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ABSTRACT

PROCESS DEVELOPMENT FOR THE PRODUCTION OF
DICYCLOPENTADIENE FROM PYROLYSIS GASOLINE (PYGAS)

Sesli UysalDeniz
Master of SciengeChemical Engineering
SupervisorProf. Dr.G¢ r kan Kar akack
Co-SupervisorProf.Dr.Ha | i | Kal ép-¢él ar

September 202237 pages

Dicyclopentadiene (DCPD) is assentiaintermediateutilized in variousproducts
It is the dimer of cyclopentadiene (CPBhd potentially preciouscomponent of

pyrolysis gasoline (PYGAS)

This study aimsto develop a process for the recovery of CPibrough
monomerization oDCPD and subsequent separation fadirer hydrocarbons in the
PYGAS mixture For this purpose, reactive distillation candmeployed DCPDcan
finally be produced by dimerization bighly pureCPD.

The PYGAS samples from SOCAR Turkegreanalyzedn GC-MS. Vaporliquid
equilibrium of DCPD in PYGASwas investigatedin rotary evaporatoto obtain
equilibrium compositionsvithin thetemperature and pressuemge of#40A €135A C
and70-650 mbar DCPD monomerizatiorwas examinedn a singlestagereactive
distillation systenwithin the temperatureange ofl50A €160A @nderatmospheric
pressure.The decomposition kinetics of DCP{ere investigatedin detail by
conductingin-situ GC-MS reaction experiments at the temperature range Af&80

350A CThecompositionobtainedn experimentsverecompared withAspen Plus



simulations Results show that PYGAS separation and DCPD monomerization can
be modeled by using Peng Robinsauition ofStatewith confidence under the
experimental conditions apptle The PYGAS feed compositionand obtained
reaction rate expression wer@rther wsed to ascertainthe multicomponent
distillation separation sequengeAspen Plusin this studyanovel method for the
production o DCPDwith high purity( O 9 ObYawectve distillatioris proposed

DCPD can be retrieved from PYGAS asingle equipmentwith a yield 0f94%,
decreasing the equipment and the operational costs compared to conventional

methods.

Keywords: Dicyclopentadiene, Cyclopentadieneyrélysis Gasline, Reactive
Distillation
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PKROLKZ BENZKNKNDEN (PYGAS) DKSKKLOPENTA
PROSES GELKKTKRKLMESK

Sesli Uysa) Deniz
Yé¢ksek,Khuinsyaan sM¢g hendi s i
Tez Y°neti GigsikanPKaffrakRik.
Ortak Tez ¥neticisi:Prof. DrHa | i | Kal ep-¢él ar

FEEVN

Eyl ¢ 1,2329aya3

Disiklopentadien (DCPD); e ki t | i crénl erde kull anél an
Disiklopentadien, iklopentadienin (CPD) dimeridir piroliz benzimden(PYGAS)

elde edilebilerp ot ansi y el ol arak dejerli bir bile

Bu -al ékma, DCPD'" nin monomerizasyonu vVve
hi drokarbonl ardan ayreél masé yoluyla CPD'
gel i ktirmeyi Bauma -al reareaktifit destdasyon. k u | ma s e |
°ner i IBmi kitkilremdegrik s & & n rda@PB'ciredineerizasyoiiu ile

DCPD¢, r ebilnmektedir

PYGAS numuneleri SOCAR ¢r ki ye' dem wd @liSn kedil lanél ar
analizlery ame kt edCPD"' nin PY®ABrseveéeridengeski da\
d°ner buharl aktéréceée J@BAG@ie 0-680 mbbar i nc el
aral ejenda -exitl]i slecmkd Zike yar | eaddelnmil katr
DCPDmonomerizasyon reaksiyonunu at mo s ft@160A KIGOA &s @ €] énd a
-eki t i sécakl ekl aistithsyonsigtemikde Heasyselnotardak reatk
incel eD@PRtmirn ayr ék®haOACneséchkl eBOACal é&]
GCMS reaksiyon deneyl eri yapeDeneylerkle da ayt
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elde edilenkompozisyoiar Aspen Pluss i m¢ | aal{y é kmal ar éndan el de

sonu- | arylaass | ch &ldekedilénésrm u - | ar |, PYGAS ayréeméneén
monomerizasyonunun, uygul anan deHaeysel kK oK
Denklemi kul | anél a&r akmodgedvemlebi | ecej i ni gesterm
komposizyonuve el de edi | en rAagenydrokk obniateikjein| i

distilasyon s ¢ r e chienliinr | enme s mé kitBarn.al wimaalmé!l r eakt i
di stilasyon sisteminde y¢keekmisaftieht gen
y°ntem °nerilmiktir. DCPelRhEAS etlany °tnetke nd ie
keyasl!l a eki pman vV e i lereke 2o8dle verimla Igariy et | er i ni
kazanél abil mektedir.

Anahtar Kelimeler: Disiklopentadien Siklopentadien, Piroliz Benzin, Reaktif

Distilasyon
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CHAPTER 1

INTRODUCTION

1.1  Dicyclopentadiene and Cyclopentadiene

Dicyclopentadiene (DCPD) is a spedialchemical that is used witjein the
chemical industryin automative parts, optical lenses, resins;polymers and

electronic{Cheung, 200).

Tablel.1: Physical ana¢themical propertiesf CPD andDCPD (Claus, Claus,
Claus, H°nicke, F {Ctheusgc2B0). & Ol son, 21

Property CPD DCPD
Structure @ E@
Molecular Weight (g/mol) 66.1 132.2
Boiling Point (C at 1 bar) 40.0 1700
Freezing Point°C) -97.2 320
Heat of Combustion (kJ/mol) 29290 57670
Heat of Vaporization (kJ/mol) 28.9 38.5
Liquid Specific Heat Capacity (kJ k&™) 18 1.3
Vapor Pressure (bar at ) 0.45 0.0004
Standart StatEnthalpy of Formation (kJ/mol) 130.8 196.1
Standart Stat&ibbs Energy of FormatiofkJ/mol) 172.6 3750
Autoignition Temperature’C) 6400 5100
Flash Point9C) 0-462 32.2




DCPD is the dimer of cyclopentadiene (CRIDY & or above room temperature CPD
spontaneously dimerizes to its more stable dimer, DCPD. The physicdiemdal
properties of DCPD and CPD are given in TableAsa highly reactive molecule

due to its cyclic olefinic structure, CPD acts as both diene and dienophile and can go
under DiesAlder, alkylation, polymerization, condensation, hydrogenation,
oxidation, and halogenation reactiof@@heung, 200), (Monson,1971).

1.2  Dicyclopentadiene and Cyclopentadiene Production

Global DCPD demand was reported as ,8QQ tonnes in 2014 Her i nk, Ful 2 n,

Krupka &02P)aTecUnited States of America, Europe, Chirgpah,
Singapore, and South Koraae the largest consumess DCPD in 2018 globally

(Perrot, Hyrgl, Bandguch, WaRPBroetonssg, HE§j ek,

show that the DCPD demand can increase by 20% in Europe, 40% in the United
States of Americaand 60% in Asia by 2030 where the current DCPD producers are
Dow ChemicalsShell andexxonMobil (Herink et al.,2022)The current market size

of DCPD is stated at around 915.9 million US dollars in 2021 and expected to
increase up to 1,501.5 million USYy 2030(Global Market Insights, 2032

CPD/DCPD can be produced by synthesis from cyclopentane, recovery from oils,
and pyrolysis of hydrocarbons. CPD can be synthesized by dehydrogenation of
cyclopentane around 50 0 AC a't el evat e chydrogenaisgu r e s
catalysts. Formerly, CPD/DCPD was discovered in coking plants. CPD presence in
the forerun fraction of the distillation of cokeren light oil was reported. DCPD was
encountered during threcovery of oils containindienes iienheated arowh 1 0 0 A C
under pressure. It was also observed that the phenols can be pyrolyzed to CPD
ar oun d(SzekeesSiklos Nagy& Jelinek,1977), (Wilson & Wells, 1944).

DCPD was recovered from the coal tar with a yield of %0.00001 to %0.00002 by
weight per tonne of coal. However, with the advancements in the petrochemical

industry and the pyrolysis of petroleum products, production with higher yields was

by

L



enlarged. TodaypCPD and CPD areastly produced in steam cracking reactors of
hydrocarbons such as naphtha or ethylene, from side produletsséCal., 2016),
(Xu, Al Shoaibi, Wang, Carstensen & Dean, 2011).

The side product of the steam cracking units, or pyrolyas®lgne (PYGAS), is a

primary source for the production of CPD/DCPDCPD can be retrieved from
naphthawith a yield of %14 by weight per tonne of fead steam cracking units

(Claus et al., 2016Ryrolysis gasoline contains approximately 25% by weid?DC

however, the yield, production capacity, purity of CPD/DCPD, or the remaining
75%6s residual composition is directly r
reactor and feed streatherefore depending on the source, can chaf®mekeres et

al., 197), (Claus et al., 2016)Bondaletov, Bondaletova, Van Thanh & Baikova,

2015).

1.3 Major Problems of the Dicyclopentadiene and Cyclopentadiene
Production

In general, CPD/DCPD can be produced from pyrolysis gasoline with sequential
equipment sets. These eguient involve a reactor to dimerize CPD to DCPD,
distillation columns to separate DCPD from lower carbon compounds, and reactors
in order to monomerize DCRBeparation units to recover CRIDdreactors tae-
dimerize CPD in controlled conditions to incsegpurity(Claus et al., 2016)The

need for the monomerizatiedimerization of DCPD results from the CPD loss due
to side products of edimers in the first dimerization reactf€laus et al., 2016),
(Cao,Liu, Zhang, Shi, Song & Ya®@015) (Xu, Jocz, Wiest, Sarngadharan, Milina,
Coleman,laccino, Pollet, Sievers & Liott&019) Also, CPD forms an azeotrope
with other fivecarbon PYGAS constituents therefore, separation by distillatin
desired puritycan be challenging. Extractive distillati methods followed by
monomerization and rdimerization of DCPD are common to produce CPD/DCPD
(Cheung2000), (Miki, 2019). The high energy consumption, high capital cost, and



handling issues of sequential distillation and reactor systems to obtaipurigh
DCPDare also aekssedn literature(Hsu,Wang,Ou & Wong 2015)

Therefore the main bottleneck problems for the production of DCPD dastdukas

the side product formations with -cwonomers in the PYGAS mixturéhe high

capital and operatioal costs due to sequentipfocesseso retrieve DCPD from
PYGAS.

1.4  Objectives

This study aimdo develop a integrated and leaprocess fothigh purity DCPD
production from PYGASPYGAS samples were obtained from SOCAR, Turkey and
the composition analysis 6fYGAS and DCPDwere conducted by using G@S.
Phasesquilibrium behavior of DCPD in PYGA®as investigated by using a rotary
evaporator and GMS, and kineticof monomerizatiomeaction ofDCPDto CPD

were investigatedby in-situ GC-MS analysis. DCPBCPD conversion and
purification was conducted byingle stage reactive distillation to observe
simultaneous effects of phase equilibrium and monomerization. A reactive
distillation system was then proposed for the removal of CPD fitte PYGAS
mixture. The prominent experimentgere simulated by using Aspen Pliesfind a
fitted equation of state for industrial scale simulatighgovel processs proposed
where benzene and lighter hydrocarbons are separated from the PYGAS nyixture b
distillation, therefore, eliminating the side product formation with CBBq the
recovery of CPD from the remaining PYGAS mixture by reactive distillation system
in a single equipmentn the proposed novel method, industrial scale Aspen Plus
simulatiors show that DCPD can be obtained from PYGaith a purity of higher

than 90%wt in the reactive distillation by monomerizatiamd redimerization of
CPD.



CHAPTER 2

LITERATURE REVIEW

The literature review of the process development for the production of
dicyclopentadiene (DCPDjrom pyrolysis gasoline (PYGAS) is presented by
addressing through following aspects;

1 Usageareas of CPD and DCPD

1 Pyrolysis GasolingPYGAS)

1 DCPDproduction fom different sources ofPYGAS

1 Reaction kinetics of reversib[2CPD monanerization

2.1 Usage Areas oDicylopentadiene and Cyclopentadiene

Depending on the purity and application, there are several categories of intermediate
or end industrial uses of CRilhd DCPD. The purity range for industrial applications

are categorized a$5-80% low purity, 8890% intermediate purity, 995% high

purity, to 95100% ultrahigh purity. Table2.1 depicts the industrial intermediate

end uses of CPD/DCPD depending oretlpurity range(Herink et al., 2022),
(Cheung, 2000).

DCPD is widely used in hydrocarbon resins as adhesives, tires, coatings, and printing
inks. Hydrocarbon resins can be produced by the oligomerization reaction of DCPD
and other calimers of DCPD such &PD-isoprene, CPBnethyl cyclopentadiene,

or CPDpiperylene (Herink et al.,2022).

CPD can also form organic metallic complexes that can be used as polymerization
catalysts (Cheung, 200 (Monson,1971).



Polyester resins that are based on DCPD are sgptwrtshow an improved character

to those that are based on phthalic anhydride as far as the low cost and the less styrene
emission are concerned since DGP#&sed polyester resins need less styrene during
production. Furthermore, due to its lower viscaosiDCPDbased resins tend to
cooperate well with even lowost fillers, making the resin easier to shape and
preferable for marine and automotive applications where the aesthetics are concerned
(Herink et al., 2022), (Cheung, 2000). Currently, unsaturadgaster resin (UPR)
production dominates the DCPD market globally (Pestat, 2023).

Table2.1: Areas of usage for CPD/DCPD with different purity ran@iésrink et
al., 2022) (Cheung, 200)

Low Purit Intermediate High Purit Ultra High
ow Puri [ uri
DCPD Y Purity J Y Purity
Purity (65-80%) (90-95%)
(80-90%) (95-100%)
Hydrocarbon Unsaturated Speciality
. Polyester Co-Polymers )
Resins . Chemicals
Resins
fTAdhesives {Boat TEPDM fPoly-DCPD
N Tires constituents {ENB THigh
{Diapers 1 Jet skis fCoC Energy
Industrial and TAutomotive  {Optics Fuels
Application |  sanitary Industry fAutomotive  TRIM
pads TSafety Industry Applications
T Coatings Helmets T Electronics
1 Tubs TAutomotive
Industry

DCPD and other CPD derivatives such as ethylidene norbornene (ENB) are used in

Ethylenepropylenediene monomer (EPDM) rubber production for the automotive



industry where diene character brings flexibility to the polymer by crosslinking.
DCPD and CPD deratives are also preferred chemicals for cyclic olefin copolymer
(COC) applications. Having excellent properties in optics such as transparency, low
density, chemical resistance, and low double refraction, DCPD and CPD derivative
based COCO s opticakediskstoptital lenges, orihigh performance films.
Speciality goods that require molding techniques such as bumpers and body panels
of vehicles or golf carts use the DCPD polymerization end product, poly
dicyclopentadiene (polpCPD). Due to its aid polymerization reaction in the
presence of a catalyst, DCPD and pDIgPD are reported to be used in reaction
injection molding applications as well (Cheung, 2000). Due to crosslinking within
the structure, PONDCPD shows higher strength at both hagtd low temperatures.
(Cuthbert, Li & Wulff, 2019). In fact, poHDCPD shows excellent cryogenic
properties where it can be used as a matrix component for fiber reinforced
composites (FRC) in cryogenic applications (Toplosky & Walsh, 2006). Although
the required DCPD purity to produce pelCPD is ultra high, the production route
from low purity DCPD is also investigated (Gumerov, Yurasov, Shafigullin,

Romanov, Romanova, Shafigullina & Sokolova, 2018).

Chlorinated cyclopentadiene derivatives are used asnaerial for the production

of pesticides such as aldrin and chlorodane. Chlorinated cyclopentadiene derivatives
are also used in constructional flame retardants such as showers, panels, and
lavatories for unsaturated polyester resins (Cheung, 2000). t®ugolarity,
hydrophobicity,low moisture absorption, and relatively low cadtDCPD, it is

widely preferred in low dielectric polymers without comprising the thermal
properties. Therefore DCPD derivatives show good flame retardancy to be used in

electroncs (Hwang, Lin, & Wang2008).

Another application of CPD and DCPD is in valgded chemicals such as

pharmaceuticals and perfumerygrink et al,2022.

DCPD can be utilized as an additive to diesel fuels to enhance properties. The

addition of the DCPDQo diesel fuels can reduce pollution by decreasing particulate



emissions of CO, NE SQ,, and other volatile organic compounds (VOC) that may

cause cancer, cardiovascular problems, or global warming. Therefore, DCPD is a

cheaper alternative to diesgarticulate filters and also contributes to the cetane

number of di esel fuels (Alrefaai, Guerrero
2018).

