclopenterl-one, 2,3dimethyt  110.073 001121057 1.29
19 13.215 Acetophenone 120.058 00009886-2 1.37
20 13.635 Phenol, 4methy} 108.058 000106445 0.84
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

14.011

15.156

17.007

17.236

18.941

19.819

20.035

22.472

22.669

24972

25.157

27.345

29.744

33.949

37.448

37.798

48.607

48.989

Cyclopropame, 1-heptyt2-methyt
Benzyl methyl ketone
Cyclododecane

Dodecane

Naphthalene, 1;8ihydro-3-methyt
1-Tridecene

Tridecane

2-Tetradecene, (E)
Tetradecane

1-Pentadecene

Pentadecane

1-Hexadecene

Hexadecane
2-Heptadecanone
Cyclopropaneoctanal -@ctyl-
2-Nonadecanone
Cholest4-ene

Cholest7-ene, (5.alpha:)

154.172

134.073

168.188

170.203

144.094

182.203

184.219

196.219

198.235

210.235

212.25

224.25

226.266

254.261

280.277

282.292

370.36

370.36

07466391-5

000103797

00029462-2

00011240-3

002717-44-4

00243756-1

00062950-5

03595353-8

000629594

013360661-7

00062962-9

00062973-2

00054476-3

00292251-2

05619606-6

00062966-3

01673286-8

040071656

1.07

1.19

2.84

1.12

3.34

4.27

2.60

5.85

3.17

2.67

3.41

0.57

2.40

3.75

2.11

2.56

181

1.19
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TableA.4. Major chemical compounds present in pyrolytic-bibof SSHZSM5@11.

RT Relative
No. (min) Compound MW CAS Number 0c/(omtent
1 3.698 1,4Cyclohexadiene,-ethy} 94.078 004313579 1.21
2 3.78 Pyridine 79.042 000110861 1.34
3 4219 Toluene 92.063 000108883 15.65
4 4474  5-Heptyn3-ol 112.089 1000231499 1.23
5 4919  Butanoic acid 88.052 00010792-6 4.16
6 5.014  4-Octene, (B 112.125 014850238 0.90
7 6.274  Hexanoic acid, dbromo 193.994 004224708 0.95
8 6.719  Ethylbenzene 106.078 000100414 2.81
9 6.968 p-Xylene 106.078 00010642-3  9.37
10 7.629  Styrene 104.063 000100425 3.69
11 9.601 Benzene, propyl 120.094 000103651 1.38
12 9.913 Benzene, Jethyl-2-methyt 120.094 00061114-3 3.36
13 10.715 Phenol 94.042 000108952 1.55
14  10.893 Benzene, 1,3%imethyl- 120.094 00010867-8 2.58
15 12.49 Indene 116.063 000095136 1.45
16  13.654 Phenol, 3methy} 108.058 000108394 1.45
17  16.74 Naphthalene 128.063 000091203 1.39
18  18.279 Quinoline 129.058 00009122-5 4.19
19 18.915 2-Propenenitrile, henyt, (E)- 129.058 001885387 1.20
20 19927 Indole 117.058 000120729 7.17
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21

22

23

24

25

26

22.491

22.796

24.953

29.673

33.93

37.836

1H-Indole, 4methyt
Naphthalene, 2;dimethyk
1H-Indole, 2,3dimethy}
Tetradecanenitrile
Pentadecanenitrile

Octadecanenitrile

131.073

156.094

145.089

209.214

223.23

265.277

01609632-5

00058216-1

000091554

00062963-0

018300919

00063865-3

7.71

1.43

4.16

2.86

14.02

2.81
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TableA.5. Major chemical compounds present in pyrolytic-bibof SSAC@11.

RT Relative
No. (min) Compound MW CAS Number 0c/(o)ntent
1 3.755  Pyridine 79.042 000110686-1 3.00
2 4.022  1-Ethylcyclopentene 96.094 002146385 1.66
3 4.219 Toluene 92.063 000108883 10.70
4 4506  1-Butene, 3,imethy} 84.094 000558372 1.39
5 4779  2-Octene 112.125 000111671 7.30
6 4,995 Octane 114.141 000111659 2.18
7 5193 ot Fe’{r:;ffo'e’ 4 &dihydro4,5> 98.084 028010945 1.37
8 5.466  Pyridine, 2methyt 93.058 00010906-8 0.98
9 5.918 2-Cyclopentenl-one 82.042 00093030-3 2.96
10 6.261  Formic acid hydrazide 60.032 000624840 0.93
11 6.427  1H-Pyrrole, 3methyk 81.058 000616433 0.48
12 6.739  o-Xylene 106.078 00009547-6 1.79
13 6.974  p-Xylene 106.078 00010642-3 1.79
14 7.629  Styrene 104.063 000100425 6.19
15 7.928 Nonane 128.157 00011184-2 0.94
16 8.113  2-Cyclopentenl-one, 2methyt 96.058 001120736 1.65
17 9.97 2-Cyclopentenl-one, 3methyt 96.058 002758181 2.01
18 10.708 Phenol 94.042 000108952 1.67
19 10.867 1-Decene 140.157 000872059 1.81
2-[5-(1-Hydroxy-1-methylethyl}2,2-
20 11.097 dimethyl[13]dioxolan4-yllJpropan  218.152 1000196336 1.71

