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Abstract

The per capita consumption of polymers is projected to increase, while the demand for
conventional fuels like gasoline and diesel is expected to decrease. This shift has prompted a
focus on converting crude to chemicals. Light cycle oil (LCO), with high amounts of sulfur
and aromatics, has a low cetane number, making it unsuitable for diesel blends. Converting
LCO to benzene, toluene, and xylene (BTX) can meet the rising chemical demand and utilize
low-quality LCO feedstock. However, LCO conversion under FCC conditions is typically low,
necessitating modifications to catalysts and processes for higher BTX yields. Even though
various studies have been performed on bifunctional monometallic and bimetallic oxide
catalysts at high pressure, their application at atmospheric pressure has not yet been studied. In
this study, the selective conversion of diaromatics and triaromatics in LCO into monoaromatics
using bifunctional catalysts is studied under FCC conditions. The hydrogen donor source
utilized was n-hexadecane (n-HD) at atmospheric pressure instead of H>. Thermodynamic
analysis and cracking experiments indicate that the optimal temperature for maximizing BTX
yield is 550 °C. n-HD is found to be an effective hydrogen donor when co-fed with LCO,
resulting in enhanced BTX yield and reduced coke formation, with a 30 wt. % concentration
shown to optimize feed conversion. Catalytic cracking experiments highlight Beta zeolite's
superior activity compared to other zeolites (Y, ZSM-5, and Mordenite), and the trends are
correlated to the acidity and structural characteristics such as pore volume, pore diameter,
crystallite size, and surface area. Additionally, DFT calculations show that amongst various
zeolites, Beta zeolite exhibits the lowest activation barrier for 1-methylnaphthalene cracking.
The distinct reactivity levels of triaromatic, diaromatic, and condensed polyaromatic
compounds are highlighted, with triaromatic compounds exhibiting the highest reactivity.
These results are explained by the degree of unsaturation and bond angle analysis. Both

monometallic (N1, W, Co, Mo) and bimetallic (NiW, CoMo) oxide catalysts supported on
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various zeolites (Mordenite, ZSM-5, Beta, Y, and Mix) were investigated. Bimetallic oxide
catalysts exhibited superior performance, displaying higher total monoaromatic hydrocarbon
(MAH) yield, BTX yield, and feed conversion compared to monometallic oxide catalysts. This
improvement was attributed to the formation of bimetallic oxide species along with their strong
interactions with the support, as evidenced by XPS, H>-TPR, and UV-DRS analyses. Bimetallic
oxide catalysts also demonstrated higher moderate acidity, an optimal balance of Brensted and
Lewis acid sites, and a higher hydrogen transfer index, explaining their higher BTX yield and
lower coke formation. Experiments with n-HD as the sole reactant indicated that LCO
primarily contributed to MAH formation, with n-HD serving as the hydrogen source. DFT
simulations aligned with experimental findings, showing that bimetallic oxide catalyst had the
lowest activation barrier for IMN cracking in the presence of n-HD. The selective cracking of
triaromatic compounds to diaromatics was rapid, with the conversion of diaromatics governing
total MAH yield and the cracking of monoaromatic-2-ring compounds governing BTX
production. An inverse correlation between the selectivity for 2-ring monoaromatics and BTX
shows the formation of 2-ring monoaromatics as intermediates. Based on detailed product
characterization, reaction pathways for the conversion of diaromatic and triaromatic are
proposed. Additionally, a Co/Mo ratio above 0.5 leads to the formation of a dense CoMo0O4
phase, adversely affecting catalytic activity, while the optimal Co/Mo ratio of 0.5 maximizes
BTX yields and minimizes coke production. Similar reactivity among alkylated naphthalene
compounds suggested grouping them in developing a lumped kinetic model. A 12-lump kinetic
model was developed based on the experimental data to elucidate the kinetic characteristics of
LCO cracking on the CoMo/Beta catalyst, serving as a foundational tool for optimizing

catalytic processes in refinery operations.

