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ABSTRACT

Among waste plastic treatment methods, plastic transformation into liquid hydrocarbons is
the most promising route. Considering environmental and commercial aspects, plastic to
liquid process is beneficial as it is a sustainable route producing liquid fuel (energy) from low-
cost waste plastics. The process simultaneously overcomes challenges associated to waste
plastic decomposition and increasing energy demand. Research communities are continuously
working in this area and different processes have been explored. High temperature pyrolysis
is well adopted for the plastic to liquid conversion using fixed and fluidized bed reactor units.
In view of improving quality of liquid products, heterogeneous catalysts have been
incorporated along with thermal treatment. Zeolites (USY/ZSM-5), Si02-Al;03, and FCC
type catalysts have been considered. Despite, available vast studies, plastic to liquid process
is still facing limitation towards successful industrial implementation. Major obstacles are
associated to high temperature requirement, poor liquid yield, higher selectivity of undesired
heavier hydrocarbons and short catalyst cycle length. These aspects must be in consideration
while developing suitable route and catalyst for plastic to liquid technology. In this context,
present research work has been constructed exploring two-stage thermo-catalytic cracking of
plastics towards production of fuel (such as Diesel and Gasoline) range of hydrocarbons using
modified zeolite catalysts at relatively lower temperature.

As a first step, degradation profiles of polymers (PP, LDPE, and HDPE) with respect to
temperature, heating rates and catalyst were investigated using thermogravimetric analyzer
(TGA). Performing TGA experiments in presence and absence of catalyst (ZSM-5), polymer
degradation kinetics was studied using non-isothermal models. Kissinger-Akahira-Sunnose
(KAS), Starink, and Ozawa-Flynn-Wall (OFW) as non-isothermal models were tested to
predict the kinetic parameters using TG thermal and catalytic degradation profiles upon

polymer cracking. For the thermal decomposition of polymers temperature range was set up
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to 800 °C varying heating rates (specifically at 1, 2, 5, 10, 20, 30, 40, and 50 °C/min).
Activation energy corresponding to polymer degradation profiles was measured using iso-
conversional methods. In kinetic results, activation energies for thermal decomposition of PP,
LDPE and HDPE polymers were obtained as; 178 kJ/mol, 200 kJ/mol and 216 kJ/mol
respectively. The values indicated that PP polymer requires low temperature to degrade,
which is believed to be due to the branched structure of polypropylene. While the LDPE and
HDPE plastics possessing linear structures require higher energy for degradation. In contrast,
activation energies for catalytic degradation of the PP, LDPE and HDPE polymers were found
as 130 kJ/mol, 140 kJ/mol and 145 kJ/mol respectively which was comparatively lower than
the values observed in absence of catalyst. This corroborated that presence of catalyst strongly
facilitated polymer cracking. In addition, degradation temperature range was found to be
optimized between 300 to 400 °C for the selected polymers (PP, LDPE, and HDPE). Overall
obtained kinetic parameters using iso-conversional methods applied to TGA degradation
profiles were very informative to carry forward the research work.

In parallel efforts, experimental studies were conducted to produce fuel range hydrocarbons
degrading polymer mixtures (PP, LDPE, and HDPE). A bottom-up two-stage cracking
approach was adopted using relatively lower pyrolysis temperature. Collected liquid products
upon thermal and thermo-catalytic cracking at 350 °C were analysed using GC-MS, NMR, and
IR techniques. In thermo-catalytic cracking, catalyst to plastic feed ratio was taken as 1:30.
Catalytic cracking showed higher selectivity towards desired fuel range hydrocarbons as
compared to the thermal cracking. Cat A (HZSM-5) and Cat B (5%Fe/HZSM-5) were used for
the catalytic cracking in which Cat B resulted into 76 wt.% of liquid yield which was
comparatively higher than that using Cat A (60 wt.%). Further, the GC-MS results confirmed
that the liquid product collected upon catalytic cracking consisted of higher selectivity of fuel

range (Cs-Ca0) hydrocarbons; 66.39% with Cat B and 47.33% with Cat A. Whereas in case of
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thermal cracking, selectivity towards Cs-Cao range hydrocarbons was comparatively low
(27.39%). FT-IR, 'H and '*3C NMR studies also indicated that the product obtained upon
catalytic cracking possesses similar characteristics to that of conventional fuel (Diesel). XRD,
NH3-TPD, BET, FE-SEM, HR-TEM, XPS, and H>-TPR techniques were used to examine the
physiochemical properties of catalysts correlating with cracking performance. Characterization
of commercial fuel (Diesel) was also performed to compare fuel properties of the liquid
products obtained in the study.