Due to their high density and strain energy, polycyclic hydrocarbons are good
candidates for high energy fuelsiciclopentadiene (TCPD), a trimer of CPD, can

be used as a liquid high energy density fuel precursor for this pufiueseq, Jiang,
Xiong, Zou, Wang, & Mi,2008) (Park, Kim, Yim, Han, Kwon, Park & JeoR(Q16)

(Li, Zou, Zhang,Wang & Mi, 2010). TCPD carbe selectively synthesized by
stopping Dies Alder oligomerization at a certain time when the end products are
higher oligomers (Sha& Mei, 2013). High energy density fuels such asdRRJ

5, R3,6 and RJ7 are obtained from hydrogenated end productsRid,MDCPD, or
TCPD and utilized in racing cars, jets, or missiles by having more propulsive energy
when compared with conventional kerosene (Cheung, 2008anget al., 2008),
(Chung, Chen, KremeBoulton& Burdette 1999).The most targeted among these

is currently exetetrahydrodicyclopentadiene (eXdiDCPD) which is the primary
constituent of JAO jet propellant with high propulsion abilitie&Khan, Ali,
Chodimella, Farooqui, Anand & Sinhd021). DCPD itself can also be used as
aircraft fuel, howeverdue to its high viscosity injection problems may occur in the
spray nozzle. Therefore, adding viscoddawering agents are suggested to DCPD to
overcome injection problems by decreasing the viscoslgudzi, Didaoui,
Khimeche & Benziang2020).

CPD carbe further hydrogenated to cyclopentane to be utilized in the production of
pol ypentenamer i n t he(KrupkahRasek, Fila, Pataras& ry and
Severa2005).

DCPD is also used for the applications of self healing polymers and composites
where DCPD is added to the micro capsulated systems as a repair agent with

suspended catalysts. In case of a crack in a self healing material, DCPD is released



from the microcapsules, and healing of the cracked surface is ensured by the ring
opening metathesisofymerization (ROMP) over the surfac&dttos, White, &
Bond,2007)(Sharma, Pandey, Shukla & Pand2g18).Encapsulation of the DCPD

can be achieved by using polywieamaldehyde Mauldin, Rule, Sottos, Whit&

Moore, 2007).

Along with DCPD, other CPD derivates can also be used in microcapsule systems
as healing agents. Self healing polymers and composises! lsea DCPD and CPD
derivatives are tiracting growing interesin the military, aerospace, and marine
applications regarding low material and maintenance c¥$tgil@, lovu, Alcea,
Cucuruz, Mandoé& Vasile 2020).

DCPD is also used in additive manufaotg as a poyDCPD, a thermoset. Three
dimensional (3D) printing ink can contain DCPD, a polymerization catalyst such as
Grubbsdés ruthenium catalyst where 3D pri
poly-DCPD in a fast manner. 3D printing applicati@re desirable in the medical,
aerospace, and robotics industry as far as the simplification of the manufacturing
process, low cost, and flexibility are concern®dag, Zhang, Pei, Qi& Wang,

2020).

DCPD occurs in endo and exo isomers. Depending omitieeation DCPD can be
selectively produced. The 3D orientation of endo and exo isomers of DCPD are
depicted inFigure2.1.

7
endo-DCPD exo-DCPD

Figure2.1: Structurs of endeDCPD and exédDCPD



EndoDCPD is majorlyformed when the temperature of the dimerization reaction of

CPD is below 150AC, however, at hi gher tem
DCPD (Szekerest al.,1977).Although the exeDCPD is considered to be a more

thermally stable isomer, the endo isonsekinetically favored. In fact, endoCPD
monomerization to CPD starts around 140AC,
unreacted even at 170AC. Therefore, the C5
or commercially available DCPD contains majorly endsomer. Thermal

dimerization of CPD favors the formation of eARDEPD with the amounts of 99.5%

endo and 0.5% exo isomer respectively. Photochemical dimerization, on the other

hand, allows the formation of an equimolar mixture of endo and exo isomers

(Janr - z , &®abgowaski 2003) (Han, Zou, ZhangyWang & Wang, 2009)

(Zou, Xu, Zhang& Wang,2012) (Herndon, Grayson & Manion,196Fxo isomer

is claimed to have better characteristics when compared to endo isomer for polymers

and jet fuels in termsfarigidity, polymerization speed, and having better low

temperature performance respectiveBhgng, Jiang, Jiang, Zou, Wang, & Mi,

2007, (Sottos et al., 2007). Self healing polymers that useD#GD able to reach

20 times faster healing rate when conggiio endo isomers where fast healing rates

are preferred (Mauldin et al., 2007). Therefore the production eD&¢eD is also

an important target for the industrighanget al.,2007), (Sottos et al., 2007). Exo

DCPD can not directly isomerize to erB&€PD without monomerizing to CPD

(Narayan, Wang, Nava Medina, Mannan, Cheng & Waag6).Studies show that,

for the isomerization of endo isomer to exo, a monomerization reaction at elevated
temperatures and pressuissequired where the endo/exo isomatia is greatly

affected by reaction parameters. During the monomerization reaction, duration is

crucial as far as the oligomerization of the CPD is concerned. Therefore, shorter

reaction times, high pressures, and milder temperatures are preferred &toth

isomerization with a higher yiel®Zbanget al.,2007. However novel studies are

present in the literature to isomerize endo isomer to exo isomer. Isomerization of
endeDCPD in the liquid phase over acidic zeolites is proposed for practical

applications where the oligomer formation can be eliminated (Han et al., PQ@9).
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to either intermediate or endse areas, high purity dicyclopentadiene production is

an important target for the chemical industry.

At or above room temperatures, CPD gaesder a spontaneous exothermic
dimerization reaction to produce DCPD with heat release of 75 kJ/mol, therefore a
production route for CPD also offers a production route for DCPD. In fact, if the heat
dissipation due to spontaneous dimerization reactionots handled properly,
runaway reactions may occur within the storing unit such that the-lppiftessure

may cause explosion hazards. Therefore, CPD is preferred to be handled, transferred,
or stored in DCPD form. However, to produce CPD, DCPD shouldngierua
thermal monomerization reaction and should be kept at a temperature-Befovk C

in order to prevent rdimerization. DCPD monomerization reaction can undergo in
both liquid phase and vapor phase depending on the application (Cheung, 2000),
(Claus etal., 2016),J a met-alz2003.

2.2  Pyrolysis Gasoline

DCPD is primarily produced from pyrolysis gasoline (PYGAS) in industry. PYGAS
is a hydrocarbomich mixture and mainly produced from steam cracking reactors for
the production of ethylene as a sideduct (Cheung et al., 2000). Depending on the
feed and the pyrolysis conditions, the constituents and the composition of the
PYGAS may vary. PYGAS can contain unsaturated, saturated, cyclic, olefinic, or
aromatic petroleum compounds containing two to elevérngher carbon containing
hydrocarbons (Bondaletov et al., 201%)efrera,Murgia, de Hazos & Lubkowitz
1981). Mixtures that contain numerous types of petroleum derivatives are usually
not preferred to separate all the components into their pure.fdhmsefore, these
hydrocarbon rich petroleum mixtures are distilled or fractionated into their fractions.
Fractions or cuts, refer to mixtures that have similar properties such as boiling point
(Towler & Sinnot, 2013)
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C3 and C4 fractions of the PYGASeawidely processed in the petrochemical

industry due to their activity. Butadiene, butene, isobutylene, and mixed butanes can

be directly isolated and utilized from the PYGAS mixture. C5 and higher carbon

fractions can be directly used as fuels or compldtedrogenated to alkane«i(n,

Lee, Lim & Seo0,2019).C5 and C9 fractions of PYGAS are generally used in

petroleum resins and depending on the composition of these fractions, resin quality

can change (Bondaletov et al.,, 2015Rakmatpour & Meymangdi2021).

Dearomatization of the PYGAS is also an important target for the petrochemical

industry @Ayuso, NavarroMo y a , Mor eno, Pal oma2022). Gar c2 a &
Benzene, toluene, and xylene fraci@me used as raw materials for petrochemical

applicationsand can be obtained by extractive distillation of PYGABuUshwireb,
Elakrami & Emtir,2007) L ar ri ba, Navarro, GorM®l ez, Garc:
(Larriba, Navarro, DelgadMe | | ado, St ani sciQl7)Garc2a & Rodr

In fact, PYGAS is used as a pimny source for the production of benzene and toluene

in Western Europe and Asia Pacific due to its low cost. The amount of the PYGAS
produced from the steam cracking reactor 1is
molecular weight. For instance, naphtheacking yields more PYGAS when

compared to butane cracking per kilogram of ethylene produced. For this reason,

PYGAS is not a primary source for the production of C5 olefins or aromatics in the

United States of America since lighter feeds such as ethdrm@apane are generally

used for cracking, unlike in Europe or Asiiftcoff, Reuben & Plotkin, 2013).

PYGAS can be directly hydrogenated for stabilization to prevent gum formation
during storage or downstream processiagachelandon, Lok Pollington & Stitt
2005 Medei ros, Ara%¥ o, 2@@spar, Silva, & Britt

Constituents of the PYGAS mixture have close boiling points and some of which
form an azeotrope with each other, therefore separation of the components by

common distillation rathods can be challengingl{ushwirebet al., 2007).
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Table2.2: Physical and chemical properties of pyrolysis gasoline from SOCAR

Property Value Unit

Density (15C, under vacuum) 0.82930.8692 glen?
API Gravity (18C/15°C, under
vacuum) 3139 ]
Boiling Point

1 First Boiling Point min. 35 °C

1 %10 Fractionmin. 57 °C

1 %50 Fractiopmin. 88 °C

1 %90 Fractionmin. 152 °C

 Last Boiling Point min 180 °C
Boiling Point Range 45-340 °C
Flash PoinRange -20.535 °C
Vapor Pressure (at 2Q) 21.33249.69 hPa
Dynamic Viscosity (at 28C) 0.590.95 mPa.s
Dynamic Viscosity (at 46C) 0.47-0.73 mPa.s
Solubility in Water 0.0350.16 g/L
Surface Tension 70.272 mN/m
Autoignition Temperature 401-502 °C
Gum Content, max. 60 mg/100mL

PYGAS can be obtained as a side product in the ethylene production unit from
SOCAR in Turkey.Non-aromatic compounds, dienes, benzene, toluene,-ethyl
benzene, xylene, styrene C9, and heavier compounds are stated to be present in the
PYGAS mixture. PYGAS mixture from SOCAR is liquid at room temperature and
has a straw yellow color. The physical atitemical properties of the PYGAS
mixture obtained from SOCAR are given in TaBle (SOCAR, 2019, (SOCAR,

2020).
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2.3 Production of DCPD from PYGAS

Generally, DCPD is produced from PYGAS with CPD/DCPD content of 15% to
25% by weight in the chemical industripepending on the storage CPD and DCPD
content of PYGAS may varyAs CPD spontaneouslgimerizes to DCPIby the
reaction shown in Figure 2.ehajor portion of the CPD in tHeYGAS is in the form

of DCPD if the PYGAS is stored.
kfon/vard
—= 2

reverse

Figure2.2: Reversible monomerization reaction of DCPD

Stored PYGAS mixture iprocessedn dimerization reactorwhere the remaining
fraction of the CPD converts to DCPDepending on the storage of the used
PYGAS, he first dimerization reactor can be bypassed if all CPD content was
dimerized to DCPD.Then DCPD enrichened PYGASs sent to sequential
distillation columns wher€5 to C11 fractions are separated to form crude DCPD
(Claus et al., 2016),Cheung, 200). Crude DCPD caralso be obtained by the
dimerization of CPD in the C5 fraction atite distillation of DCPD from the C5
mixture (Li, Shen& Ling, 2013. Typical DCPD content in the crude DCPD varies
from 87%wt to 90%wt (Li et al., 2013)C&i, Shen, Liu, Xir& Ling, 2009. Crude
DCPD mixturecan besubjected to subsequent monomerization and dimerization
reactions in controlled conditions to increase purity (Claus et al., 20hé)need

for the additional monomerizatiesimerization of DCPD results from the CPD loss
due to side products of @bmersin the first dimerization reactor. These side
products can be CPD+1,3 butadie@®D+1,3 pentadiene, CPD+ isoprene, CPD+1
pentene, CPD+methyl buter@go,Liu, Zhang, Shi, Song & Ya®015) (Xu, Jocz,
Wiest, Sarngadharan, Milin&oleman,laccino, Pollet,Sievers & Liotta,2019)

(Krupka & Kolena, 2012). Yet another side product of @bmer is methyl
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dicyclopentadiene. Methyl dicyclopentadiene (NDEEPD) is also a potentially
valuable compound of PYGAS. MBXCPD can be used as additive in unsaturated
polyester resins to increase the quality of polyester grade DEP®(r ot , Hyr g
Bandguch, Wa R o u s & WeBnk, 2028 Pueeko, its Idwecost, Mét

DCPD and derivatives can also be used in epoxy resins, rubbers, adhesives, or
varnishes. MeDCPD can k utilized from low purity DCPD or separately in
technical grade. MeDCPD has many isomers where the methyl group is attached
to 2, 3, 4, 5, or 7 positions and isomerization kinetics are present in the literature
(Krupka, 2011). MeDCPD also goes underi€s Alder reactions to produce
cyclopentadiene (CPD), methyl cyclopentadiene (MBD), or dimethyl
cyclopentadiene (DMeE€PD) therefore MeDCPD is also a potential source for
CPD from monomerization reaction. MBCPD kinetic study is also an important
target to develop a model for reaction mediums involving-DIePD as well.
Kinetic parameterfor the reversible calimerization reaction of MeEPD is given

as 3.7x10° (L/mol)s? for ko and 71.6 kJ/mol forEa. Activation energy for the
reversible cedimerization reaction of MeEPD with CPD is close to CPD

dimerization reaction activation energy va(@&upka, 2010)

Separation o€PDfrom PYGAS directly by distillation can be challenging as CPD
forms an azeotipe with other fivecarbon PYGAS constituents such aBentane,
2-Methyl-2-butene, and cig2-Pentene Therefore gtractive distillation methods
followed by monomerization and -tmerization of DCPDcan be applied to
produce high purity DCPPCheung, 200), (Miki, 2019). To separate CPD from
other close boiling point or azeotropic compounds in C5 fraction, usually
acetonitrile, dimethyl formamide, and-mNethyl2-pyrrolidone are selected as
solvent for extractive distillatiortHsu, Wang,Ou, & Wong 2015) DCPD can also
be produced by the separated C5 fraction of PYG3hsequent monomerization
and dimerizatiorreactionscan beemployed to further increase the DCPD purity
(Nurul lina, Sol o&Sarawog 200l i akumovi ch
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2.3.1 Production of DCPD from C5fraction of PYGAS

Thetypical C5 fraction composition aisedPYGAS is given in Table 3(Nurullina

et al., 2001)High purity target for DCPD from C5 fraction of PYGAS can not be
achieved by conventional separation methods direbigause othe azeabpe
formations with CPD and other @®nstituents of PYGA&s mentioned in earlier
sectiongCheung, 200), (Miki, 2019).

Table2.3: C5fraction composition ofisedPYGAS (Nurullina et al., 2001)

Compound Name wt %
1,4 Pentadiene 1.3
Isopentane 12.9
n-Pentane 24.8
1-Pentene 41
2-Methyl-1-butene 8.7
2-Pentene (cis and trans) 6.1
2-Methyl-2-butene 1.9
Piperylene (cis and trans) 11.9
Isoprene 12.6
Cyclopentadiene 13.1
Cyclopentene 2.5

Therefore, dimerization of CPD in C5 fraction to DCPD, and separation of DCPD
from C5 fraction by boiling point difference are proposed as DCPD has higher
boiling point when compared to other C5 fractemmstituentsHowever, cedimers

of isoprene and piperylene from reversible reactions are also formed during the
dimerization reaction. The resulting mixture from the dimerization reaction and
separation is called crude DCPD, wheredaoers ofisoprene and piperylene along
with DCPD are present as impuritid$e crude DCPD mixture is then subjected to
monomerization where CPD is majorly produced as thdim@rs are more stable

than DCPD.Then the monomerization and-denerization stages folleed by
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distillation can continue until the desired purity of DCPD is achigiedullina et

al., 2001) Monomerization and rdimerization steps are depictedrigure 23.

CPD
Controlled Isoprene

it C5 Fraction of PYGAS i i7ati .
. D t Separation Monomerization
C5 Fraction of PYGAS M} DCPD —p——) Crude DCPD e Piperylene

] DCPD
Co-Dimers Co-Dimers

Separation

Controlled Controlled Controlled l

Dimerization Monomerization DCPD Dimerization CPD
H]gh Purity DCPD € CPD € Co-Dimers Isoprene
Piperylene

Figure2.3: DCDPproduction rout fromC5 fractionof PYGAS(Nurullina et al.,
2001)

The rateof reactionof DCPDis higher than calimers and the ratef reactionof co-
dimerization with isoprene is higher than that of piperylene making the iseprene
CPD dimer a major impurity. CGdimer impurities increase with reaction
temperature, reaction time, and CPD conversion for dimerizafioerefore the
reactions should not go to completion. The dimerization reaction of CPD becomes
limited as the reaction proceedehe decrease in the CPD contration in the
medium leads to the reaction rate of piperylene and isoprene beingdsgheCPD
dimerization reaction is second order with respect to CREording tothe
experiments conducted, -cmer impurities, are affected by dimerization
tempeature dimerization time, and the conversion of CPD to DCPD during
controlled dimerizationFor optimum DCPD yield in dimerization, temperature
should be selected ®AC and the reaction time shoul
For the monomerization stegecrease in thime side productaith monomerization
temperatures observeddue to reaction kinetics of theo-dimers Therefore for
optimum DCPD monomerization, re@on temperature should 460A C 2004 C

Then, there-dimerization stegan beperformed around 0 Gor 14 to 18 hours. To

remove theC5 fraction, distillationis performed and the produBxCPD purity of
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99.5% to 99.9%can be achievedAs a last stephigh-boiling point inert solvent
(heptadecane) and a radical scavenger (hydroquinare)added to inhibit

polymerization(Nurullina et al., 2001)

Kim, et al.(2019)suggest an alternative route for the production of DCPD from the
C5 fraction of PYGASThis process is proposed as an alternativkeé@onventional
routewhichinvolves a series of distillatiostepsrequiing high energy consumption
along with expensiveequipment. Furthermore, oligomers such as CPD trimer
(TCPD) may be formed around the odbr due high temperatures. In order to
overcome the oligomer formation issues, the reboiler temperature should be
decreased as the pressunaking the column size increase. Therefore, an alternative
operation strategy to produce DCRIuggestedAs an alternative toonventional
serial distillation operations, membrane separat@moposed. Its aimed to reduce

the energy consumption and the impurities in the mixture by using %1,1,3,3
tetraethoxyl,3limethyl disiloxane (TEDMDS$ilica composg membrane. By
starting the C5 fraction of PYGAS, all CPD content ini€&imerizedand separated
from lower boiling compound$y distillation The crude DCPD mixtures then
monomerized and dimerizéor furtherpurification stepsThe effluent of the s®nd
dimerization reactor can be separated by a membrane. CPD an@%thefecules
being permeated under pervaporation conditamd theDCPD being a retentate
over theTEDMDS membrane, ultrdaigh purity (98 %)of DCPD can be achieved.