Keywords: Light cycle oil (LCO); BTX; Bifunctional catalysts; Hydrogen donor; Bimetallic

catalysts; Structure-activity relation; FCC; Cracking
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TIeIAN & Uil s Tehcl hl @Y H g & hi ITUET B, STelfeh TRUReh S oid T IrgTeliet 31X

SISTel I AT H heT 37T I HHTTAT S | ST TG ATd o hed ol bl THAT & IRATI ehlel I

ETeT higd el o folT AR ThAT & | ST AT o, ToTa#H 3T AT & 3RATCFT 3R

oL BIcTT 8, T Aol HEIT A glcll &, Torad Ig SioTel TA0T o faIT 3e]agerd g1 ST 8|

TS AIFhel el 1 Soited, e IR ST ToreT (ETvers) 7 TRafcid e e A el

HIIT ohY G Y Fehell & 3R 3T 0TI aTel TS ATehol ol BISEETeh T ST HY Fehell

2| gTonifen, ThER FRufaat & dgd Tsc T del T FITARUT AR T HH 2T 8,

HTQ IETFT 1 39T F&Te] o TIT 3T 3T GThAT3TT & T Fr TaeTShdraidr gl

Safer RAfFeT 3T 7 3T ga1d W ITRIHFRI AlAHC [oleh 3R Ao 3iFarss

SCOREhT T 3TN FohaT I §, SeTeh! ATgHS N gelld IR 3TN 1 378l Th 31Tt oI

forar T €1 39 ey A, vhadT FRAfaal & dgd STathererao 3cUeh! &l 3T

dTSC AP oo & sRRIARFT 3R esefeaw & AaREesn & aRafda &= &t

3T TRAT ITAT & | BTSSIST 31eiX BId & &I H H, o Tl oJ-gFdTSohe] T 3UANAT fohaT
T | TATSTIATAS faervor 31T hisher e & gar Trerarg & Sidruerg $i 31f&ead 39
& TIT HAAH dT9ATH 550 °C | ATSE ATIh dof b T HE-HIS & T H 1-gFHTISheT i

3T TeT F AIETTHE T 3T H FUR 3N hieh AT H el gleir &, TSTTH 30 wt. %
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Higell TS FACROT & T 37efepet 8lclt &1 hefafeen hiher el & uar o § & er

fSraeTse 1 yede 31y foaIsed (@rs, SHSTHUA-5, 3R HASATSE) i Jelell H S5 &,

HR T et st 3rerell AR ETeATcHs [AATAT3T (1 fhEeese 1 3T, Tog o1 3ad,

&g o1 a1, 3R Tdg 819) A SST I™AT § | ST TeITdT, STUHET IUTATY TG@TdT & 19 T [HesT
fSaremsea & i, dier foatenge &1 1-fAfelarrarelsT ek & forw gaw w1 afshaar
T | g, ST, 3R Ep T areisRIA TS Aifarent T e uffsmareiierar
T 3SR o 71T 8, Toree eridies At i 3Taan sfafsareiedr gdr &1 3

TRUTTH 3T 3R S HI0T FARISUT & ATETH A HHASIT 7T | AlAIHCTAH (T, A, 7T,

gecq) 3N IACs (1A, M-ssey, AA) AHiFaEs 3RS & [Affe Gt

(FHSATST, ABTHUH-5, dieT, a5, 3R FFa) W ey fohar m| sAefas 3fTass

3Rl 7 3cghee Ye i fe@rar, Torast Al e JTFATSS ScUXehi i Jefell H 3T Hol

AARIATE GTSgenTas (THTTH) 30T, STEITard 30, 3R TS FATAR0T 91T 91T | $H FUR

I STIACTOI 3TFATSS Tollidal & AT 3R 3eTeh AL & WY HaoTad 37 oha3it &

forT fSIFAER g a1 &, SHAT & H,-TPR, XPS, 3 UV-DRS faeevoil & #9se g31 &

SIACTA JHTFATSS SR o T HETH 3HFeId, Sloee s 3 ASH 3ol HISTH T o]l

HcJoTel, 3R 3T BTISgIoleT SIHHR S TG RIcT Tohdl, SiT SeTehl 3Td SiEIverd 3UT 3N %H

I 3cUTCST ol TASE FIAT ¢ | A-gFTTSohe] ! ThHATT 3 THFdT & &I H 3G Fla WX, ST
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el I HET & F AARACTH & AT & Jrere X g, s F-gararsehe

BTSSIoleT Al o &9 H I el ¢ | STTHET RAFeIE o JANTcH forsersit & drer ST

o, %@ﬁg@%amﬁtma‘iqwss 3COhT T A-gFaTSeheT hT IUTTATT # 1-TATA
shicheT & fIT T FA Gihgar arem &1 grRYARRS Jifet &1 srRIARS & ggacas
ShTRaT ol & g &, ForeeT SRRIAREH T FIeR0T Fol AR Sedrest i Fifya
a1 & 3R 2-Rer AaRIAR S I fETent 1 shieheT NEITaa 3cures il worfad searg | 2-Rar