In view of tuning hydrocarbon composition of liquid product, third study was performed using
zeolite catalyst of different framework and Si0,/Al>O3 ratio (30 and 55). Cat A (ZSM-5) and
Cat C (MCM-22) having framework code MFI and MWW respectively were compared
towards polymer (PP:LDPE:HDPE, 1:1:1) degradation at 350 °C using two-stage cracking
approach. Obtained results revealed that upon polymer cracking, Cat C selectively provided
C7-Ci2 range (which is specifically a gasoline range) of hydrocarbons (99.12 %) as compared
to Cat A which resulted into Ci3-Czo range of hydrocarbons (73.19 %). This was attributed to
unique framework (MWW) structure of Cat C having two independent pore channels. GC-MS,
'H, ®C NMR, and FT-IR techniques confirmed presence of diesel and gasoline range
hydrocarbons using Cat A and Cat C respectively. Moreover, activity results indicated that
acidity content over these catalysts on varying SiO2/Al>O3 also affects the liquid yield and
hydrocarbon distribution. For both Cat A and Cat C, lower SiO2/Al,03 (30) exhibiting higher
acidity resulted into better yield towards fuel range of hydrocarbons compared to that for SAR-
55. Physio-chemical properties of the catalysts were investigated using XRD, NH3-TPD, Na-

physisorption (BET), FE-SEM, and EDX techniques and correlated with activity results.

In fourth study, attempts were made to produce value-added carbon nanotubes (CNTs) from
plastic degradation along with liquid and gas products varying Fe content of Cat B. Being a

profound source of carbon, plastics can be used as an effective raw material for the fabrication
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of CNTs on which research communities are rigorously working due to its unique conducting
and adsorbent properties. Effect of Fe loading (2 to 15 wt.%) was investigated towards CNTs
formation upon two-step catalytic degradation of polymer mixture (PP, LDPE, and HDPE) at
slightly higher temperature 400 °C. It was found that with the increase in Fe content, fraction
of filamentous carbon (CNTs) was noted over spent catalyst surface and was confirmed by HR-
TEM and FE-SEM analysis. At 400 °C, 5 wt.% of Fe addition showed higher deposition of
CNTs over the catalyst due to possessing uniform distribution of Fe species. Formation of
CNTs was further supported by Ip/Ig ratio as obtained via Raman profiles collected for spent
Cat B having different Fe content. A gradual increase in Ip/Ig ratio (0.2 to 0.7) was obtained
with the increase in Fe content which indicated that at higher loading (>5 wt. %), more
deformed carbonaceous species (disordered sp? carbon) generated due to agglomeration of Fe
species. In addition, yield and selectivity of liquid hydrocarbons was obtained comparatively
higher for 5 wt.% Fe loaded Cat B at 400 °C which was in line with the second study. Hydrogen
(H2) selectivity was also found to be higher (51.34%) using 5 wt.% Fe loaded Cat B as
compared to the rest catalysts. Overall, 5 wt.% Fe loading was optimum in terms of desired
acidity and uniform metallic (Fe) distribution to produce fine CNTs at 400 °C along with liquid

and H> production.
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L3108

CATEceh &1 el gI8sIhlesl 3 IRade T@efl 3ufdse confes 3uar fafoat & gax

3MMeMTSTeteh AL | UATeRoT 3R arfolioder Teof3il & Heey #, Tolliesh & el Tishar

PRICHE & Fifeh Tg A 9T dTel TURISE ToTiEesd ¥ el ST (FaT) FT 3cdiead

FTeT ITIT Teh TURN ART §1 Tg 9ihAT Tsh T1 379fIse oorf¥es 3r9ges 31 ged)
Sl AN @SS YA W HIe gIel 1 IFEU FHST $H & H AN A

T @ ¢ 3R AT 9fhan3tt &1 gar &em 311 §1 3Ta d9dA aEiioiad gishar

! thehes 3R FeIgsTSsl NUeT SHhISAT &I IUTNT Hleh Tellieesh d el delled &

forT 3redt o @ YT AT &1 el 3cUial T q[uredr # GuUR & desf &, ¥do

3UUR & 1Y [ava 3 &l eanfAe fohar amar g1 [S3femsed (USY/ZSM-5), SiOx-

AlL,O3 31 FCC YR & 3cOahl &l 3UAier fohar aram g1 39y f3Ear 37e3a &

draelG, Cellitcsd d dlel Uishar 3m3f off woer 3@ srdieadst $r feem &

ST T AHAT T @I &1 THY SN Iod dIHGT T 3TaRehell, TS I0Te

aTel e, 3AITSd HRY gISsIhIeeT ST 3Td gIAlcHDdT 3R 3coRe T AR &

SIS &1t A ool Hie@@hr & faw sugerd aAET 3R 3o esfdd s

AT 51 TEol3il W auR fham S =1fge| 3@ Hest #, 3UeTehd &H divdA W,

Mg NS 3c0RE HT 3TANT b 58T 3o (S et 3R Aaeha) &
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EIB3IHIET & 3cUlee & folU Tanffes & ar-wrul & gAf-Fefafew Hfhr fr @er