A comparison oftie conventional method and the membrane separation is given in

Figure 24.
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Figure2.4: AlternativeDCDP production route fron€5 fractionof PYGAS (Kim,
et al, 2019)

Hsu,Wang,Ou, andWong(2015)alsopointed outhe problems regarding the high
energy consumption, capital cost, and handling isetissquentialistillation and
reactor systems to obtain high purity DCBBd other valuable hydrocarbons such
as isoprene or pentadiene. fact, energ consumption for distillation processes
covers %3 of global energy consumption. Thereftrere isa need for process
intensification and simplificatiofor DCPD productionAlthough there are various
strategies to produce high purity DCPD in industing, commorDCPD production
route includes dimerization, monomerization, and separatapgsas mentioned in
earlier sectionsThe number of dimerization and monomerization units depends on
the target DCPD purity. Other than thermal monomerization, amélyzed
monomerization can also be usid monomeriation of DCPD. Simulations are
performed for the separation of the C5 fraction of PYGAS in Aspen Plus. For vapor
liquid equilibrium relations, NRTL model is used and the model is stated to be in
compliane@ with experimental data for relative volatilities. Reaction information is
also provided for the simulatiomghich ae inagreemenivith reaction experiments.
Although the optimum selectivity for DCPD formation could be achieved At@0
the reaction islow due to the low temperature. If the reaction temperature exceeds
110 A Ghen the side produdbrmation with isoprene and pentadiemecreases.
Therefore, the optimum temperature for the dimerization reaction of CPD is

suggested as 7610A QHsu et al.,2015) In the suggested simplified procesg
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Hsu,Wang,Ou, andWong(2017), the number of reactors and columns is decreased
by separating the CPD from the C5 fraction before the dimerization reaction by
extractive distillation. The simplified process consists of a reactosiaddktillation
columns. In this way, 98.84% pure PD can be obtained by reducing the capital
cost by decreasing the equipment cost. Moreover, external heat integration and
thermal coupling can also be applied to the process to further reduce energy

consumptior(Hsuet al, 2017).

In addition to extractig distillation, reactive distillation can also be adapted to C5
fraction separationGuo, Wang,Li & Wang, 2017).Reactive distillation systems
allow reaction and separation to occur simultaneouslyhe same equipment.
Reactive distillation systems areeferred in industryo overcome thequilibrium
restriction by removing the product from the reaction medium. Moreover, equipment
costs are reduced as the same equipment is used for reaction and digiltatilen

& Sinnot, 2013)

Without using a dimézation reactor, the C5 fraction of PYGAS can be used as a
direct feedtockfor reactive distillation system where 5 carbon molecules such as
pentadiene or isoprene candvawn out aslistillate and DCPDs obtained abottom
streamwhere the CPD dimerizgo DCPD within the column. In fact, due to its high
dimerizationaffinity, CPD is readily converted to DCPD within the column arsl it
reported that the dimerizatias largely completd in the feed platdGuo et al.,

2017) As CPD content decreases it the column due to dimerization,-damer
formation gets limited. Temperature, number of stages, and operation time should be
determinectarefully in order tdhave sufficienDCPD yield withminimal co-dimer
formation. For instance, at temperatures @b Cisoprene loss due to-ctimer
impurities increases to 10% and CPD conversion to DCPD incnedkdke number

of stagegWang,2014) (Guo,Wang, Li& Wang, 2016) (Guo et al., 2017)n order

to sustain the separation of the C5 fraction, the addition of the liquieuipoddeas

within the packed columis suggestetb increase the residence time of liquid phase,
therefore, increase the CPD conversidnis observed that the conversiof CPD

to DCPD increases as the number of the liquid holdup regions, operating pressure,
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and residence time increase with a tradarothe increase in conversion of the co
dimer. However, higher reflux ratios allow higher conversions of CPD with higher
selectivitiesThe reactive distillation columifior the C5 separatiocould be operated

in a temperature and pressure rangBas ©@0A @nd2.3-2.6 bar,underthe reflux
ratioof 8-12 at the cost of high utility consumption and the risk of flooding eae

desired conversion and selectivity for DCRRuoet al, 2017).

Large scale production of DCPD in the purity range of 80% or 93 to 95% with methyl
dicyclopentadienéMet-DCPD)as a major impurity, is investigated by Herink et al.
(2022).Light pyrolysis gasoline (LPYGASNainly contains C5 and Gdused as
feedstock for th® CPDproduction. The separation process consists of a reactor (R1)
and four serial distillation coluns{DC1, DC2, DC3, DC4) and the process flow is
given in Figure 2.

Cc5-C9 770509

RI :
}—__> DC1 DC2 DC3 DC4
——DCPD—>

DCPD DCPD \—/
C10+ C10+ .
! ! Met-DCPDr

Light Pygas— O

A\ 4

Figure2.5: Productiorroutefor DCPD from Light FYGAS (Herink et al, 2022)

In this procesCPDin theLPYGAS is dimerized to DCPD in the reactor (R1). Then
thereactoroutlet stream is fractionated in thestillation columm sequenceén order

to separate the GB9 fractions as distillaten columns DC1 andC2 while the
bottoms product of DC2 contains heavier compowarsDCPD having thepurity

of 50-70%. Then the DCPD is further purified in DC3 and Dill4he desired purity
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of the DCPD is achieved. One advantage of the process is thdistil&tion
sequience allows the isolationa¥dimerMet-DCPD (Herink et al, 2022).

2.3.2 Production of DCPD from Crude DCPD

Li, ShenandLing (2013, studied thgroduction of CPD from crude DCPD mixture.
Typical crude DCPD compositionsed in the studig given in Table 2.

Table2.4: Typical mmposition ofusedcrudeDCPD(Li et al., 2013)

Compound Name wt %
Cyclopentadiene 0.1
NorbornengCo-Dimer with Isoprene 64
Dicyclopentadiene 89.9
Other Impurities 36

High purity CPD production is achieved by the monomerization reaction of DCPD.
The monomerization reaction of the DCPD is an endothermic and reversible reaction
therefore, CPD should be removed from the reaction system in order to shift the
reactiontoward t he productés side and higher temp
should be preferred for higher equilibrium conversions. Monomerization of DPCD
can be conducted in both liquid and gas phdsgsid phase monomerizatisrare
limited in flow ratesto redue the concentratioof DCPD that may lead tooke
deposition Coke depositiotaking place under thaigh temperatures, long reaction
times and high concentrations of reactantseactorcausesseriousheat transfer
problemsand increases the maintenagost(Li et al.,2013. On the other harlaigh
monomerization rates could be achievedyas phase monomerization of DCPD
which enablesigh conversion rate§ herefore, gas phase monomerization is more
adventageous for largecale production anadoke formation problem can be
eliminated by usingnert diluentgCai, Shen, Xin Liu, & Ling 2011) Li, Shenand

Ling (2013 also state that adding inert diluents not only decreases the coke
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formation but also increases the crackéfficiency. If the water or steaare used

as the diluerst the DCPD and other heavy compounds can easily be separated from
the mixture as bottoms products since the whians an azeotrope witbCPD.
However, H can beusedas a diluent to overcome cogiissues for its reusabded
separableharacter. Gas phase monomerization experingetsonducted at 0.12
MPa with different flow rates, Hto DCPD ratios, and temperaturessistated that
the increase in the reaction temperature inceehséh conversiorand yield of
DCPD. The maximum DCPDconversionis reported aB20A Gis97%. However,
when that temperature exce€®40A Ca decrease in both conversion and yield
observed due to coke formationidialso observethat the flow rates stuld not be
too high, andeaction rate requires longer residence tithaafour secondso obtain
appreciableonversionSimilarly, H> to DCPD ratios should edjustecdbetween 30
and 50 in order tachieve sufficient space time the reactor. lis reportedthat
under320 A Geaction temperaturand H to DCPD ratioof 50, reaction could be
carried out without observing coke formatidime monomerized CPB purified by
batch distillatiorunder atmospherjressure by purgingitrogeninto the systenfor

the removal of aiandprevent oxidation reactions. Batch distillation was performed
initially at total reflux until the steady statereachedandconstant reflux rati®are
applied(Li et al.,2013.

The reactive distillation method was also studied for the production of CPD with
liquid phase monomerization of Crude DCPD mixtureQai, Shen, Liu, Xinand

Ling (2009). Liquid phase monomerization is closely investigated where
hydrocarbons witlhigh boiing point as solvents are uskd dilution. Although the
reaction temperaturesppliedarerelatively lower thangas phase monomerization
(200AC t oow& CRD yial€i3 reported because othe formation of
undesired oligomers which may alsauseproblems such adogging in the reactor
Therefore, a reactive distillation system is offered rather than the series of reaction
distillation stepswvhich is helpful forshifting equilibriumto product sidereduction

in plant cost, and improved selectivitDCPD monomerization with an autoclave

reactor and reactive distillation with continuous column experimental studies are
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conductedCPD andDCPD concentration also directly affects the oligomerization
of CPD and DCPDherefore high boiling point diluesuch as dodecane is added to
the system. In addition to the diluents, oligomerization inhibitors such-as o
nitrophenol, and partert-butylcatechol can also be added to the system. Also, the
oligomerization ratés reported to be more sensitive to CPD a@ntcation than that

of DCPD concentratianThereforeremoving the CPD from the mixtusipresses
the oligomer formation within the system. By reactive distillation, DCPD is forced
to monomerize rather than oligomerize with CPD as CPD is continuously rdmove
from the reaction mediunReactive distillation system parameteqgplied in the
study ofCai, Shen, Liu, XinandLing (2009)are summarized in Table 2vhich
yields 90% CPD witt98 wt %purity.

Table2.5: Systemparameters for the reactive distillation syst@aiet al.,2009)

Parameter Value
Tray Number 15
Feed Location 11
Tray Diameter 30 mm
Tray Spacing 40 mm
Liquid Holdup for Each Tray 1.4 mL
Distillate Heat Transfer Ice Bath

Reboiler Heat Transfer Electric Heater (17%C)

Reflux Ratio 4
Pressure Atmospheric
Operation Time 1h

The feedstok, operating conditions and the performantése DCPD production

routespresented abovaesummarizedn Table 26.
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Table2.6: Summarytable for production routesf CPD/DCPD

Initial CPD/DCPD CPD/DCPD
Source Used Method .
Content Purity
DimerizationMonomerization
. . Followed by Separation Cycle
C5 fraction of PYGA§Nurulinnaet o . .
.200 13.1 % CPD Dimerization Temperature: 30C O 9% DCPD
al.,
Monomerization Temperature
160-200A C
) ) Membrane Separation .
C5fraction of PYGAS Kim et al.,2019 9.0% DCPD O 9®%DCPD

Feed Temperature: 500A C
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Table 2.6 (continued)

Initial CPD/DCPD CPD/DCPD
Source Used Method _
Content Purity
Simplified ReactionExtractive
_ Distillation Complex ]
C5 fraction of PYGASKisuet al.,2015 NA o O 9®BDCPD
Dimerization Temperature: 75
110A C
Reactive Distillation to Dimerizi
_ 16.97 % CPD and 2.17" CPD
C5 fraction of PYGASGuoet al.,2017) i NA
DCPD Column Temperatur&0-9 0 A

ColumnPressure: 2-2.6 bar
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Table 2.6 (continued)

Initial CPD/DCPD CPD/DCPD
Source Used Method .
Content Purity
_ _ Reactor and Distillation 80.0 % or 9301
Light PYGAS Herink et al, 2022 NA

Crude DCPD i et al,, 2013)

89.9% DCPD

Complex 95.0% DCPD

Gas Phase Monomerization ti
CPD
Monomerization Temperature 99.3%CPD
320A C
H> to DCPD ratio: 50
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Table 2.6 (continued)

Source Used

Initial CPD/DCPD

Content

Method

CPD/DCPD
Purity

Crude DCPOCai et al., 2011)

Crude DCPIOCai et al., 2009)

Gas Phas®onomerization to
CPD
Monomerization Temperature
320A C
H> to DCPD ratio: 50

89.2% DCPD

Liquid Phase Reactive
Distillation to Monomerize
87.0% DCPD DCPD
Reboiler Temperature: 1A5C
Column Pressurédtmospheric

NA

98.0% CPD




2.4 Kinetic Studies for Monomerization and Dimerization Reaction of
DCPD

Kinetic parameterfor thermal dimerization of CPD, monomerization of DCPD, and
side reactions with edimersand oligomers are thoroughly investigated over the
years in literature Kinetic studies for the reversible monomerization and
dimerization reactionof DCPD(Figure 22) aresummarized in Table 2and Table

2.8, respectively Kinetic parameters of the reactions are categorized according to
the temperature range, reaction medium, and the DCPD isomer that is used.
Although the type of DCPD isomer is not spedfia some studies, it isxtracted

from the contexby considering the fadhat endeDCPD formation reaction has
lower activation energyhan that of exd CPD. The type of solvent in the reaction
medium is stated not to have a significant effect on thetid parameters. (Krupka,
2010. Monomerization of bth endo and ex®CPD take place byirkt order

reaction, and dimerizatidiollows second ordekinetics
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Table2.7: Kinetic parameters for the reversible monomerization reactid®CPD

Reaction Medium

Source DCPD Isomer ko forward Eaforward Temperature Rang
st (kd/mol) (°C)
Herndon Grayson &
_ endeDCPD  1.1x10° 142.1 150210
Manion, 1967
Herndon Grayson &
. exoDCPD  5.3x103 161.0 200-350
Manion, 1967
Griffith, Chu & Langer,
endeDCPD  4.0x104 157.7 190210
1987
Langer and Pattgn
endeDCPD  5.0x10* 156.1 180-200
1972
Nurulinnaet al., 2001 NA 2.6x10°3 142.3 NA
Guo et al., 2017 NA 5.7x102 142.0 50-100

DCPD in Gas Phase, Flow Reactor Under Nitro

DCPD in Gas Phase, Flow Reactor Under Nitro

DCPD in Gas Phase, Multi Column GC Reactol

DCPD in Gas Phase, in Versamid 900 Solvent,

Column as Reactor
C5 Fraction oPYGAS
C5 Fraction of PYGAS, Vapdriquid Medium,

Autoclave Reactor
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Table2.7 (continued)

Source DCPD Isomer ko forward Eaforward Temperature Rang Reaction Medium
st (kd/mol) (°C)

Yao, Xu, Dongliu,
Yuan, Wang, Cao&  endeDCPD  3.0x10°3 131.0 180-240 DCPD with Toluene in Microreactor
Luo, 2020
Yao, Xu, Dongliu,
Yuan, Wang, Cao& exoDCPD  1.4x10%4 1570 180-240 DCPD with Toluene iMicroreactor
Luo, 2020
Xu et al, 2019 endeDCPD  1.2x10° 157.2 80-160 C5 fraction with Toluene, Liquid Phase
Caietal., 2011 NA 2.8x10 77.6 280-330 Crude DCPD, Gas Phase Reaction, Flow Reac
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Table2.7 (continued)

Source DCPDIsomer ko forward Eaforward Temperature Rang Reaction Medium
st (kJ/mol) (°C)
Pal movg, K
Sch°ngut, DCPD, Reactor with Overhead Condenser, Vaf
NA 5.3x10° 1610 150220

Gt Np 200E k ,

Liquid Medium, Gas Phase Reaction
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Table2.8: Kinetic parameters for the reversible dimerization reaabio@PD

Source DCPD Isomer koreverse Eareverse Temperature Rang Reaction Medium
(L/mol)st  (kd/mol) (°C)
Szekeres et al., 1977 NA 1.9x1¢ 68.6 60-120 C5 Fraction of PYGAS, Steel Vessel
C5 Fraction of PYGAS, Vapedriquid Medium,
Guo et al., 2017 NA 4.4x10° 65.8 50-100
Autoclave Reactor
Nurulinnaet al., 2001 NA 1.2x1¢ 68.6 NA C5Fraction of PYGAS
Yaoet al, 2020 endeDCPD  5.3x1¢ 62.0 180-240 DCPD with Toluene in Microreactor
Yaoet al, 2020 exo-DCPD 4.1x10 69.0 180240 DCPD with Toluene in Microreactor
DCPD, Reactor witlOverhead Condenser, Vapol
Pal maial,®001 NA 1.9x10 75.0 150220 o _ o _
Liquid Medium, Liquid Phase Reaction
DCPD, Reactor with Overhead Condenser, Vap
Pal maial,®001 NA 1.2x16 70.0 150220 o . _
Liguid Medium, Gas Phase Reaction
DCPD inDecaline, VapoiLiquid Medium,
BNI o éthl.&2000 NA 3.4 x16 71.3 30-190