AARARFT & T Tafaar 3R Avey & S ve udia gaer gtar g, foasd 2-Rar

AMARARFE FAeIadl & T F H1 FAT &1 39T [aawor & faevor & sEfes 3k
SRRIATE S $hfeher & ToTT Teh o o SEATTa fohdT| $8eh 37aTTdT, /AT & 3He]dTd 0.5 &

3% g W gd FABNL Wor H FAOT gar g, S Hefafes afafdfar @

APRIcHE T H FHITAT Il &, STafeh 0.5 & G HI/AT Igard NETFH 39T

I HUHIA FAT § IR FlF 3G H ogAdH FAT 8l Hohsiod AR

Iifdrent & st GAT gfafshaniicrar @ gema fGar & 3¢ v deg & Aafad

ST difeh T oIS FSdTcsd AlS [Aohiad [hdl ST | JIRMcHS 3¢l & 3TYUR

R 12-019 PISATeeh AlS [dhiid [hdT 3T §, ST SIAN/RT 3¢9 I dA1Se AT
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Nomenclature

A, Area of the catalyst bed, m?
At total acidity (mmol/g)
Cr relative crystallinity (%)
de average crystallite size (nm)
Dpo average pore diameter (A)
E. activation barrier (kJ/mol)
E; activation energy for the formation of species ‘i’ (kJ/mol)
F objective function
k;, pre-exponential factor for the formation of lump ‘i’ (1/sec)
k; kinetic constant for the formation of lump ‘i’ (m/sec)
M mass of catalyst (g)
m mass flow rate of the feed (g/sec)
m, mass transfer coefficients
S; selectivity of the product ‘i’ (%)
T rate of reaction
Smicro micropore area (m? g'!)
Voa volume of the catalyst in m?
Vineso mesopore volume (cm? g'!)
Vmicro micropore volume (cm® g™!)
Viotal total volume (cm? g'!)
WHSV weight hourly space velocity (h™!)
ijeed mass of component j at the reactor inlet (g)
ijmd““ mass of component j at the reactor outlet (g)
W{ f;f;d mass of the LCO cut in the feed (g)
FL’E‘Z)"’““ mass of the LCO cut in the product (g)
WJ; eed total mass of the feed at the reactor inlet (g)
Xeind individual equilibrium conversion (%)
Xeov overall equilibrium conversion (%)
X; conversion of component j (%)
X.co LCO conversion (%)
Y. srx equilibrium yield of BTX (%)
Y, yield of the product ‘i’ (%)
Yis yield of lump ‘i’ at the surface (%)
10} deactivation function
AHixn heat of reaction (kJ/mol)
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Abbreviations

IMN I-methylnaphthalene

2MA 2-methylanthracene

2MN 2-methylnaphthalene

3IMA 3-methylanthracene

3MN 3-methylnaphthalene

4MA 4-methylanthracene

4MN 4-methylnaphthalene

IMA 9-methylanthracene

Anth anthracene

B benzene

BaA benz[a]anthracene

BAS brensted acid sites

B.E. binding energy

BTX benzene, toluene, and xylene
BTEX benzene, toluene, ethyl benzene, and xylene
B3LYP becke 3 parameter hybrid functional
CLO clarified oil

COM commercial

COTC crude oil to chemicals

Di-AR diaromatics

DFT density functional theory

EB ethyl benzene

FBP final boiling point

FCC fluidized catalytic cracking

FID flame ionization detector
GC—-DHA gas chromatography with detailed hydrocarbon analysis
GGA generalized gradient approximation
HCK hydrocracking

HCN heavy cracked naphtha

HCO heavy cycle oil

HDT hydrotreatment

HTI Hydrogen transfer index

HSD high-speed diesel

HCK hydrocracking

IBP initial boiling point

LAS lewis acid sites

LCN light cracked naphtha
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LCO light cycle oil

MAH monoaromatic hydrocarbons

MAT micro activity testing

MEP minimum energy path

MPhA methylphenanthrene

n-HD n-hexadecane

NEB nudged Elastic Band method

PAHs polyaromatic hydrocarbons

PBE Perdew—Burke—Ernzerhof exchange correlation
PhA phenanthrene

PFO pyrolysis fuel oil

SAR silica to alumina ratio

SimDist simulated distillation

T toluene

TBP true boiling point

TCD thermal conductivity detector

TS transition state

VASP Vienna ab initio simulation package
VGO vacuum gas oil

X Xylene
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