2-ol
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

11.949

13.171

13.641

14.144

15.862

16.428

19.742

19.914

20.194

22472

24.972

25.15

27.332

29.235

29.705

33.93

37.441

37.798

48.607

2-Cyclopenterl-one, 2hydroxy-3-

methyk

2-Pyrrolidinone

Phenol, 4methy}

2-Propeng 3-(dimethylamino)2-

(methylamino)

Phenol, 2,5dimethy}
2-Piperidinone
1H-Purine, 8methy}
Indole

1H-Purine, 8methy}t
1H-Indole, #methyt
1-Pentadecene
Pentadecane
1-Hexadecene
1,12-Tridecadiene
Heptadecane
Pentadecanenitrile
9-Tetradecenal, (£)

Octadecanenitrd

Acetamide, 2adamantai-yl)-N-

(1-adamantati-ylethyl)-

112.052

85.053

108.058

128.095

122.073

99.068

134.059

117.058

134.059

131.073

210.235

212.25

224.25

180.188

240.282

223.23

210.198

265.277

355.288

000086717 1.11

000616455 2.72

000106445 2.57

049582629 0.97

00009587-4  1.26

00067520-7 3.94

000934338 1.15

000120729 2.25

000934338 0.48

000933675 4.25

013360661-7 3.50

000629629  2.39

000629732 0.65

021964487 2.35

000629787 4.56

018306919 7.78

05393927-8 2.34

000638653 2.48

1000311054 0.78
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TableA.6. Major chemical compounds present in pyrolytic-bibof SSHZSM5@41.

RT Relative
No. (min) Compound MW CAS Number (():/Sntent
1 3.704 1,3,5Heptatriene, (E,E) 94.078 017679935 1.01
2 3.787 Pyridine 79.042 000110861 0.81
3 4.022 1-Ethylcyclopentene 96.094 002146385 1.36
4 4.219 Toluene 92.063 000108883 5.67
5 4.429 Acetamide 59.037 000060355 1.16
6 5.199 Butanoic acid 88.052 000107926 12.31
7 5.937 2-Cyclopentenl-one 82.042 000936303 0.86
8 6.433 Butanoic acid, anethyt 102.068 00050374-2 2.04
9 6.72 Ethylbenzene 106.078 000100414 2.34
10 6.968 p-Xylene 106.078 00010642-3 2.66
11 7.636 Styrene 104.063 000100425 3.21
12 9.932 Benzene, Jethyl-2-methyt 120.094 00061%14-3 1.72
13 10.702 Phenol 94.042 000108952 2.53
14 10.899 Benzene, Jdethyl-3-methyt 120.094 000620144 0.96
15 11.122 3-Heptanol, 4methyk 130.136 014979396 1.66
16 11962 1,2-Cyclopentanedione,-Biethy} 112.052 000765708 0.77
17 12.865 1,2,3,4,5,8Hexahydronaphthalene 134.11 036231137 1.16
18 13.145 2-Pyrrolidinone 85.053 000616455 1.10
19 13.641 Phenol, 4methy} 108.058 000106445 2.00
20 15.442 Benzaitrile, 2-methyt 117.058 000529191 0.73
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37
38

39

40

41

42

15.715

15.881

16.46

16.727

18.286

18.903

19.914

22.44

22.803

24.94

26.677

29.674

31.067

33.917

34.42

35.1

37.448
37.804

38.173

39.096

48.276

48.6

Naphthalene, 1;2ihydro-
Naphthalene, 1;2ihydro-
2-Piperidinone
1H-Indene, tmethylene
Isoquinoline
Naphthalene, 1;2lihydro-4-methyk
Indolizine

1H-Indole, 4methyt
Naphthalene, 2;dimethyt
Cyclopentadecane
Dodecanoic acid
Tetradecanenitrile
Tetradecanoic acid