& forT g&dd e w7 duel fhar I g

9gel FGH & &7 H, dgeis (PP, LDPE AR HDPE) & &R0T Mgl il drqaT,
maaﬂwmasmﬁaﬁmﬁﬁﬁaﬁgﬁw(mmwwmgum
$r I3 B W(ZSM-S)aﬁrsqﬁaﬁraﬂTagrﬁaﬁrﬁTGAaﬁrmmﬁgm
%—M@FH@FWWWWWWW%@HWWI
AlA-ASAYHAST AlseT & ®9 H Kissinger-Akahira-Sunnose (KAS), Starink, 3iX
Ozawa-Flynn-Wall (OFW) &7 Td1&TorT gielie $hfhdT I TGA ua¥a 3 Hefafes

&ROT WISl T 3TINRT Fleh helcleh ATIGS! hl HATTSIATON it & forw fomar am=r

UT| GIfelFR YFHAT ATEC & folv drgATT I 800 °C ddh 3TeFT-37eldT a1 &X (faQiw

¥ ¥ 1, 2, 5, 10, 20, 30, 40, 3R 50 °C/min) 9T gV T a fohar ar=m

AT| SgeTh EROT SHIS & 3FeTw AT Foil I ISAT-TATRoT At &1 39rer
Foh AT 3T AT| FHelcled IROTAT H, PP, LDPE 3R HDPE difeld & U&dl
3qges & T HaAL: 178 kJ/mol, 200 kJ/mol 3R 216 kJ/mol TfHIOT FalT gred

T TS| FRAUT ST AROTAT & Hehet AT o PP agersh &RoT & T A drqATT

T TITRar gidr &, g wror PP i1 enf@d av=ar g1 Jate Qe a3=g=m3it

arel LDPE 3iR HDPE talli€ess &l 80T & T 3T FoT T 3aTehdr giar gl
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sq% faudid, PP, LDPE 3R HDPE difolR & 3c9R& &ROT & fow a@fesaor Far

AT 130 kJ/mol, 140 kJ/mol 3 145 kJ/mol UT$ a1$ Siifeh 3cSeh 1 Jrequiedfa

H 3 9T Al § TolellcHs &0 H wA A1l 38 gt & 6 3R 1 sufeafa

o GIfHAT shishaT T ToaT @ FarH FAAT| $Hb 3Helral, IAfAd difewR (PP, LDPE,

3R HDPE) & faT &RoT aiaATe 300 & 400 °C & sTe 3eJshield 9T a1d1| HHT

T F, TGA &RUT NHSl TR A 3MSA-FAR0T faferdt 1 39T e gu ared

WWWWaﬁmmﬁasmagﬁmuﬁﬁl

AR Tt &, SUT Aol F gSsihas HT 3cUigsd el & fav grfas agelh

(PP, LDPE, 3R HDPE f&%[0r) &RUT 31egge fohv 91T | 3idetiehd e drsiaiad

ATGATS & YA Fleh Ueh SCH-3HT T-FEST shiehdl TTOCHIUT AT T AT| 350

°C dIA W, ¥Aa iR gAf-Sefafes HiFr garr wdiAa axa 3carel &1 GC-
MS, NMR 3R FT-IR ddeilehl &l 39317 &lah faRelyor fomam arar| gAf-hefafes
shfchar 7, conf¥es 3N 3cRe & 3equra 1 1:30 & &9 H fom amar an ai
T f geen #§ RRAORE R A aifdd fua I gegeEd & iy e
TIATHSTT fe@rs| sefafesd $fver & fav Cat A (HZSM-5) 3k Cat B

(5%Fe/HZSM-5) &1 39T fohar arm ot f5a# Cat B o 76 wt.% ga dres feam,

Siifeh Cat A (60 wt.%) T 39I1ET d U 9T gd Ares @1 gl H 3ifee am
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$8% 3eltal, GC-MS aRUTAT & gfSe 1, T 3cUh $hiehel SaRT Thiad el 3G

H 34T I (Ce-Cop) BTESIHISST HI 3Td TAUAcHSAT AMMAST g; Cat B & @Y
66.39% 3R Cat A & &Y 47.33% 9o €S, STafh Udel HfhaT &, Co-Cao o

BISSIhIael & Ui TATcHeRT (27.39%) dolelicds &9 & %A | FT-IR, 'H 3R

BC NMR 3&3«l o ag o Tohd fear fo 3coe Shfeer garT wied 3cuig &
URARe SUe (StoTel) & FATT 0T | shishar GRUTAT & Heftrd IRt & Hifcren-