Reaction Flask



Table2.8 (continued)

Source DCPD Isomer koreverse Eareverse Temperature Rang Reaction Medium
(L/mol)s*  (kJ/mol) (°C)

1%

Krupka 2010
Kr upka,lLedBrer endeDCPD 2.7x1¢ 70.6 40-120
& B2 | 20Mv §,

CPD, Liquid Phase, with Cyclohexane, Batch

Reactor

Krupka 2010
Kr upka,LedBrar exoDCPD 4.5x1C 80.2 40-120
& B2 20Mv § ,

CPD, Liquid Phase, with Cyclohexane, Batch
Reactor

CPD and MeDCPD, Liquid Phase, with

Krupka 2010 endeDCPD  3.6x1C 71.1 40-120
Cyclohexane, Batch Reactor

Caietal., 2011 NA 6.3x1C 51.45 280-330 Crude DCPD, Gas Phase Reaction, Flow React
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Table2.8 (continued)

Source

DCPDIsomer koreverse Eareverse Temperature Rang

Reaction Medium

Xu et al, 2019

Xu et al, 2019

Kumar and Pawar,
2004

endeDCPD

exo-DCPD

C5 fraction with Toluene, Liquid Phase

C5 fraction with Toluend,iquid Phase

CPD Dimerization, with %45 AlGlin EMIC lonic
Liquid

* Preexponential factor and the activation energy are calculated from reaction rate constants at different temperatures:
Kasoaicia(30°C, 108 Ms™) =2.99 Kaswaicis (35°C,10° Ms™?) =3.27, kiswaiciz (40°C,10° Ms?) =3.47



As it is shown irtables 2.7 and 2.8, reaction kinetics data reported in literatere
determined in the presence of different reaction mediurhs. influence of the
solvents on Dies Aldeegactions islso well documentenh the literature. Different
solvent types can have an impact on the reaction rate depending on the dienophile
type(Bini, ChiappeMestre Pomelli & Welton, 2008 (SheehamandSharratt, 1999)
(Zhang et al., 2008Howeve, the effect of the solvent type on the reaction rate is
stated as negligible foreversible CPD dimerization reaction (Krupka010),
(Griffith et al., 1987), langer and Pattqri9729. Langer and Patton (1972), Griffith

et al. (1987) and Herndon et 4l1967) assumes no reverse reaction for the

dimerization of DCPD at the given temperature ranges.
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CHAPTER 3

EXPERIMENTAL AND SIMULATION METHODS

This chapter presents details regardingaharacterization methods, experimental
procedures, experimental agi, and simulation methods orderto produce high
purity DCPD( O 9 Offiw PYJGAS mixture Characterization methods include
composition analysis, thermal behavior analysis, and propestynation of
PYGAS.Experimental methods comprise two parts; phase equilibrium and reaction
experiments. Simulatiostudiesperformedfor the digitaltwin of the prominent
experimental studies in Aspen Plus softwmagesion V12.lare also detailed in it

chapter.

3.1 Characterization of PYGAS and DCPD

A series of composition analyses were conductedf@PD ( O 99 éhdt |, ZET
PYGAS sampleg(SOCAR)to correctly identify the austituentsand composition

along with definingeed streams for the digitdwin of the system to be developed.

Agilent Technologies GC 7890B and MS 5977E were used for characterization
purposes for DCPDand PYGAS. Agilent Technologies HBms capillary GC

column was selected due to its low bleed ctiaréstics and inertness. A split liner

was used for dilution with a split ratio of 50. The injection volume was kept at 0.2

el for Automatic Liquid Sampl eAGeBRAS) . I
for PYGAS and 88 €1 6 0 AC f ochara@e@iZtnColumn pressure was
adjustedag . 1 bar. The oven temperature was ke
the carrier gas, while heptane (for gas
099. 5%,),hderamlk (for gas chr omaridwlgeneaphy , C
(for gas chromatography MS SupraSolvE, C
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solvents for DCPDand PYGAS samplesDetailed information about GEMS
analysesre provided in Appendii and AppendixB.

In order to understand the thermal behavior of the D@Rd PYGAS, simultaneous

thermal analysewith TGA/DSCGSTA were conducted. Netzsch STA 449 F3

JUPITER was used for thermal analyisysusinghermetically sealesample cupTi

Hermetic Pah Tests were conducted under a nitrogenospherevhere the heating

rate was selected as 10AC/ mi ensipand t he gas
viscosity measurements of the PYGAS were carried out in order to check the

property change of PYGAS that is stored for a prolonged period. Density
measurementswere conducted in a liquid pycnometer and the viscosity

measurements were carried out by using the Brookfield ViscomM#&2&TRYV.

3.2 Phase Equilibrium Experimental Studies and Model Prediction

Phase equilibrium experiments were conducted in order to undirtarphase
equilibrium behavior of the PYGAS mixturty determinethe applicableequation

of state, and provide consistent data to be used in process simulations for the
production of DCPD from PYGA® industrial scale

3.2.1 Phase Equilibrium Experimental Studies

Phase equilibrium experimentsvere conducted by usingdeidolph Rotary
Evaporator, Laborota 4003&s a singlestage distillation appagtus. PYGAS

(SOCAR andcommerciaDCPD sample$ O 9 9 %w were uge# s feedstock

in these experiment3he rotaryevaporator operateat temperaturds et we e-n 2 0 AC
180AC with anl Kaana had a buyin temiperature and vacuum
controller which was connected to a vacuum pump and a vacuum trap. The condenser
was connected to Huber Minichiller where the temperature of the cooling fluid can

be @ontrolled. The experimental setup for phase equilibrium experiments is depicted

in Figure 3.1.
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CHILLER

Figure3.1: Phasesquilibrium experimental setp

A set ofvaporliquid equilibrium experiments for fractionath of the PYGASnN
single equilibrium stage were carried atitdifferent temperatures and pressuces

explore fractions that can be separated

Two groups of experiments were conducted. In the first group of experiments
original PYGASsamplewas separatetb various fractions by applying appropriate
temperature and pressufkhe fraction collected in receivinflask in equilibrium

with residual in evaporating (rotary) flask were analyzed by usingUSCIt was
determined that the benzene and lighter hyaifoans can be removed from the
PYGAS mixture at 88 @nd 100 mbar at single stepa large exteniThe second
group of experiments were carried outdugcessivéractionationsto determine the
operating conditions and to envise possible fractions that can be obtained in
multistage distillationThese experiments were conductedepasate benzene and
lighterhydrocarbonsDCPD rich condensate and isolated DCPDirss$, secondind

third stepfractionation respectively.
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Schematic explanation of threestep phase equilibrium experiments is given in
Figure 3.2. Step 1 represents the stage where benzene and lighter hydrocarbons are
separated from the PYGAS mixture. In Steph2flask of step 1 was filled into the
evaporating flaskand further distilledto retrieve DCPD in receiving flask
(condensatefrom the heavy residue. Then at Step 3, it was aimed to fusthiy

the receiving flaskcondensatedf Step 2.Set temperate and pressure values for

single step experiments suchexperiments 1, 2, 3 and multi step experiments such

as 8, 9, 10, 14re given in Table 3.1. During the experiments, an upper limit
temperature was determined &s3 5 AoCprevent DCPD monomerizatiom
evaporative flask.The stepby-step procedure for experimeni4 is given in

AppendixC.

All samples collected in receiving and evaporating (rotary) flasks were analyzed
and composition of fractions were determin&{C-MS method informationfor

charaterizationare provided in Appendik.

Step 1

,E] | Step 2

Benzene and Lighter
Hydrocarbons

Step 3

[
@

DCPD Rich Fraction

[IE])|

o

DCPD Isolation

Figure3.2: Multi stepseparation of theYGASIn phase equilibrium experiments

40



Table3.1: Phase equilibriunexperiment sets

Set
Experiment Number . Set Pressure(mba
Temperatured £

Experiment 1 40 175

Experiment 2 80 650

Experiment 3 80 100
Experiment &* 80 100
ExperimentBy* 125 100
Experiment8z* 135 100
ExperimentOx* 80 100
Experiment 9* 125 100
Experiment @* 125 70
Experiment 18* 80 100
Experiment 19* 130 150
Experiment 1@* 130 90
Experiment 14* 80 100
Experiment 1§* 125 100
Experiment 14* 110 100

*Xrepresents the ABenzene and Lighter
Step(Step 1 yr epresents the ADCPD Removal
Heavy Residu¢Step2) azmeépr esents the ADCPD | s
Step(Step 3d .

3.2.2 Phase Equilibrium Model Prediction

The quantitative analysis results of fractions obtained in pleagelibrium
experiments were simulated Aspen Plus softwarerersion V12.1to test the
compliance of various equation of statésr simplicity, constituents of the PYGAS

mixture were group as representativenixture containingLight Hydrocarbons,
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Benzene, Toluene, DCPD, and MetyCPD. For propertyestimationmethods,
Braun K10 (BK-10) by being suitable for vacuum applications for petroleum
compounds, and Peng Robinson by being a beittdorf the determination of

thermodynamic properties for petrochemical compounds, were selected.

For digital twin of the experiments, BatchSep equipment in the Batch Models
module was used.he physical dimensions of thetary evaporator systeased in
experimentsverecompiledinto Aspen Plus software version V12The number of

stages was selected as 2 comprising only the pot and condenser for the accurate
modeling of the singlstage distillation with a reflux ratio of 0. The medium
temperature was spified as the set temperature of the heating bath and the pressure
was specified as the set pressure of the vacuum controller system. Condenser
temperature was determined according to the temperature of the chiller that was
connected to the rotary evaptmas condenser. The initial condition was selected as

Al nitial Chargeo where the starting amount
specified. Condenser pressure was specified as 100 mbar as an operating step for

batch operating simulation.

3.3 Monomerization Reaction Kineticsand Model Prediction

Monomerization kinetics of DCPD to CPD was studied to detertiaeeaction
rate expression and reaction equilibrium. Téaction experiments were conducted
in order toevaluate the viability of the productioh@CPD from PYGAS by reactive
distillation. By following this approach monomeriation of DCPD could be
performed during distillatiom-situand formedCPDcan beseparatd from PYGAS
mixture by boiling point difference.In this study, kietic analysis fo
monomerization and dimerization reactions were carriedrmdithe kinetic data was

provided for the simulation of theactive distillation system
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3.3.1 GC-MS Reaction Experiments

The reaction kinetics of DCPD monomerization experiments were carried out by
injecting DCPD samples into the heated injection port ofNE&Csystem where the

reaction takes place and the reaction mixture was analy=zetl. For this purpose,

GC-MS inlet liner of Agilent Technologies GC 7890BS 5977E systerwas used

as a differential reactor for kinetic analydig injecting the diluted solutions of

DCPD (O 99%wol ueZrEeT) ( f or gas chromatogr a
099 . 8 %, , inMieptare Kfor gas cho mat ogr aphy ECD and FILC
09 9. 5%, anbRYGASK($OCAR)n heptane (for gas chromatography ECD

and FID SupraSolvE, 099. 5%yoluiMeHPs&Sks wi t h
capillary GC column wasgsed for the anayse&.split linerwithavolumeo f 990 ¢ L
was usedn injection portfor further dilution of injected samplesThe injection

vol ume was kept at 0.2 ¢eL foburingthe omat i c
experiments,he injection porttemperature was changed and the oven temperature

was kep constant in order to make sure that the reactions only proceed in the GC

MS injection port liner and the formed reaction products were only eluted in the
column without any change in reaction extent. Experiments were perfor@ed AtC ,
240AC, 2BRAO0AC27 BAO0OAC, igestionpart tempatatutes 0 A C

at the constarmbven temperaturef 5 0 A C . Helium gas was used
The helium flow rate was altered to change tis&dence time in injection pofthe

resulting composition analgs at differenteactiontemperatures were collected. The

same procedure was applied for PYGAS in order to check the compatibility of the
results from pure DCPD reactiomnformation about the applied methodze

provided in Appendi¥, AppendixG, and AppendiH.

3.3.2 Reactive Distillation Experimental Studies

Thereactive distillation experimentgere carried out by usinginglestage reactive

distillation system in order to monomerize the DCPD in the flask and separate CPD
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fromDCPDInthe experi ments, DCPD (O 99 %wt,

setup isshownin Figure 3.3.
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Figure3.3:Experimental setip for the reactive distillation system

The reactive distillation systemwascomprisedof a reaction flask, condenser system,
electric heater, nitrogen inlet, condensate collection valve connected to graduated
cylinder,thermometer, thermocoupkirrer, cold trap connected to the outlet of the
sequential condenser system, relief valwenected to the cold trap and the final trap
connected to the relief valve. A cold trap was cooled by liquid nitrogen and
connected to the outlet of the sequential condenser system in order to capture the
material losses. The relief valve was set to aphesc pressure and the outlet was
dipped into a cold water trafphe open position of the condensate collection valve

allowed the collection of the condensate into a graduated cylinder while the closed
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positionoperates the system undetal reflux. Thecondensate collection valve was
held in an open position when the sampling is needed withdutllisy vapor liquid
composition in the systemThe experimental procedure for a single reactive
distillation experiment is given in Appendixwhile themodified parameters of the

other experiments are given in Table 3.2.

Table3.2: Reactivedistillation experiment sets

Experiment Set Temperaturi Duration  Sampling Experiment
Number (AC) (h) Interval Type

Experiment 27 160 3 15 minutes  Total Reflux

Experiment 29 160 1 10 minutes  Total Reflux

Condensate
Collection
Experiment 31 160 1 10 minutes Valve opened at
160°C

Condensate
Collection
Experiment 34 155 1 10 minutes Valve opened at
155°C

Condensate
Collection
Experiment 36 150 2.5 10 minutes Valve opened at
150¢°C

Condensate
Collection
Experiment 39 155 1 10 minutes Valve opened at
20°C

Condensate
Collection
Experiment 40 150 1 10 minutes Valve opened at
20A C
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3.33 ReactiveDistillation Model Prediction

Reactive distillationexperiments were alssimulatedby using Aspen Software
version V12.1to check thevalidity and viability of the process imdustrial scale

and the results are comparddCPD and CPD were selected asiponents. For the
property method, Peng Robinson was selected as a better fit for the determination of
thermodynamic properties for petrochemical compounds in reactive systems.
digital twin of the experiments, BatchSep equipment in the Batch Modelsilenod

was used. Reactor and condenser dimensions were specified according to the
reaction flask and condenser dimensions respectively in Aspen Plus. The number of
stages was selected as 2 comprising only the pot and condenser for the accurate
modeling of thereactive distillation system with a reflux ratio of 0. The medium
temperature was specified as the set temperature of the electric heater and the
pressure was specified as atmospheric pressure as the set pressure of the relief valve.
Condenser temperatuneas determined according to the temperature of the cooling
fluid of the chiller that was connected to the sequential condenser system. For
reaction information, kinetic data that was obtained from both literaturelaiad
gathered irthis work weretested The system was purged with nitrogen before the
reaction therefore the initial condition
distillate mass flow rate was specified as 0.4 kg/min in compliance with the
experimental results as an operating step &ctboperating simulation.

3.4  Aspen Simulation of Seperation Segence for the Production of CPD
from PYGAS

In this study,production ofDCPD from PYGASwith minimum 90%wt purityis

aimed Industrial scale production of the CPD from PYGAS was simulated by usin

the collected experimental data in Aspen Rlassion V12.1 Constituents of the
PYGAS mixture were added as components. The components that are not present in

the material databases Aspen Plusvere added manually by defining the structure
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of compound and using théeuilt in estimationmodule For the property method,
Peng Robinsorquation of statevas selectedavhich gives results consistent with

both phase equilibrium and reactive distillation experiments

For the simulation of industrial scale production, both BatchSep equipment in the

Batch Models module and RadFrac in the Columns modulewsedand compared.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter,detailed results oPYGAS and DCPD characterization, phase
equilibrium experiments, monomerization reactkinetic studiesand modelling
studiesare presented and discussed. PYGAS and DCPD characterigataias
include the determination of raw matergland productcompositiors, thermal
behavior analysis, and property estimatan PYGASand DCPD. Results of the
phase equilibrium experiments performed to obtain VLE data of DCPD in PYGAS
Reactive distillation experiments amdsitu GC-MS reaction exprimentswere also
performed to obtain DCPD monomerization kinet®isaulationresultsof the digital

twin of the prominent experimental studagdthe industrial scalBCPD production

in Aspen Plus softwareersion V12.lare alscexplained indetailin this chapter.