Pentadecanenitrile

Pentadecanoic acid, dvethyl,
methyl ester

n-Hexadecanoic acid

Oleanitrile

Heptadecanenitrile
Heptadecanoic acid, idethyl,
methyl ester
Tetradecanamide

Amidephrine

Cholest3-ene, (5.betd-

140

130.078

130.078

99.068

128063

129.058

144.094

117.058

131.073

156.094

210.235

200.178

209.214

228.209

223.23

270.256

256.24

263.261
251.261

298.287

227.225

244.088

370.36

000447530

000447530

00067520-7

00247184-3

00011965-3

004373131

00027440-8

01609632-5

00058216-1

00029548-7

00014307-7

00062963-0

00054463-8

018306919

00512960-2

00005#10-3

100030888-1

00539902-0

00512961-3

000638584

003354674

01390120-7

0.55

0.96

1.06

0.92

1.11

2.12

2.81

2.25

0.86

0.85

1.01

1.34

0.18

8.96

1.02

3.01

1.19
6.25

0.54

1.73

0.68

4.49



43

44

45

46

47

48

48.982

49.275

50.057

51.272

51.635

52.653

Cholest5-ene

Cholest8(14)ene, (5.alpha:)
Cholesta3,5-diene

4 .alpha-Methylcholest7-en3-one
2,4-Dibenzyl5,8-dimethoxy6-
methyt1-naphthol

2,2
Dichlorocyclopropanecarboxamide

370.36

370.36

368.344

398.355

398.188

152.975

00057674-1

05472542-7

000747900

01349D-57-8

08664980-1

07588560-8

2.95

1.19

2.87

1.22

1.12

0.70
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TableA.7. Major chemical compounds present in pyrolytic-bibof SSAC@41.

(Rn-:-in) Compound MW CAS Number (F:{Oerl]?éi;llf %
1 371 3-Cyclohexenecarbonyl chloride 144.034 00093267-2 0.62
2 3774 E){g"ejt'ﬂ;‘f}mc Hahydrazinoz- 187.051 001126585 1.08
3 4.028 Cyclopentene, &thyl- 96.094 000694359 1.38
4 4219 Toluene 92.063 000108883 7.23
5 4417  Acetamide 59.037 000060355 1.01
6 4.499 Acetamide 59.037 000060355 1.26
7 4.785 1-Octene 112.125 000111660 3.55
8 5.008 .beta:I-Arabinopyranoside, methyl  164.068 001825009 5.03
9 5.352 Butanoic acid 88.052 000107926 9.43
10 5.924  2-Cyclopenterl-one 82.042 000930303 1.37
11 6.49 Butanoic acid, anethyt 102.068 00050374-2 2.19
12 6.732 Ethylbenzene 106.078 000100414 2.30
13 6.866 Hexanoic acid, Znethyk 130.099 004536236 0.91
14 6.968 Benzene, 13limethyt 106.078 00010838-3 1.75
15 7.642  Styrene 104.063 000100425 5.07
16 7.865 Pentanoic acid 102.068 000109524 2.39
17 8.126  2-Cyclopentenl-one, 2methy} 96.058 001120736 0.87
18 9.977 2-Cyclopentenl-one, 3methy} 96.058 002758181 1.80
19 10.702 Phenol 94.042 000108952 3.86
20 10.861 1-Decene 140.157 000872059 1.31
21 11.122 Decane 142.172 000124185 1.89
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

11.962

12.961

13.19

13.635

15.474

15.836

16.428

19.857

20.029

22.465

22.669

24.966

25.15

27.339

29.737

33.936

37.441

37.798

48.607

48.982

50.051

1,2-Cyclopentanedione,-Bethyt

Phenol, 2methy}
2-Pyrrolidinone
Phenol, 4methy}
Benzonitrile, 2methy}k
Phenol, 2,&dimethy}
2-Piperidirone
Naphthalene, -methyt
Tridecane
2-Tetradecene, (E)
Tetradecane
1-Penta@cene
Pentadecane
1-Hexadecene
Heptadecane

Hexadecanenitrile

Cyclohexane, 41,5-dimethylhexyl}

4-(4-methylpentyl}

Octadecanenitrile

Cholest3-ene, (5.beta:)

Cholestar3-ol, acetate,
(3.beta.,5.alpha:)

Cholesta3,5-diene

112.052

108.058

85.053

108.058

117.058

122.073

99.068

142.078

184.219

196.219

198.235

210.235

212.25

224.25

240.282

237.246

280.313

265.277

370.36

430.381

368.344

00076570-8

0000%-48-7

000616455

00010644-5

000529191

000526750

00067520-7

000090612-0

00062950-5

035953538

000629594

01336061-7

00062962-9

00062973-2

00062978-7

00062979-8

05600920-2

00063865-3

01390%20-7

00125588-5

000747900

1.24

1.62

2.40

3.65

0.88

1.01

1.89

3.08

0.73

4.53

2.48

3.07

3.72

1.14

2.05

2.53

1.72

2.11

1.78

1.4

1.06
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