T U B ST FA & AT XRD, NHs-TPD, BET, FE-SEM, HR-TEM,

XPS, 3R H,-TPR Tehailenl o1 3uNeT fohar aram 47| Ired ool 3cdiel & IOl &hr

Jolell el & T sraafish el $4e (Srofel) &1 favelwor off foham ar

MY 3T A, A 3G HN AUTEAr A GRadT & FeY A, & Ao wxwen

3R Si0/AI0; U (30 3R 55) drel fSA3Nege 3cRE T 39T foham Irar |

39T, Cat A (ZSM-5) 3R Cat C (MCM-22), Sitfeh shaaer: MFI 3iR MWW &=t

HS TG 8, P Jole a-u<uuwmwwmwm§c3so °C drgAT
T §gerh (PP: LDPE: HDPE, 1:1:1) &RoT & fow &$r a5 off| grod gRomAr & gar
Tl f& Cat C & Cat A &1 ool & Gif#R $hisha gl W, Iiddar & & C7-Cqo

IS & grEgieed (S O &0 & e el & §) Fr aIacamshdr (99.12%)

fe@rs, STahr Cat A & g@RT C13-Coo & (73.19%) & gISgIhlaed UTcd gul Cat C
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% gl T ofell dTel i (MWW) EIT=T & HROT & Ig TROTH Jred gu|

'H, ¥C NMR, 3R FT-IR dehsitent o s#ALN: Cat A 3R Cat C & aRT e SoTd

A AWIT Ao & EEEET B qRe I sEE eTar, AARRS F IROmH A

Thd fear & Si0./ALO; Wafdd o g 3O T Ferar o T Aes 3R

gTghTesT faavoT & yanfad s §1 Cat A 31X Cat C @i 3RS & TTY, HA

Si02/AI,03 (30) WX 3Td HFoldl @A gy, 31f&e Si02/Al203 (55) T Jorell & StreT

I & gISglelaed il Sgal 39o Ted gé. XRD, NHz-TPD, BET, FE-SEM 3R
EDX ceheilehl &1 3TN &leh ScORepl & Hifcieh-T@diates o T S T a5 AR
aifafafer aRomAr & ary dgdecy fnar a3

@Y 7eTTA A, Cat B & Fe 8T I aRAfdd #Xd gT, R 3R I 3wl &

HIY-HIY CATf¥esh &ROT ¥ Hoddltid el slellcgs (CNTs) &1 3cdigsl &t &l

T fRAT I §1 HIeT FT Ueh G AT 8led & oATd, TolliEedh DI Teh THTET e

AT & &9 A CNTs & AT & T sEaaATe fohar 1 dedr 8, o o 3egaers

AT HsTs d A A @ &1 CNTs & IcuresT T feem &, qgeIh f&sor (PP,
LDPE, 3R HDPE) & gI-aRufiT 3¢y &RUT WX Fe #HET (2 & 15 wt.%) & JHE

I Sl 400 °C dT9#AT W $T 1S g1 HEqIA H g 9 937 fob Fe o1 H Fefer

& HIY, YFF 39 T TG R oy reeT (CNTs) &I 372T § AR 38T gfte
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HR-TEM 3R FE-SEM daelleh @Rl &1 5| 5 wt.% #1eT & 39a9T &), Fe &

AT [da0T & FROT, 400 °C dMYHATT W, 39l o CNTs &7 3T=d JHAE @]

3T & 3EATA A, CNTs & 316 A Ip/lg 39 SaRT FASA fhar am, sife

fAffeT Fe #9T arel T 3cRFT & folT THIAT Raman RS & ACITH F 9Ied
fohar aram| Fe &1 & gef&r & &A1Y, Ip/lg 3UT & Th HiAS e (0.2 & 0.7)

e a8, foTe "aha fear & 3= Fe #I9T (55 wt.%) R, Fe & $IRY AT &

hRUT 318 Tdehel HreeTgerd Fiaar (faehe sp? HIeel) Scdest BT 81 ST 7ol

Rl gISaIhleel HI Aes 3R TIATHSAT, 5 wt.% Fe $IHT arel Cat B & forw 400

°C W JolellcAs & & 3 gred H1 a1 A Sifeh q@x 31eqTeT & 317&d AT arehr

3Ol T JolelT H 5 wt.% Fe 89T dlel Cat B T 3YANT S gIegioled (Hp) I

TIATCHRAT (51.34%) o HF ST 15| Fol AR, 5 wt.% Fe 19T aTell IR,

gifed 31%Fadr 3R AT Fe fAaRor @d gU, avd 3R H, 3caresT & Ira-ary 400

OCWWWMCNTSWWWQ;%UWWle
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