4.1 Characterization Results of PYGAS and DCPD

PYGASsample obtaineftom SOCAR is a dienreich mixturewhich containgnore

than 200 petroleum compounds. In Table 4.:/3& composition analysis resuit

major constituents in stored PYAS mixture for a prolonged times given. For
simplicity, more than 200 petroleum compound percentages of PYGAS constituents
are distributed to 2@epresentatvieomponents according to their boiling points.
GC-MS chromatograms and mass spectra are givAppendixA. PYGAS samples

were storedinder cool and dry conditioms sealed containefer minimum 2 weeks
before use ankleptaway from heat and direct sunlighkligh ratio of DCPD to CPD

can be explained by the storage of PYGAS sample for a longltimas observed

that the igh temperature GBS anal ysis ( O180AC) all owed
structures to go under Diddder reactions in the G®IS inlet liner causing the

increase inconcentrationof monomerization product€On the other hand, low
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temperature GBS anal ysis (O180AC) does not
composition as failing teaporizehigh boiling point compounds within the mixture

in sampling prt. PYGASsample analyseslowedusto identify components the
mixture and the compositioto plan phase equilibrium, distillation and reactive

distilattion experiments.

Table4.1: Compositionanalysisof majorPYGAS (SOCAR)constituents

Compound Name %wt
2-Methyl 1-Butene 0.2
Methyl Butane 2.0
n-Pentane 9.0
2-Methyl-1,3 Butadiene (Isoprene) 3.1
Pentene 0.8
1,3-Pentadiene (Piperylene) 2.0
1,3 Cyclopentadiene 3.6
Cyclopentene 15
Methyl Pentane 2.6
Methyl Cyclopentadiene 1.3
n-Hexane 2.7
Methyl Cyclopentane 1.8
Methyl Cyclopentene 0.7
Benzene 30.2
Toluene 15
5-Vinyl-2-Norbornene 3.0
Isopropenyl Norbornene 4.0
Exo-Dicyclopentadiene 0.3
EndoDicyclopentadiene 23.7
Methyl-Dicyclopentadiene 6.0
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In addition to DCPD and CPD, other C5 dimers tedouers were observed in
PYGAS sample. These @imers are methyl dicyclopentadiene (CPD+MNI&D),
5-vinyl-2-norbornene (CPD+1,3 butadiene), isopropenyl norbornene
(CPD+isoprene). However, the eptbduct of piperylene with cyclopentadiene was
not observed due to the lower reaction activity of piperylene with CPD, which is in

agreement with the literature (Nurulinna et al., 2001).

CommercialDCPD sample( ©9 9 %wt , ZET) was-M8éndthe anal y z
analysis results amgiven in Table 4.2GC-MS chromatogram and mass spectra of

the DCPD sample are given in Appen@&xDCPD sample contains %99.8 DCPD

(endo DCPD+exo DCPD) therefottas accepted as pure DCPDdur studies.

Table4.2: Compositionanalysisof DCPD(ZET)

Compound Name %wt
Isopropenyl Norbornene 0.2
Exo-Dicyclopentadiene 0.4
EndoDicyclopentadiene 99.4

Thermal behaviour of the PYGAS and DCPD were also investigated by using
TGA/DSG-STA and the thermograms asleownin Figure 4.1 and 4.2 respectively.

Figure 4.3 represents the overlaying thermograms.

51



TG 1% DSC /(mW/mg)

T exo

105 -3

Residual Mass: 100.47 % (499.7 °
100_______,___.__ —————————————————————————— - _2

95 4 L1
90 ] Peak: 2783 °C
/ -0
Area: -14 47 Jig /
85 4 ]
Peak: 1317 °C — " o
80 1 Area: 128.8 Jig
L2
50 100 150 200 250 300 350 400 450
Temperature /°C
Main  2023.08.01 16:28 User: 107lab
Figure4.1l: Thermogram of PYGAS
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Figure4.2: Thermogram oDCPD
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Figure4.3: Comparison of PYGAS and DCRBermogrars

STA thermogram of DCP§Figure 4.2)exhibit threeexothernic peaksat 166 . 5 AC,
274.5AC and 371.9AC while thedetemrmed rel ea
asl1l597J/g,3245J)848. 5 J/ g respectivelywasThe fi
assigned athe monomerization reaction @ CPD whi |l e t he peaks a
371.9AC r epr erdee oligomdrizaton redctprs @ff CPRmM Ende,
WhritenourandCoe (2007 investigated théhermal behavior oDCPD from 25A C

to 400 Al@ DSCwi t h 4AC/ mi,n ahredatamgex @ttleer mi ¢ pe
along with secondary exothermic events
reportedFor the PYGAS sampl@igure 4.1)theendothermso b s er ved at 131
with 14.47 J/cheat releaswhile thee x ot her ms at 2 h8vehgahC and
release of 128.8 J/g and 421 J/jy especti vely. The first e
indicatesthevaporization obenzene and lighhydrocarbons in a closes@mplepan.

It can be concluded that the thermal behawabthe DCPD and PYGAS shows

similar trendabove2 0 0 AC i ndi c aotder nligomerizagiomdadtiontofe r

CPD which isin compliance with literatureafn Endeet al.,2007) Heat release
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values are different for PYGAS and DCPD thermograms due to rafitfe

concentrations of DCPI both samples.

Density and viscosity measurements were condubtedising pycnomety and
Brookfield ViscometeDV2TRYV respectively. A comparison of the density and the
viscosity of fresh and stored PYGA&mple argiven in Tdle 43. An increase is
observed in the viscosity of the stored PYGgsnple This increase can be resulted

from the dimerization and edimerization reactions ocaenlin the mixture.

Table4.3: Physicalproperties of storeBYGAS (SOCAR)sample

Valueas Received fron Experimental Value

Property

SOCAR for Stored PYGAS
Density 0.83-0.87 g/mL 0.78 g/mL
Viscosity (at 20A C) 0.590.95 mPa.s 4.50 mPa.s

4.2  PhaseEquilibrium Experiments and Modelling Results

As stated in Section 3.2.%jngle and multi step experiments were conducted to
fractionate PYGASThe fractiors collected in receiving flaskcondensatearein
equilibrium with residual in evaporating (rogaflask at the applied temperature and
pressureWith the primary aim of gathering phase equilibrium data, the upper limit
of temperaturavas set tdl35A Go preventDCPD monomeriationin evaporative
flask.

Single step experiment&Xperiments 12 and3 in Table 4.4) were conducted to
determine the temperature and pressure values for separation of benzene and lighter
hydrocarbons from the PYGAS mixture. Altough lighter hydrocarbons were
separated from the PYGAS mixture and collected in condensate, Eepéerl and
Experiment 2 failed to remove benzene. Benzene was separated substantially in
Experiment 3. It was observed thabenzene and lighter hydrocarbons can be
removed from the PYGAS mixture at8@nd 100 mbar to a large extent, but DCPD

can not be retrieved in a single step.
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Therefore it was aimed to separate DCPD by multi step experiments at various
temperatures and pressurésgeriments 8, 9, 10 and 14 in Table 4 Multi-step
separation sa@mewasconducted teeparatdenzene and lighter hydrocartsdrom
PYGAS and to obtaiDCPD rich condensate and isol&€PD as first, seconand

third step fractionation respectivelyhecompositions (wt%) othebenzene, DCPD

and MetDCPD (as componestwithout grouping in fractiomates of the phase
equilibrium experiments at different temperatures and pressures are given in Table
4.4.Theliquid fractions collected in receiving flask are labelled as condensate and
the remainings in evaporating flaskea@abelled as flask for simplicityGC-MS
chromatogram and mass spectra of the PYGAS fraction samples are given in
AppendixE.
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Table4.4: Experimentaparameterandresultsof phaseequilibrium experimerst performed by using PYGAS sample (stored)

Set Set %wt %owt %owt
Experiment Number Temperature Pressure Benzene DCPD Met-DCPD
AT (mbar) (as component (ascomponent (as component
PYGASsample NA NA 30.00 24.00 6.00
Experiment 1Flask 34.0g
40 175 31.3 45.61 9.3
(Started with79.6 gPYGAS as feel
Experiment 1 Condensati3.3 g
40 175 25.0 1.27 0
(Started with 79.6 g PYGAS as fged
Experiment ZFlask 37.2 g
80 650 35.77 42.0 8.75
(Started with86.1 gPYGAS as feel
Experiment 2 Condensate2.89
80 650 21.20 1.67 0

(Started with 86.1 g PYGAS as feed
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Table4.4 (Continued)

Set Set %owt Yowt %owt
Experiment Number Temperature Pressure Benzene DCPD MetDCPD

AT (mbar) (as component (as componeni (as component
Experiment 3 Flask, 22.9 g

80 100 2.60 67.77 22.88
(Started with 78.1 g PYGAS as feed
Experiment 3 Condensate, 31.6 g

80 100 73.20 1326 0
(Started with 78.1 g PYGAS é&sed)
Experiment 8* Flask, 37.1 g

80 100 1.55 65.67 24.69
(Started with 169.9 g PYGAS as fee
Experiment 8x*Condensate, 62.1 g

80 100 70.18 8.90 2.17

(Started with 169.9 g PYGAS as fee
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Table4.4 (Continued)

Set Set %owt Yowt %owt
Experiment Number Temperature Pressure Benzene DCPD MetDCPD
AL (mbar) (as component (as componeni (as component
Experiment 8y* Flask, 8.7 g
(Started with EX 125 100 0.05 51.01 38.61
feed)
Experimen®By* Condensate, 26.3 g
(Started with EXx 125 100 3.40 68.14 20.43
feed)
Experiment 8z* Flask, 3.5 g
(Started with EX 135 100 0 36.75 45.15

condensate as feed)
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Table4.4 (Continued)

Set Set %owt Yowt %owt
Experiment Number Temperature Pressure Benzene DCPD MetDCPD
AL (mbar) (as component (as component (as component
Experiment8z* Condensate, 4.1 g
(Started with ExXx 135 100 0 63.32 30.03
condensate as feed)
Experimen®Ox* Flask, 66.0 g
80 100 3.01 65.260 24.35
(Started with 156.5 g PYGAS as fee
Experiment 9x*Condensate, 86.8 g
80 100 65.93 15.26 5.91
(Started with 156.5 g PYGAS as fee
Experiment 9y*Flask, 5.5 g
(Started with EX 125 100 0.02 41.9 43.30

feed)
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Table4.4 (Continued)

Set

Set Pressure %owt Yowt %owt
Experiment Number Temperature Benzene DCPD MetDCPD
AL ) (as component (as component (as component

(mbar

Experiment §* Condensate, 28.2 g

(Started with EX 125 100 3.16 68.49 21.19
feed)

Experiment 9z* FlaskDroplets

(Started with EX 125 70 0 27.97 48.71
condensate as feed)

Experiment ¢ Condensate, 5.0 g

(Started with EX 125 70 0 68.59 21.19

condensate)
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Table4.4 (Continued)

Set

Set Pressure %wt %wt %wt
Experiment Number Temperature Benzene DCPD MetDCPD

AT (mbar) (as component (as component (as component
Experiment 18* Flask, 37.5 g

80 100 2.65 64.66 24.42
(Started with 163.0 g PYGAS as fee
Experiment 10x*Condensate, 100.5

80 100 60.81 15.83 3.58
(Started with 163.0 g PYGAS as fee
Experiment 10y* Flask, 4.3 g
(Started with EX 130 150 0 35.15 46.09

as feed)
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Table4.4 (Continued)

Set

_ Set Pressure %wt %wt %wt

Experiment Number Temperature Benzene DCPD MetDCPD
AT (mbar) (as component (as component (as component

Experiment 19* Condensate, 30.8 g
(Started with EX 130 150 2.89 67.57 21.10
as feed)
Experiment 10z* FlaskDroplets
(Started with EX 130 90 0 26.97 49.48
condensate as feed)
Experiment 10z* Condensate, 3.0 g
(Started with EX 130 90 0 57.92 34.64

condensate as feed)
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Table4.4 (Continued)

Set

Set Pressure %wt %wt %wt
Experiment Number Temperature Benzene DCPD MetDCPD

AT (mbar) (as component (as component (as component
Experiment 14* Flask, 100.0 g

80 100 2.94 64.46 25.59
(Started with 450.0 g PYGAS as fee
Experiment 14* Condensate, 329.0

80 100 58.90 6.35 0.73
(Started with 450.0 g PYGAS &=ed)
Experiment 14y* Flask, 8.0 g
(Started with EX 125 100 0 21.72 52.39

as feed)
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Table4.4 (Continued)

Set oo owt Yowt Yowt
Experiment Number Temperature Benzene DCPD MetDCPD
AL ) (as component (as component (as component

(mbar

Experiment 1¥* Condensate, 92.0 g

(Started with EX 125 100 0.69 71.56 23.94
as feed)

Experiment 14z* Flask, 41.0 g

(Started with Ex 110 100 0 60.29 32.88

condensate as feed)
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Table4.4 (Continued)

Set oo owt Yowt Yowt
Experiment Number Temperature Benzene DCPD MetDCPD
AL (mbar) (as component (as component (as component
Experiment 14* Condensate, 49.0 g
(Started with EXx 110 100 0.86 75.75 19.36

condensate as feed)

*Xrepresents the fABenzene and (Step phytreempridpgeémo canthen si DRELPMo v a |

Removal Step from the Heavy Resid#ep 0 a@nédépr esents the @GBRLIPBD | sol ati on

Step



Results presented in Table 4.4 indicatesttiaDCPD can not be separated to a high
purity in a single step for Experiment 1, 2 and 3. Therefore after separating the
benzene and lighter hydrocarb@is80A @nd 100 mbar in the first, second and third
steps were conducted at various temperaturepr@ssurebetween 128 35A @nd
70-150 mbarHowever, it was noticed that the DCPD could not be separated from
the MetDCPD to a high purity in second or even third steps under the experimental
conditions applied due to temperature restrictions to prevent monomerization
reaction of DCPDDCPD purityvaries between 64.46% and 65.67% wt in the flask
for Step 1, 67.57% to 71.56% wt in the condensate for Step 2, and 63.32% and
75.75% wt in the condensate for Step3he multi step experiment¥he highest
purity of DCPD was achieved Experiment 145tep 3with %75.75 wtlt was also
observed thathie rotary evaporatosystem has considerable amount of vapor loss
resulting from highly volatile compounds in PYGAS mixture. Vapor loss was
substantiallyobserved in Step 1 where lighter hydrocarbons wereategbfrom the
PYGAS mixture.

Experiment 14is the most prominent experimental study in terms of DCPD
purification. The weight percentage of thenzene, DCPD and M&CPD in the
PYGAS mixture is presented in Table 4.4 and the weight percentagéhef
constituents of PYGAS for eadtepof Experiment 14regiven in Figure 4, 4.5,

4.6. For simplicity, compositions are given in terms of the representative compounds.
Simulation of the compound rich petroleum mixtures such as PYGAS is challenging
in termsof defining the compounds for simulation. For this purpose, pseudo or
representative components are created to simulate cuts or fractions where the
properties are similar. Pseudo or representative component is a single component
that represents a mixtucharacteristics with close boiling points (TowdeISinnot,

2013). Therefore PYGAS sampleconstituents are classified infive groups by
considering the boiling points of the components; Lighter Hydrocarbons, Benzene
Group, Toluene Group, Dicyclopentades and MethyDicyclopentadiendsroup

as presented in Table54.Pentadiene for lighter hydrocarbons, benzene for the

benzene group, toluene for the toluene group, and methyl dicyclopentadiene for the
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methyl dicyclopentadiene groupeveselected asepresentativeomponents for the

simulatiors.

Material characterizaiin for condensate and flask samples for Stéfpxperiment
14x), Step 2(Experiment 14y)and Step JExperiment 14zplong with the heavy
compounds formed in the evaporative flask are presented in Apgergiperiment
14 was reproduced and teandardieviations are pointed in figures.

Table4.5: PYGAS sampleconstituents grouping

Compound Name Classification %wt

2-Methyl 1-Butene

Methyl Butane

n-Pentane

2-Methyl-1,3 Butadiene (Isoprene)
Pentene

1,3-Pentadiene (Piperylene)
1,3 Cyclopentadiene
Cyclopentene

Methyl Pentane

Methyl Cyclopentadiene
n-Hexane

Lighter Hydrocarbons 22.2

Methyl Cyclopentane Benzene Group 39.3
Methyl Cyclopentene
Benzene
Toluene
Toluene Group 4.5

5-Vinyl-2-Norbornene(CPD+1,3 butadien
Exo-Dicyclopentadiene
EndoDicyclopentadiene

Isopropenyl Norbornene Methyl-Dicyclopentadien:
Methyl-Dicyclopentadiene Group

Dicyclopentadiene 24.0

10.0
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Step 1 (Experiment 14x)

64.5
58.9

39.

S 30.4
E ) 29.5

22. 24.0
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lInitiaI,FIask, 4509
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Figure4.4: Compositionanalysis of Stefi (Experiment 14x)started with inital
flask containing PYGAS sample

Step 2 (Experiment 14y)
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Figure4.5: Compositioranalysis of Ste@ (Experiment 1%), startedwith flask of
Step 1
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Step 3 (Experiment 14z)

80 75.8
721~
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Benzene Group Toluene Group DCPD Methyl-DCPD Group
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Figure4.6: Compositioranalysis of Stefd (Experiment 14), started with
condensate of Step 2

Phase Equilibrium Experiment 14 was conductedfifteen minutes for Step 1
(Experimentl4x), two and a halhours for Step ZExperiment 14y)andone and

half hours for Step 8Experiment 14z)Therefore it was concluded that the benzene
and lighter hydrocarbons can easily be separated from the PYGAS mixture while
DCPD can not be easily treeved from the remainingander the experimental
conditions appliedThe formation of kavy compournslsuch as dicyclopentadiene
oligomers, benzene derivatives, and naphthalene derivates which had not been
observed inoriginal PYGAS sample were observedn Step 2 residualThe

formation of residuals might be favored by prolong heating of flask.

Experiment 14 waalsosimulated in Aspen Plusy using 2 stage batch distillation
column comprising only pot and condenser, similar to experimentaipséthe
inputs for the simulation arghownin Table4.6. The composition (@&ss fractions
of the original PYGAS mixture presented ifiable 4.5was used as the feed

compositions in simulation of Step 1r@presentativeomponents
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The experiment 14 was sitated in ASPEN by using tHeal mass fractions of the
potof Step las a feedompositiorfor Step 2Finally usingthefinal compositionof
the receiverdistillate) of Step 2asthe feedcompositionfor Step 3as depicted in
Figure 3.2 Comparison of the experimental reswliish the Aspen Plus simulation
results argresentedn Figure4.7 and Figure 4.8 for Step Bigure4.9 and Figure
4.10 for Step 2Figure4.11 and Figure 4.12 for Step 3.

Experimental studies for Step 1, Step 3l ahe simulation results are in good
agreementThe differences inthe compositios betweernthe experimental analyses
and Aspersimulation results are within acceptible limi&rrors can be resultébm
representativecomposition assumptigrexperimentalcomposition analysis and
vapor losses from rotary evajator. The dfferencesin the composition of DCPD
and MetDCPD in Step 2betweenthe experiment and Aspesimulation observed
may arise from theformation of heavy productssuch as dicyclopentadiene
oligomers, benzene derivatives and napthalene derivatie$o prolonged heating

in Step 2 The formation of heavy components was not considered in Aspen
simulation andno reaction information was providadto Aspen.Formation of
heavier compourslwas olserved only when the experimemas extended ovéwo
hours. Therefore, prolonged heating of PYGAS fractions should be avoided to

prevent unwanted oligomerizations.
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Step 1(Experiment 14xCondensate
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Figure4.7: Comparisorof experimental and simulation resuits Step 1
(Experiment 14xrondensate
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Figure4.8: Comparison oéxperimental and simulation resuits Step 1
(Experiment 14xjlask
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Step 2(Experiment 14yLCondensate
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Figure4.9: Comparison oéxperimental and simulation results ftep2
(Experiment 1%) condensate
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Figure4.10: Comparisorof experimental and simulation resuits Step2
(Experiment 1¥) flask
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Step 3(Experiment 14zL{ondensate
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Figure4.11: Comparison oexperimental and simulation resuits Step3
(Experiment 14) condensate
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Figure4.12: Comparison oéxperimental and simulation resuits Step3
(Experiment 14) flask
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Table4.6: Aspen Plusnputs for the simulation of phase equilibrium experiments

Parameter Aspen Inpti
Property Method Peng Robinson
Equipment BatchSep
Number of Stage 2

Heat TransfeSpecified Medium

Temperature 80A /125A (/110A €
Pressure 100 mbar

Initial Conditions Empty
Condenser Inlet Diameter 2cm
Operating Steps CondensePressure 100 mbe
Pot Volume 8L
Condenser Temperature -10A C

*Xrepresents the ABenzene and(Stepi ghter H
1oyrepresents the ADCPD Remo\Step Step fr
20 a&neépresents the GBERELCIHBD | sol ati on St ey

4.3  Monomerization Reaction Kinetics andModelling Results

Reaction kinetics of DCPD monomerization was studied Ioysitu GC-MS
experimentsas stated in experimental part. Reaction kinetics data enabled us to
simulate recative distillation of PYGAS by using more realistic data. The kinetic
data, experimental and simulation results are compared witie¢batkinetc data

in literature (Xu etal., 2019)

4.3.1 GC-MS Reaction Experiment Results

The injection port liner ofC-MS (Agilent Technologies GC 7890HS 5977E)
was useds reaction chamber where the reaction takes place under flash vaporization
conditions. This approach &lvantagousbecausef small sample size, negligible
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heat effectsin-situ separation of the products and reactants, and the contitod of
reactionparameters such as temperature and preg¢karger and Patton, 19Y2
DCPD monomerization reaction in a gas chromatographactoe is also
investigated in literatur&hereGC column is used as a read@riffith et al., 1987),
(Langer and Patton, 1972)n this work, DCPD monomerization was also

investigated in PYGAS mixturand theresults argresented.

In thisthesis the GC-MS inlet linerwith 9 9 0 vaulmewas used as a differential

reactor where the glass wool in the inlet limdnich offer higher hearansferrates

During the experiments, theolumn temperature was kept atA6@in order to

prevent the reaction froceed in the colummnjection portemperature and helium

flow rates wereadjusted to obtain various average residence times of sample vapor

in injection port andhie compositiorof sample wasnalysé by GGMS. GC-MS

reaction experiments were conduchsdusing diluted solutions of DCPD in hexane,

heptane, and toéne. However, no significant change in the composition of reaction

products was observed under the experimental conditions applied. Therefore solvent

effect for the reversible reaction of DCPibnomerization is accepted as negligible.

Table4.7 represents the composition analysesler10 mL/mincarrirer gas flow

(He) at the temperature range & 0 A C t oThe3eHedt Afemperature on the

product stream composition whé ¢ LDCPD in solvent (1:20 by volumeyvas

injected is showin Figure4.13for 10 mL/minand20 mL/min Helium flow. GE

MS chromatogramand mass spectrabtained during the experimardlong with

GC-MS parameters such as carrier gas flow, oven gas flow, oven progrgiveare

in Appendix Fand AppendixG. As no monomerization occurs
compositions represents the injected samfeit can be seen in Figure 4.13, CPD

weight fractionshows i mi | ar trends between 80AC and 35
He flows. No significant change in the concentration of CPD is obseatdatie
temperature r aXyAduo fo loB8ed AeGctiont cates. DCPD
monomerization significantly increases at 240A Cand after 330 A CCPD
concentratiorslightly increaseauntil reactiongoes t o complEPD on at 350

conversion is lower for 20 mL/min He flow when compared to 10 mL/min He flow
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at the temperatur e menongeezationfconpletdsC 8.6 0 AE0 AC
For instance at Z¥ A, Gompositions are 33.14% wt CPD and 6668BCPD for 10
mL/min while 19.10% wt CPD and 80.93% DCPD for 20 mL/rHi@ flow. This
may result from the longer residence time spent in the GC injectiorfquotD

mL/min He flow when compared to 20 mL/mitmerefore, longer reaction time.

Table4.7: GC-MS reaction experiment seand result$or 10 mL/min He

Inlet Temperature Oven Temerature

GC-Run . . %wt CPD  %wt DCPD
(AL (AL

1 80 50 0 10000

2 240 50 6.19 93.34

3 250 50 13.5 86.7

4 270 50 33.14 66.%

5 290 50 70.13 29.87

6 310 50 96.15 3.8

7 330 50 99.19 0.8

8 350 50 10000 0
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Figure4.13: Effect of emperaturen weight fraction oCPD and DCPD for 10
mL/min He and 20 mL/min He

In order to investigate th®CPD monomerization in the presence ather
constituentsn PYGASsuch as benzene group, toluene group and@#D, GC-

MS reaction experiments weetso conducted by usingYGAS samples as feed

The composition ofreaction mixure was reported in accordance with Table 4.5 in
terms of representative compountlse product composition of the monomerization
reactions taking place in the injection port of the GC (which is indeed the reactor)
are shown in Figure 4.14 and Figure 4d5Met-DCPD and DCPD, respectively.
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Figure4.14: Effect of emperaturen weight fractiorof Met-CPD, MetDCPDand
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Figure4.15: Effect of emperaturen weight fractiorof CPD,DCPD andbenzene
for 20 mL/min He
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Both Figure 4.14 and Figure 4.15 indicate that the benzene and toluens wsrap

not affected by theeactortemperatureNo substantial mmomerization of DPCD
and MetDCPD was observed at temperatures belowA2ZBlowever, nearly half

of the DCPD was monomerized at 20@this ratio was sharply increased with
temperature so that almost BICPD and MetDCPD completelynonomerizd to
CPDat 330 Clt shold be noticed that monomerization of one molkleEDCPD

also yields one mole CROvhich shows the contribution of MBXCPD to CPD
production.DetailedGC-MS chromatograms of PYGAS at various temperatures are
given in Appendix H Converson of DCPDin its pure form and in PYGAS are
compared in Figurd.16.
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Figure4.16. Temperatureffect onconversion XDCPD) for pureDCPDand
DCPD inPYGAS

As it can be seen in Figure 4.16e converison of DCPD in pure DCPD sample and
PYGAS exhibit similar temperature course of reaction. Therefore, the reaction rate
of DCPD does not affected by the presence of components exist in toluene, benzene
group sigificantly. A slight increase in DCPD conversion is observed between the
temperatures 30Gnd 33@ Gn PYGAS Thereforethe kinetic data obtainezhn
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be usedto obtain reaction rate expression which repres the reversible

monomerization reaction of DCHN both pure DCPD and PYGA&th confidence.

At temperatures above 1AGCDCPD monomerizes to CPBY reversible reaction
(Egn4.1) (Herndonet al, 1967)

060 cdL O (4.1)
The differential reactor can be modeled as a batch redictoas assumed that the
reactor is perfectly mixed due to its small volurtiereforethe reaction rate was

considered to be uniform within tliee reactor volumelhe mass balance is given

in Equation 4£2.
: Qo0 (4.2)
[OX N
And;
0 o . o o ¢ QOO (4.3)
po © Qe

WhereNpo is the moles of DCPD initially fed tthereactor,V is thereactor volume,
rocep IS the reaction rate of the DCPDis time X is the temperature course of
conversionand T isinjection port temperatureX, Nao, V and Twere used for
nonlinear regression analysis to deternkifigward (forward reaction pr@xponential
factor), Ea1 (activation energy of the forward reaction)(reactionordel), Koreverse
(reverse reaction prexponential factorpnd E. (activation energy of the reverse
reaction). Nonlinear egression analysis was conducted by using POLYMARH
the values ofkoforwara, Ea1, N, koreversednd En2 were calculated. The esgssionused

for modelis given in Equation 4.4.

H 80 " p O 59 o (4.4)
Where Y is a dependent varialfle- , T and X are independent variables, B,

A2, Az and E are model variablesy valueswere obtainedby calculating the
conversion of DCPD from G®IS analysis results and dividing by reaction time.

Initial guess values wemeduce from the literature and the ndinear regression
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analysis results with a precision of 8.97 are given in Tabl.8. For theselected
model, experimental Y values and the calculated Y values are compared in Table
4.9. The comparison between tlparameters in literaturand the experimental
results were presented in Ta#léO.

Table4.8: Regressiomnalysis resut of POLYMATH forreaction rate expression

Variable Initial Guess Value 95% Confidence
Al (s?) 1.00x10' 1.38x10'6 1.57x10'
E1(kJ / KAn  1.8%x10 1.8510* 65.70
A2 1.00 0.47 0.03
A3 (L/mol)s? 2.00x108 2.0X10% 1.51x10%°
E2(kJ / K Al 860000 1.2%10* 44490

Table4.9: Comparison ofegression analysis resu#iad experimental results

Yexperimental Ycalculated 008 Relative Error
(%)
3.16 2.86 0.30 9.49
6.76 5.49 1.27 18.79
17.07 17.79 -0.72 4.22
36.39 39.86 -3.47 9.54
50.23 43.10 7.13 14.19
52.15 55.10 -2.95 5.66

The kinetic parameters determinadhis workdeviate from the literaturespeally
for dimerizationof CPD reaction Preexponential factoand activation energfor

CPD dimerizations determinechs2.02x13° and105.93 kJ/motespectivelywhich
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arehigher than the most of thresults published in liteture In this study,DCPD
monomerization reaction was conducted in-®8 liner under conant pressure and
flow conditions.The kinetic data obtained by determining monomerization kinetics
in vaporliquid mixture formed by flash vaporization is more realistic than the
reaction kingtspure liquid phase or vapor phase monomerization kineties e
reactive distillation column conditions are considetadact, as presentad next
part Reactive Distillation Experiments and Modelling Resusisnulation studies
using thereaction rateexpressioa obtained in this studyetter fis to the
experimentalresultswhen compared to the simulatBoarried out using thanetic
data fromXu et al. (2019).

Table4.5: Comparison othe preexponential fact@and activation energs of
DCPD monomerization reaction

Comparison with koforward  Eaforward koreverse Eareverse
Literature st (kdJ/mol)  (L/molst  (kJ/mol)

Herndon et al., 1967 1.1x10% 142.1 NA NA
Griffith et al., 1987 4.0x10* 157.7 NA NA
Langer and Pattori972  5.0x10* 156.1 NA NA
Palmova et al2001 1.4x10' 157 1.910’ 75
Nurulinna et al.2001 2.6x10% 140.3 1.2x1P 68.6
Xu et al., 2019 1.2x10° 157.2 1.4x10° 68.8
This Work 1.4x10'° 153.8 2x10%° 105.9
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4.3.2 Reactive Distillation Experiments andModelling Results

DCPD monomerization reaction is reversilaadreaction shifts towards to product
sidea b ov e whdré®d@PD is produced (Herndon et al., 19@Herefore, in

reactive distillation experiments, dateas collectedat the temperature range of
150A €160A Qo determine the vapdiquid composition of DCPD and CPD in a

reaction medium.

All reactive distillation experiments were performed by using pure DCPD as
feedstock in the reactionflask initially. Then thereactionflask temperaturavas
increasedo the set valudy an electric heater after the system was purged with
nitrogen.The settemperaturavas altered and monitored from thkectric heater.
Reactive distillation experiments were condukin two groups. In the first group,
the system was operated at total refluxthe total reflux experiments, condensate
collection valve was held at close position and no condensate was cobeetede
duration ofthe experiments. In the second grafpexperiments, theapor phase
was collectechs condensaten a graduated cylinder as shown in the Figure 3.3.
Samples were collected from the reaction flask (liquid phase) and condensate (vapor
phase) at specific time intervals throughout the expersnasntgiven in Table 3.
Samples collected in reactive distillation experiments were analyzed-M&The
compositionof CPD and DCPD in the vapor pha®@®ndensate) and liquid phase
(reactionflask) at the conclusion of experiméntdurationare presented in Table
4.11. While both Eperiment 27 an&xperiment29 wereoperated at total reflux and

no condensate was collectedpor phasesamplesverecollected for Experiment 29.
Condensate collectionalve was opened once the experiment was started for
experiments31, 34,36, 39 and 40.
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Table4.11: Reactivedistillation experimergand results

G8

_ Temperature ) _ ) ~ CPD Volume in
) Duration ) %wt CPDin  %wt CPDin %wt DCPD in %wt DCPD in
Experiment Numbe of Reaction o Condensate
(h) i Liqguid Phase VaporPhase Liquid Phase VaporPhase
Flask(A C (mL)
Experiment 27 3 160 1.32 Total Reflux 89.86 Total Reflux  Total Reflux
Experiment 29 1 160 1.14 71.35 98.57 25.67 Total Reflux
Experiment 31 1 160 1.31 88.52 98.39 11.49 80
Experiment 34 1 155 1.15 96.16 98.74 3.84 10
Experiment 36 2.5 150 0.89 94.77 99.11 5.23 8
Experiment 39 1 155 0.89 96.55 99.11 3.46 75

Experiment 40 1 150 1.28 97.20 98.72 2.80 24
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Experiment 27 was conducted at total reflux conditions where the condensate valve
was closed and monomerized CPD was not colleetied recycled back to
evaporating flasklit was observettom the GGMS analysighat the CPD present in

the reaction flaskundewent side reactions andoligomerization product
tricyclopentadienéT CPD)formedafter 50 minutes. The concentration of the TCPD
increased up to 8.4% wt after 180 minuteseaictionat 160A CAltough the DCPD
concentration decreased over time, no significant change was observed in CPD
concentrationwhich is about1.32 %wt. Detailled GGMS chromatograms of
Experiment 27 are given iAppendix . DCPD, CPD and TCPD concentration
change over timareshownin Figures4.17andFigure4.18.Pure DCPD was present

in the reaction flask initially and the time was recorded as the temperature of the
system reacheti0A C
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Figure4.17: Weightpercemtageof DCPDover timeat 160A C
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Figure4.18: Weightpercenagesof CPDand TCPDoverat 160A C

Therefore it was suggested that the monomerized CPD shoulthbee@ from the

systemin order to prevent the oligomerization reacti@msl the vapor phase was

collected as condensate for experiments 31, 34, 36, 39 akck@gé€riments 31 and

36 were conducted with the condensate collection and the condensate vaate was

an open position at 160Gor 1 hour and 158 Gor 2.5 hours respectivelyy starting

with pure DCPD in theeaction flask initially No oligomer formation was observed

during these experiment$herefore the CPD removal from the reaction medium

eliminated theCPD loss dueunwanted oligomerization reactions during the
experiments.Condensatecollection valve was oped at 15 5 A@ 1 hour for

Experiment 34 and 10 mL condensate was collected. Wiheerset temperature

changed to 160AC in Experiment 31, an incr
condensate (80 mL) was observedExperiment39ite set temperature was
yet the condensat e and7b mlecondensate waseatsttd at 20AC
i mplying the monomerization starts before r

set temperature was 150AC yet the condensat
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condensate was collected. Results show that the DCPD monomerization is highly

sensitive to tmperature changes within the rangd5f0 A€ 0 A C..

The experimental conditions and parametd@r&xperiment 39vere simulated in
Aspen Plusby using 2 stagebatch distillation columrwith reaction medium
comprising only pot and condensesimilar to expermental setup. Column
dimentions were selectextcording tathe dimentions of thdaborabry appaatus.

Set temperature of the electric heater was used for the heat transfer information in
simulations.The parameters and data used in Aspen simulationgieea in Table

4.12. The distillate mass flow rate was specified as 0.4 kg/min in agreement with the
experimental results of Experiment.3khe kinetic parameters determined in this
study weraised inAspensimulation,and the results ammmpared with expenental
results. In addition, kietic parameters published in literature were also tested by
Aspen Simulation and the results are also compared with the experimental results
obtained in this studgs shown in Figure 4.19, 4.20, 4.21,24ahd 4.23

Table4.12: Aspen Plusnputs for the simulation of reactive distillation experiment

Parameter Aspeninput

Property Method Peng Robinson

Equipment BatchSep

Number of Stage 2

Heat TransfeiSpecified MediumTemperature 155A C

Pressure 1 bar

Initial Conditions Pad Gas Nitrogen

Condenser Inlet Diameter 2cm

Operating Steps Distillate Mass Flowrate
0.4 kg/min

Pot Volume 5L

Condenser Temperature -20A C
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Detailed GEMS chromatograms of Experiment 39 are giveAppendixJ. Figure

4.19 shows collected condensate volume over ton&xperiment 39, and the both
Aspen simulation results with kinetic parameters obtained in this work and literature.
Condensate volume increases with time as reagiroeeeds to produce CPD.
Kinetic parameters determined in this study shows a bettefiorfithe actual
condensate volume collected in the experiment. Vapor phase samples were collected
from the condensate while the liquid phase samples were collected from the reaction
flask during the experiment. Compositions of CPD and DCPD in vapor phase
(condensate) are shown in Figure 4.20 and Figure 4.21 while in liquid phase (reaction
flask) are shown in Figure 4.22 and Figure 4.23 respecti@N2 can be obtained

at a high purity in condensateow concentrations of CPD in reaction flask show the
produced CPD can be separated from the reaction medixperimental kinetic

data show a better fit for vapor phgsendensategompositionsSlight deviations

in the liquid phase compositions may result from the uncertainties coming from the

VLE calculatiors of the chosen model.

4.4  Aspen Simulation of Seperation Sequence for the Production of CPD

from PYGAS in an Industrial Scale

Ourexperimenl studiesndicateal that the benzene and lighter hydrocarbons can be
separated from the PYGAS mixture while the DC&dparation requires more than
one distillation step. Therefore, distillation sequencewas proposed for the
separation oflighter hydrocarbons in the PYGASixtureas the first step and then
thereactive distillation ofDCPD-rich mixtureas second step second stepDCPD

can be monomerized to CPD a@BD isseparateas distillatefrom the remainings

by a high boiling point differencelhese two steps Bée performed in the same

distillation systenfor both batch andontiruousoperations

In this thesis,two-step separation sequenoé DCPD/CPD from PYGAS was
simulated and examined oth batch and continuousdustrial scaldistillation

systemdy using AsperPlus simulation softwarés DCPD is a specialty chemical,
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DCPD productiortapaciy was kept at moderate level yet the scale of the production
can be altered as need&incethe consistency of VLEndreaction kineticglata
were tested as shown previous section$argescale simulatiorcan be performed
with confidenceAs raw material, PYGAS can be obtained from SOCAR in Turkey
and thePYGAS compositions accepted as not variamtowever, the update on the

simulation can be achieved easily for any chamgése composition of PYGAS

Industrial scale production of CPD from PYGAS was simulated in two stages;
removal of the benzene and lighter hydrocarbons from the PYGAS mixture and
DCPD purification by reactive distillation system where CPD is collected at desired
purity. CPD readily dimerizes into DCPD at or above room temperatures, therefore,
no additional reactor for the dimerization is required. Dimerization of CPD to DCPD
can beachieved by storing the distillate for a prolonged time under proper storing

conditions.

For the first stage, the aim is to separate benzene and lighter hydrocarbons from the
PYGAS mixture. Mediunpressure steam was selected as a utility for the pohhgeati
with 175AC inl et andueitsTodek @st and avhilabiltgt e mper at u
meet the heating requiremeni®gler & Sinnot 2013). The columnpressure was
selected below atmospheric pressure for both batch and wmmircolumnsto
prevent thainwanted reactions during separatadrihe first stageKinetic data was
provided from the experimental studies as reaction information, yet the temperature
was kept low by decreasing the pressure of the system to 0.6 bar in order to prevent
reaction fornation. Packed columsare preferred for theolumndiameters smaller

than 76 cm due to lower cost of the equipment. Column height and the column
diameter were determindyy trials with the rule of thumb of column height/column
diameter ratio should be sr&l than 2016 mm metal rings as packing materials
were selectedccording to the column diametdue to their low packing factand

to increase mass mder (Wankat, 2015 (Douglas 1989. Number of stages
represents thAspen Plusalculation nodes in the column therefore selected as 35.
The bottom stream of the column was used as the feed for the second stage
simulation. In the second stage, it was aimed to monomerize DCPD to CPD and
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collect CPD at higher purity from condensate dlen-pressure steam was selected

as a wutility for the pot heating with 17F¢
pressure was selected above atmospheric pressures to increase the reaction rate
without increasing temperature and allowing the oligofmenation. The condenser
temperature was fixedt 0 AC t o prevent di merizati on
condenser. During the development of the model, only reversible reactions of the
DCPD and MeDCPD were considered by making the NMEPD & a
representve component for other edimer as well. It was assumed that the vapor

liquid equilibrium was not disturbed by the reversible reaction of DCPD and Met
DCPD within the reactive distillation system. Due to the lack of kinetic information

for the reversibléVlet-DCPD monomerization reaction in the literature, kinetic data
obtained from the GBS reaction experiments for DCPD was used.

441 Batch Distillation Column Simulation

Two-step separation sequenaeDCPD/CPD from PYGAS was simulated both
batch and comtiuous distillation systenfer operational flexiblity by using Aspen
Plus simulation software. In the first stepenzene and lighter hydrocarbon
separatiorwas simulated. Irthe second stepteactive distillation of DCPDwas

investigated in batch operagirrolumn simulation.

4.4.1.1 Benzene and Lighter Hydrocarbons RemovaBatch Column

Simulation

The first step of the proposed separation sequence is the removal of the benzene and
lighter hydrocarbons. Simulatismwereconducted in Aspen Pldsr batch operating
columnin BatchSep equipmennd the inputs are given in TadlA43. It was aimed

to detain all DCPD content in the pot, while removing the benzene and lighter
hydrocarbons from the PYGAS mixture. The acceptBI@®Dloss from the initial

mass in PYGAS mixire wasdetermined as %5 wthérefore design specifications
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were selectedPot temperaturandthe compositiorchangeof DCPD, benzene and

CPDin potare given in Figure 4.2dnd Figuret.25respectively.

Table4.13: Aspen Plusnputs for the batch operating simulationmdustrial scale
removal of benzene and lighter hydrocarbons

Parameter

Aspeninput

Property Method
Equipment

Number of Stage
Reflux Ratio

Heat Transfer
Steam Temperature
Initial Conditions
Packing Type
Column Diameter
Column Height
Pressure
Condenser Inlet Diameter

Operating Steps

Pot Volume
Operating Time
Reaction

Condenser Temperature

Peng Robinson
BatchSep
35
1
Steam Heating
175A @Aaximum Duty
Total Initial Charge
Metal Pall Ring 16mm
40 cm
2m
0.6 bar
45 cm
Mass Fraction oDCPD in
PotO 6a .
1000 L
1lh
Occur in All Stages

Total Condenser

Figure 4.24 indicates that the pot temperature increases as benzene and lighter
hydrocarbons removed from the system. As it can be seen from the Figure 4.25, CPD
mass fraction does not increase in pot as no CPD is produced by monomerization
reaction at seicted pressure and temperature. Benzene removal from the distillation
column increases the DCPD mass fraction in pot at first step of the separation

sequenceEffect of the column pressure on DCPD mass fraction, DCPD mass, the
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benzene mass in pand pot émperatureare also investigated in Aspen Plus
simulations. Simulation results agzen in Figure 4.26, Figure 4.2Figure 4.28nd

Figure 4.2%espectivelylt was concluded that treptimumcolumn pressure can be
selecteds 0.6 barfor higher DCPD mass fracti@and DCPD yieldvith low benzene
residue. As pressure exceeds 0.6 bar, monomerization of the DCPD is observed due
increasing temperatures of the pOptimization analysis was alsorwtucted for the

reflux ratio. Effect of the reflux ratio o®DCPD mass fraction, DCPD mass, the
benzene mass in pot and pot temperature are given in Figure 4.30, Figure 4.31, Figure
4.32 and Figure 4.33 respectively when the pressure was fixed to 0.@®thafinal

mass fraction and the amount of DCPD in pot increases with reflux ratio, however,
when the reflux ratio exceedsOCPD mass fractionlecreasedue to increasing

mass fractions of M@DCPD group Therefore optimum reflux ratio was selected as

1.1t can also be concluded that the reflux ratio does not have a significant effect on
pot temperature of the distillation column for the benzene and lighter hydrocarbon

separation step ( Figure 4.33).
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hydrocarbon separation simulations
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4.41.2 Reactive Distillation Batch Column Simulation

The second step of the proposed separation sequence is reactive distillation where
DCPD monomerizes to CPD and, CPD is separated from the remainings. Simulation
studieswere conducted in Aspen Plus and the inputs are given in Tabde Pot
temperaturealong with the CPD and DCPDcompositionchange with timein
distillate are given in Figure 34 and Figure 485 respectively Reaction rates of

CPD, DCPD, MetCPD and MetDCPD are given in Figure 4.36. It can be seen that
the monomerization of DCPD in poasts around 148 @nd the CPD mass fraction
gradually increases in distillate to a desired purity0®®% wt Reaction rate of
DCPD monomerizationincreases with pot temperatuaed decreases as the DCPD
concentration decreases. Reaction rate ofIMePD s lower than that of DCPD,

due to lower concentrations in the remaining PYGAS mixgiree the same
reaction information was used for both reactid?s compositions oEPD, DCPD,
Met-CPD and MetDCPD over time are given in Figure 4.37 where significant
decrease in the mass fraction of DCPD is obseltect of the column pressure on
CPD mass fraction in distillate, CPD mass in distillate, and the pot temperature are
given in Figuret.38, Figure 439and Figure 410 respectively. As pressure increases,

the amount of CPD collected in distillate increases however in order to decrease the
operational and equipment costs, maximum operating pressure was selected as 1.5
bar. Effect of reflux ratio on CPD mass fraction in distillate, CPD mass in distillate,
andthe pot temperature are also shown in Figlid, Figure 442 and Figure 43
respectivelyA minimum reflux ratio of 2.5 is needed in second step in order to have
CPD purity higher than %92 wt. When the reflux ratio is fixed to 2.5, 61.4 kg CPD
can be etrieved in disttilate. In order to increase the CPD amount to 76.48 kg in
distillate, reflux ratio can be increased up to 10 at the cost of increasing the
operational cost When the reflux ratio exceeds 10, CPD yield decreases due to
lower distillat colection rates (Figure 4.42). Therefore reflux ratio should be selected
between 4 and 10, optimum value was determined as 8 in this Atidgin be seen
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in Figure 4.43, temperature of the pot is higher for lower reflux ratios due to poor

separation of DCPErom CPD in the reactive distillation system.

Table4.14: Aspen Plusnputsfor thebatch operating simulation @idustrial scale
productionof CPD

Parameter

Aspeninput

Property Method
Equipment

Number of Stage
Reflux Ratio

Heat Transfer
Steam Temperature
Initial Conditions
Packing Type
Column Diameter
Column Height
Pressure
Condenser Inlet Diameter

Operating Steps
Pot Volume
Operating Time

Reaction

Condenser Temperature

Peng Robinson
BatchSep
35
8
Steam Heating
175A @Aaximum Duty
Pad Gas Nitrogen
Metal Pall Ring 16mm
40 cm
2m
1.5bar
45 cm
Mass Fraction of CPD in
Distill ate
1000 L
1lh
Occur in All Stages

-20A C
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4.4.2 Continuous Operating Column Simulation

Benzene and lighter hydrocarbon separation and the reactive distillation of DCPD is

also examined in continuous operating column simulation.

4.4.2.1 Benzene and Lighter Hydrocarbons Removal Continuou€olumn

Simulation

The first step of the proposed separation sequindde removal of the benzene
and lighter hydrocarbonaere smulated in Aspen Pludor continuous operating
columnand the inputs are given in Tall45.

Table4.15: Aspen Plusnputs for thecontinuousoperating simulation ahdustrial

scale removal of benzene and lighter hydrocarbons

Parameter

Aspenlinput

Property Method
Equipment

Number of Stage
Reflux Ratio

Heat Transfer
Steam Temperature
Packing Type
Column Diameter
Column Height
Pressure

Design Spesifications

Reaction

Operation Time

Peng Robinson
RadFrac
35
1
Steam Heating
175A @/edium Pressure Stear
Metal Pall Ring 16mm

40 cm
2m
0.6 bar
Mass Fraction of DCPD in
Distill ate

Starting Stage:32
Ending Stage:34
1h
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4.42.2 Reactive Distillation Continuous Column Simulation

Separation sequence for the removal of CPD by the reactive distillation method was
also studied in continuous operating column and the Aspensitugation inputs
are given in Table 46.

Table4.16: Aspen Plusnputsfor thecontinuousoperating simulation ahdustrial
scale productioof CPD

Parameter

Aspeninput

Property Method
Equipment
Number ofStage
Reflux Ratio
Heat Transfer

Steam Temperature

Packing Type
Column Diameter
Column Height

Pressure

Design Spesifications

Reaction

Operation Time

Peng Robinson
RadFrac
35
8
Steam Heating
175A ®/edium Pressure Stear
Metal Pall Ring 16mm

40 cm
2m
1.5 bar
Mass Fraction of CPD in
Distill ate

Starting Stage:32
Ending Stage:34
1h

Temperaturend compositiomprofiles of continuousoperating columns for lighter
hydrocarbon separation and reactive distillation are given in Figdrk Bigure

445, Figure 446 and Figure 47 respectivelyStage 35 represents the reboiler while
stage 1 represents the condenser where stages ardctilaticen nodes in packed
column. DCPD and benzene can be removed in the first column as can be seen in

Figure 4.46 and obtained as bottoms and distillate product respectively. In the second
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column, monomerization of DCPD and subsequent separation of [ZRB3 &igh

concentrations of CPD in distillate (Figure 4.47).
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4.4.3 Comparison of Batch and Continuous Operating Column

Simulation Results

Simulation results for the removal of benzene and lighter hydrocagemaration
and the reactive distillation of CPD are presented and compared for batch and

continuous operating columns.

4.4.3.1 Benzene and Lighter Hydrocarbons Removal Simulation Results
Simulation results fobatch andcontinuousoperatingcolumn for the removabf
benzene and lighter hydrocarbons are compared in Table 4.17.

Table4.17: Comparison of the #pen Plusesults for the batch armbntinuous
operating simulation of benzene and lighter hydrocarbon removal stage

Parameter BatchColumn Contiruous
Column
Initial Final
Liquid Phase Temperature 25.00C 128.30AC 12862/C
CPD mass in Pot 12.8 kg 0.84kg 0.04kg
CPD mass fraction in Pot 0.04 0.01 0
Met-CPD mass in Pot 3.90 kg 0.36 kg 0.27kg
Met-CPD mass fraction in Pot 0.013 0.003 0.002
DCPD mass irPot 72.00kg 69.18kg 66.48 kg
DCPD mass fraction iRot 0.24 0.62 0.60
Benzene mass in Pot 90.00kg 2.71kg 2.94kg
Benzene mass fraction in Pot 0.3 0.02 0.03
Met-DCPD mass in Pot 18.00kg 17.37kg 16.19Kkg
Met-DCPD mass fraction in Po 0.06 0.15 0.15
Condenser DutgkW/kg DCPD) 0.66 0.15 0.65
Reboiler Duty(kW/kg DCPD) 0.66 0.18 0.64
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4.4.3.2 Reactive Distillation Simulation Results

Simulation results fobatch andcontinuous operatingcolumn forindustrial scale

production of CPCare compared in Table 4.18.

Table4.18: Comparison of the #pen Plusesults for the batch armbntinuous
operating simulation ahdustrial scale productiasf CPD

Parameter Batch Column Contiruous
Column
Initial Final
Liquid Phase Temperature 25.000C 136.01/C 160.29AC
CPD production 0.4 kg 67.63kg 64.2 kg
CPD mass fraction 0.01 0.92 0.93
Met-CPD mass 0.36 kg 2.38 kg 1.83 kg
Met-CPD mass fraction 0.003 0.03 0.03
DCPD mass iistillate 69.18kg  0.01 kg 0
DCPD mass fraction 0.62 0 0
Met-DCPD mass 17.37 kg 0.00L kg 0
Met-DCPD mass fraction 0.15 0 0
Condenser Duty (kW/kg CPD 0.02 1.10 1.17
Reboiler Duty (kW/kg CPD) 1.54 1.12 1.61
Equipment Cost NA* NA* 65,100 USD

* BatchSeps not supported bjspen Process Economic Analyzer Module

In this study, ainis to produce®d %9 0

p u/DGPD.yTheGimation results

represents the production of CPD and DCPDB28s6 purity in a single equipment
DCPD can be retrieved from PYGA@th a yield of 94%However, with reactive
distillation method, purity of the CPD and DCPD can increase up &©%%ith

lower CPODCPDyields.
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CHAPTER 5

CONCLUSION

In this study, the productionofhighur i ty dicycl opentadi ene

obtained from SOCAR, Turkey is investigated. It is aimedldgelop a process
where benzene and lighter hydrocarbons are separated from the PYGAS mixture by
distillation and the recovery of CPD from the remaining PYGAS mixture by reactive
distillation system. After separation, DCPD can be produced by dimeriz&@i?»

by storing sinceCPD spontaneously dimerizes ite dimerat room temperature.
PYGAS samples that are obtained from SOCAR, Turkey and DCPD samples are
analyzed by usin@C-MS to characterize compositions. Vagmuid equilibrium
behavior of DCPD ilPYGAS, and the chemical equilibrium between CPD and
DCPD are investigated and the prominent experiments are simulated by using Aspen
Plus. Results obtained from experimental studies are compared with the simulation
results. Itis concluded that the exparental studies with PYGAS separation and
DCPD monomerization can be modeled by using Peng Robinson EOS with
confidenceThereforethe feed composition and selected Peng Robinson EOS model
can be further used for the determination of the separation sequence of
multicomponent distillation including reaction medium for the production of DCPD
from PYGAS. The reversible monomerizatiomédics of DCPD is investigated by
in-situ GC-MS reaction experimentdhe kinetic data obtained was analyzed and
fitted to first order reactiorkinetics by performing nonlinear regression analysis.
Preexponential factors and activation energies are datedrasl.4x10'°s? 53.8
kJ/mol respectivelyfor DCPD monomerization andx20'° s!, 105.9 kJ/mol
respectivelyfor CPD dimerization reaction3.he kinetic model obtained from the
experimentss used for reaction information neactive distillatiorsimulations and

fits theexperimental studiesith confidence, therefore, can be used in the simulation
of industrialscale DCPD production from PYGARB.this modeling study supported

121

(



by experimental data, a novel method for the production of DCPDhigthpurity

( O 9 Obyomeactjve distillation is proposetihe simulation results represents the
production of CPD &2% purity in a single equipment.@PD can be retrieved from
PYGAS with a yield of 94%decreasing thecapital and the operational costs

compared to conventional methods.
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APPENDICES

A. Sanple Chromatogram for PYGAS

PYGAS constituents were analyzed by -G1S. Chromatographic grade heptane
was used as a dilution solvent. Abundance at corresponding retention times (RTmin)
are given in Figuréd 1 where peaks at 3.7 through 4.8 RTmin solvent gaks for
heptane. The magnified chromatograms are given in Fig@rd=igureA3, Figure

A4, Figure A5,and FigureA6 while the method parameters are given in Téde

Table Al: Method information focharacterization of PYGAS

GC-MSParameters Value
Column HP-5 ms
Inlet Type Split (50:1)
Inlet Temperature 250A C
Injection Volume 0.2e L
Inlet Gas Flow He, 24 mL/min
Column Gas Flow 1.2 mL/min
Inlet Pressure 1.1 bar
Oven Program 50A Gor 60 min
MS Gain Factor 2
Acquisition Type Scan

Frequency 3.9 scans/sec
MS Step Size 0.1 m/z
MS Scan Range 30-500
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Figure Al: Sample chromatogram for PYGAS in heptane
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Mass spectrums of the peaks are given FigaréhroughA33.
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Figure A28 Mass spectra and library match for peak at 24.69 RTmin
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Figure A29: Mass spectra and library match for peak at 28.09 RTmin
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Figure A30: Mass spectra and library match fieak at 30.43 RTmin
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Figure A31: Mass spectra and library match for peak at 48.39 RTmin
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Figure A32 Mass spectra and library match for peak at 51.72 RTmin
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Figure A33: Mass spectra and library match for peak at 54.18 RTmin




B. Sample Chromatogram for DCPD

DCPD constituents were analyzed by-®IS. Chromatographic grade toluene was

used as a dilution solvent. Abundance at corresponding retention times (RTmin) is

given inFigure B1 where the peak at 3.315 is the solvent peak for Toluene. The

magnified chromatogram is given in Figure B2, while the method parameters are

given in Table B1.

Table B1: Method information for characterization of DCPD

GC-MSParameters Value
Column HP-5 ms
Inlet Type Split (15:1)
Inlet Temperature 160A C
Injection Volume 0.2e L
Inlet Gas Flow He, 20 mL/min
Column Gas Flow 1.2 mL/min
Column Pressure 1.1 bar
Oven Program 50A Gor 40 min
MS Gain Factor 2
Acquisition Type Scan

Frequency
MS Step Size
MS Scan Range

3.9 scans/sec
0.1 m/z
30-500
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Abundance

7.58+07-
7e+07 3315
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Figure B1: Sample chromatogram for DCPD constituents in toluene
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Figure B2: Sample chromatogram for DCPD constituents between 7.5 RTmin and
9.9 RTmin
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Mass spectras for the peaks are given in Figure B3, B4, B5 and B6.
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Figure B3: Mass spectra and library match fgak at 3.32 RTmin
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Figure B4: Mass spectra and library match for peak at 8.08 RTmin
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Figure B6: Mass spectra and library match for peak at 9.66 RTmin
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C. Experimental Procedure for Phase Equilibrium Experiment 14

1. Weigh 485 g PYGAS(SOCAR) in Mettler Toledo XS6002S Precision

Balance, andiote the weiged amount in the laboratory notebook.

2. Transfer weighed PYGAS into the evaporating flask.

3. Connect the evaporating flask to the rotary evaporator system.

4. Set the vacuum control system to 100 mbar.

5. For the firststep, set the heating Ieazeneando 80 A
lighter organic compounds to be fractionated.

6. Wait for 15 minutes.

7. After 15 minutes, detach the receiving flask from the rotary evaporator
system.

8. Weigh the constituents of receiving flask.

9. Transfer the constituents of receiving flask ingealed glass container after
weighing, and note the weighed amount in the laboratory notebook.

10. Assemble the receiving flask back into the rotary evaporator system.

11.Set the heating bath to 125AC and th
DCPD-rich fraction tobe separated from the heavy residue at the sextemd

12.Continue on operation until no vapor or liquid droplets were observed in the
rotary evaporator system,

13.Weigh the condensate and the evaporating flask and note the weighed amount
in the laboratory noteook.

14. Transfer the constituents of the evaporating flask into sealed glass containers.

15. For the thirdstep of the phase equilibrium experiment, transfer the collected
mixture from the receiving flask to the evaporating flask.

16.Set t he t e mpe dthdvaouwen ta 160 nibdr Gii@ isalation
of DCPD

17.Continue on operation until no vapor or liquid droplets were observed in the

rotary evaporator system,
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18.Weigh the condensate and the evaporating flask and note the weighed amount

in the laboratory notebook.
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D. Experimental Procedure for Reactive Distillation Experiment 39

1. Weigh Dicyclopentadiene (099%wt, ZET)
the laboratory notebook.

Put the weighed DCPD in the flask.

Purged the system with nitrogen for 20 minutes.

After20mi nut es, set the electric heater t
Run the mixer to 250 rpm.

Set the chiller that is connected to the condensé& @ A C

Add liquid nitrogen to the trap.

© N o g s~ w D

Put the graduated cylinder into an ice bath to prevent-dimerization

reaction at room tempature.

9. Set the electric heater to 155AC and n
both the electronic heaters temperature controller and thermometer.

100.As the temperature of the system reacl

11.Collect samples from both flask atiee condensate for Iinute intervals.

12. Store the samples in an ice bath.

13. Prepare the GMS samples with coole@C grade solvenh an ice batland

keep the samples in refrigerator during analyses.
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E. Sample Chromatogram forPhase Equilibrium Experiment 14 Stes

Fractionated PYGAS constituents taken from condensate and flask of phase
equilibrium experiment 14 Step 1, Step 2, and Step 3 were analyzed MSGC
Chromatograms are given in FigiE# through E26Chromatographigrade hexane

was used as a dilution solvent. Abundance at corresponding retention times (RTmin)
are given in Figur&l where peaks at 2.3 through R&min are solvent peaks for
hexane. Lighter hydrocarbons were characterized as a single peak at 2.236 RTmin.
The method parameters are given in TableNEdss spectra are given in Figure E27
through E40.

Table E1: Methodinformation forphase equilibrium experiment samples

GC-MSParameters Value
Column HP-5 ms
Inlet Type Split (50:1)
Inlet Temperature 180A C
Injection Volume 0.2e L
Inlet Gas Flow He, 25 mL/min
Column Gas Flow 1.2 mL/min
Column Pressure 1.1 bar
Oven Program 50A @or 60 min
MS Gain Factor 2
Acquisition Type Scan

Frequency 3.9 scans/sec
MS StepSize 0.1 m/z
MS Scan Range 30-500
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Abundance
6.52+07-

62407

3.5e+0T-

32407

2.5e+07-

2830

28407

1.5e+07-

1e+07-

5000000 2 T

3.252
N 4.808 9gr8 13356 13078 14.628
528

T T T T T T T T T T T T T T T T T T T T T T T T T T T
Time-—-» 200 250 3.00 350 400 450 500 550 600 &50 7.00 750 800 850 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00 14.50 15.00 15.50

Figure E1: Samplechromatogram fo6tep 1lcondensateonstituentdbetweer?
RTmin and15.5RTmin

Abundance
Be+07-
5.5e+07- M
5e+07- ’
4.5e+07-
4e+07-
3.5e4+07-
3e+07-
2.5e4+07-
2e407- |

156407 “

1e+07- ‘ ‘

5000000 2233 I ‘I b
il

Il
dha UL 3252
NN 4,808
T s e A I A AR A Amana
Time— 200 210 220 2.30 240 250 250 270 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 360 3.70 3.80 3.90 4.00 4.10 420 430 4.40 450 460 4.70 480 450 5.00 5.10 520 5.30

Figure E2: Samplechromatogram for Step dondensateonstituents between 2
RTmin and5.3RTmin
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Abundance

2800000
2600000
2400000
2200000
2000000-
1800000
1600000-
1400000
1200000
1000000

800000

600000 / \

400000 / \
200000 / \

= T T T T T T T T T T = T L T T
Time-- 9.35 9.40 9.45 9.50 9.55 9.60 9.85 9.70 9.75 9.80 9.85 9.90 9.95 10.00 10.05 10.10 10.15 10.20

Figure E3: Samplechromatogram for Step dondensateonstituents betweeh 35
RTmin and10.2 RTmin

Abundance
440000-

420000
400000
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360000
340000
320000
300000
280000
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240000
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200000
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120000
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50000 13,356 11028
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_/// \\ \
:

200001
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
Time-—-» 13.25 13.30 13.35 13.40 13.45 13,50 13,55 1360 13.656 1370 13.75 13.80 13.85 13.90 13.95 14.00 14.05 14.10 14.15 14.20 14.25 14.30 1435 14.40 14.45 1450 1455 1460 1465

o
13978 /
e e A e e i o e T —‘thrv_w_r_ e e e e o P AP e

Figure E4: Samplechromatogram for Step dondensateonstituents between
13.25RTmin and15.65RTmin
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Abundance

Be+07
5.50+07
5e+07.
4 52407
48407
3.50+07
38407
2 5e+07.
20407
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18407 |

5000000 |

634 |
3257 | 13.372 14838
zzéj! 25 4812 .130 0060 | | 10,652 fasri88 A
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Time--» 0.50 100 150 2.00 250 3.00 350 400 450 500 550 €00 650 7.00 750 8.00 850 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00 14.50 15.00

Figure E5: Samplechromatogram for Step flask constituents betweeb.5 RTmin
and 15 RTmin
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i1 o 2634
I
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Time—s 220 2.30 240 250 260 270 280 290 3.00 2.10 320 330 340 3.50 260 370 3.80 390 400 410 420 430 440 450 460 470 480 480 500 510 520

3.257 4813

Figure E6: Sample Chromatogram for Stepldsk Constituents betwe&?
RTmin and5.2RTmin
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Abundance
2200000
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1000000
800000
600000

8132
400000

200000 \
.
- —

Time--=

T T T T T T T T T T T T T T T T T T T T T T T T T T
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Figure E7: Samplechromatogram for Step flask constituents betweeBiIRTmin
and8.27RTmin

Abundance

150407

1.4e407
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T T T T T —
9.20 9.25 9.30 9.35 9.40 945 9.50 9.55

T T T T T T
9.60 9.65 9.70 9.75 9.80 9.85

Figure E8: Samplechromatogram for Stepflask constituents betweeB 95
RTmin and9.85RTmin
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Abundance

5500000
5000000
4500000
4000000
3500000
3000000
2500000
2000000
1500000

1000000-

2
500000 / . \\

——

T T T T T T T T T T R R T T T LN R R R T T T
Time--> 10.52 10.54 10.56 10.58 10.60 10.62 10.64 10.66 10.68 10.70 1072 1074 1076 1078 10.80 10.82 10.84 10.86 10.88 10.90 10.92 10.94 10.96 1088 11.00 11.02 11.04

Figure E9: Samplechromatogram for Step flask constituens betweeri0.5
RTmin and 1 RTmin

Abundance
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1000000 FEEER / \
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Time--= 13.10 13.20 13.30 13.40 13.50 13.60 1370 13.80 1380 14.00 14.10 14.20 14.30 14.40 14.50 14.60 1470 14.80 1490

500000

Figure E10: Samplechromatogram for Stepflask constituents betweet3
RTmin and 15 RTmin
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Abundance

62+07-

5.5e+07-

5e+07-
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3.5e+07-
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1.5+07- 9668
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Figure E11. Samplechromatogram for Step condensateonstituents betweea
RTmin and 15 RTmin
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4500000 ‘
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3500000 | ‘ ‘ ‘ ‘
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Figure E12: Samplechromatogram for Step @ndensateonstituents between
2.35RTmin and3.45RTmin
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Abundance

1100000
1000000
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800000
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600000
500000
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Figure E13: Samplechromatogram for Step @ndensateonstituents between
4. 75RTmin and4d.90RTmin

Abul n%e\arlcda?
1.9e+07:
1.8e+07.
1.7e+07-
1.8e+07
1.5e+07.
1.4e+07.

136407 ‘||
1.20407 |‘
1.1e+07. |‘ ‘

12407 |

9000000

8000000

7000000- ‘

6000000 |‘ ‘

5000000 ‘

4000000; ‘

3000000-

2000000 |

10.657

1000000 8134
10.413 10.926

9.082
T T T T T T T T T T T T T T T T T T T T T T T
720 740 760 780 800 820 840 860 880 900 920 940 980 980 1000 1020 1040 1060 1080 1100 1120 1140 1160

Time-->

Figure E14: Samplechromatogram for Step @ndensateonstituents between?2
RTmin and 1.60RTmin
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Abundance
2e4+07-
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Figure E15. Samplechromatogram for Step @ndensateonstituents between
12.70RTmin and 15 RTmin
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3e+07.
252407
2e+07
1.5e+07
1e+07;
9804

5000000 13.39114.662

4.00 -
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Figure E16. Samplechromatogram for Step f2ask constituents between 2 RTmin
and39.3RTmin
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Ah%
5000000 9.604
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Time-->

Figure E17: Samplechromatogram for Step f2ask constituents between4
RTmin and13RTmin
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Figure E18: Samplechromatogram for Stepffaskconstituents betweet?.6
RTmin and16.6RTmin
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Figure E19: Samplechromatagram for Step 2laskconstituents betweeh7

RTmin and18.9RTmin
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Figure E20: Samplechromatogram for Step flask constituents betweetd 20

RTmin and23.00RTmin
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Abundance
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Figure E21: Samplechromatogram for Step f2ask constituents betwee23

Abundance
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Time-->
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Figure E22: Samplechromatogram for Step condensateonstituents betweeh5

RTmin and15.5 RTmin
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Abundance
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Figure E23: Samplechromatogram for Step @ndensateonstituents betweeh 6
RTmin and4.8 RTmin
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2000000
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{ \ f \
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Figure E25: Samplechromatogram for StepfRask constituents betweehRTmin
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Figure E32: Massspectra and library match for peatk958 RTmin
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Figure E33: Massspectra and library match for peakl3.35RTmin

8
100
504
3
12 €8
o i 11 146
31 = T 3
o b i d|‘|| I = . I 150
2 0 70 80 S0 100 1o 120 130 140 150 160
< Sean TS i T2 T BOCT Side by S WFBS ANF=E5E okl
Side by Side f_Sobiasien 554 0587 T0EP
100
” /
39
&
51 7
el s Sl Bl g e s i w
30 40 50 60 70 50 100 110 120 130 140 150 160
(w100 14 1) metryl
[\_PlotText of Hit_} Plot of Hit

Figure E34:Massspectra and library match for peaikl 3.97RTmin
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Figure E37. Massspectra and library match for peat4.16 RTmin
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Figure E39: Massspectra and library match for pealk21.47RTmin

Figure E40: Massspectra and library match for peaikl6.34 RTmin
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