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ABSTRACT
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Master of SciengeChemical Engineering
SupervisorAs s o cC . Prof . Dr.ogfkuaj Dil ek H

Co-SupervisorProf.DrrNai me Asl|l & Sezgi

February 2022130 pages

In the past few decades, petroleudmased polymers havéeen replaced by
biodegradable polymers since they bring about environmental problems. Polylactic
acid (PLA) is a good candidate for this replacement due to its biocompatible and
biodegradable nature afavorable mechanical and thermal properties. Duiaéo
increase irusage and demand, there will be a PLA waste probldheimear future.
Although PLA is classified as a biodegradable polymer, only a few microorganisms
which are not present in all soil typesandegrade PLA. In addition, relatively high
temperature antdumidity conditions should bprovidedfor PLA biodegradation.

The existing techniques for PLA degradati@ve not been fully developed yet, and
degradation techniques astll being researched and developeénce, the aim of

this study is to present an effective and environmentally benign solutitrefdL A

waste problem.

In this studythePLA degradation reaction was carried oud dreep eutectic solvent

(DES) mediumin two differentsystemswith batchand sembatch reactorsAll
degradation experiments wer €incpmdorideor med
ethylene glycol DESvassynthesized, characterized, and usedrasction medim

in the degradation reaction of PLA'The complexatiorbetween zinc chloride and



ethylene glycolwas verifiedby shifting of the peak at 3390 crhin the ethylene
glycol FTIR spectrum

As a catalyst, aluminuntoaded silica aerogetassynthesized, characterized, and
used inPLA degradatiomeaction The sipportmaterial was sythesizedusing the
sokgel method, and aluminum was loaded tha wet impregnation technique.
Aluminum was loadedthto silica aerogel supports in 15 and 25 virigercentages
(SAUAIL5 and SAUAI25, respectivelyBoth of them decreased the activation
energy ofthethermal degradation reaction of PLA, but SAUAIL15 performed better
in decreasing activation energynd degradation temperatu@AUAIL5 decreased
the activation energy from 262 kJ/mol to 193 kJ/nadiereas SAUAI25 decreased
the activation energy from 262 kJ/mol to 238 kJ/mol.

The poduct distribution othe PLA degradation reaction in zinc chlorigéylene
glycol DESin thebatch reactowasinvestigatedvith GC-MS analysesDegradation

of DES in the same reaction conditiaasthat of PLA degradation reaction walso
investigatedand its degradation products were distinguished from PLA degradation
products.Dioxane decane and undecamere the main produstformed bythe
degradation of DESThe main products formed in tHRLA degradation reaction
werediethylene glycol, triethylee glycol, andacetic acid hydrazino ethyl estém.
addition to these products, ethyl lactatel 3methyl2-hexanone were formedhe
effect of SAUAIL5 on product distribution and its interaction with zinc chleride
ethylene glycol DES was investigatdgthyl lactate amount increased by tfadd
with the usage of catalyst.

The poduct distribution of PLA degradation reaction in zinc chlosdeylene
glycol DES carried out ithesemibatch reactor was also investigated with-RS
analyses2-pentanolacetate, 3(2Hjuranone dihydr&-methyl, and ethyl lactate
were the main products formed by PLA degradatwhile 1,3dioxolane, 2,2
dimethyl and dioxane were the main produtdrmed by DES degradatiohe
effect of SAUAIL5 on product distribution wasvestigated.With the usage of

Vi



catalyst, 1,3ioxolane, 2,2,4,5tetramethyl was newly formed, and amounts of
dioxane and 3(2Hjuranone dihydre&-methyl increasedAnalyses of gas produgt
were carried out with GC analyses. In all experiments, hydraggoarbon dioxide

weremainly detectedas gas products

In the semibatch systemfor DES degradation reaction, a@msion of DES was
354%. In PLA degradation reaction, conversion of PLA was calculated as 97.3%.
Yields of gas and liquid products asdlid partin the reactoresuling from PLA

were found to be 56.8%, 40.6%, and 2.6%, respectively. In PLA catalytic
degradation reaction, conversion of PLA was 97%. Yields of gas and liquid products
and solid part resuttg from PLA catalytic degradatiowere calculated as 59.50 %,

37.4%, and 3%, respectively.

Using zinc chloridesthylene glycol DES as reaction medium, PLA was degtaded
andvalue-addedproducts were obtained. Aluminum loaded silica aerogel catalysts

showedpromising activity inthe PLAdegradation reaction.

Keywords: Polylactic Acid, Deep Eutectic SolventS§ilica Aerogel, Aluminum,

Polymer Degradation
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Ge-tijJimizpeomolObwpel @dapoli merl| @druj-uevres
i -patr ol bazl é& polimerlerin yerini biyob
asit (PLA) biyobozsaeruyegumi mwekgnimk uvegae
nedeniyle bu yer dejiktirme i-in g¢-1 ¢

kull anéménén ve PLAkyakehagel & @prebdemhie ERL Ar &
ol acBRkAébi yobozunur pol iémar Irerf mean é fbaun da
sajlayabil en sadece birka- tip mi kKr oc
mikroorganizmalar da her toptak bul unmamakt adeéer . Ayr eéec
bi yobozumispateny py k s ek sécakl ék ve nem gibi
gerekmektetdbezunBmAbnénn varhedamn tmem caltan
gel i ktiril memiktir ve bozunma tekBui kIl er i
yé¢zden, bu - al éksoameent kaimaic éd @PyLaAe kagt ee3ke ¢ m

sunmakteéer .
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D¥¢ sentezlenip kar akt saksiypreunde attant carak k |, PLA b
kull an&li m&wt ekrl or ¢r ve =etil en gl i kol arase .
glikol¢, IFTIR spektrumundd 3390 cm'é d e k iinkaym& e o r ul anméxkt ér

Katali z°gmionyaumky ¢adl ¢ sili ka aeroj el sent ez
PLAONnénNn beakrsumwnda Ddsted malaeme s¢pkhmatoditile .

cretilvmi kaligmi nyum yapéya ésl ak emdi r me y ©
Al ¢mi nyum, destapiemeebral %15 veéetwdagl gskl ent
SAUAIL5 ve SAUAI25). Her ikisi d e PLAGnNEN ésel bozunma re
aktivasyon enerjisinid ¢ K ¢ r m¢ Kt ¢r B aktiveadyon $nkrjiskivel

bozunma d&xgklme] Gn@&séndag® dbboBAJARGT i per f or ma
aktivasyon enerjisini 262 kJ/ mol'den 193 kJ/
enerjisini 262 kJ/ mol " den 238 kJ/ mol'e d¢kyg

Kesi k1 ie-rienakkot-@Rkrlidd re nr g | ALA mzunudute@ksiyorunun

oré¢n d@GMsSl eamel i zi L | & yRALARbowzauhma neaksiyoruiiler

ayneée koxwtldbapumhas é da ar abwzuranacerl Jmelke réir  R/LleA

bozuma ¢ r ¢nl eay @rdte n e Dioksamidekan ve. undekan, DES'in

bozunmaséyla olruk®@h Aabmadazynpal ercdksi yonunda

créenl oer dietilen glikol, trietilBun gl i kol

icréenl ere ek ol-mdal2kekzeanoh olaER@AKEBEOBnN ¢r én
e
e

daj el emena ol an eettkiilsein vgel i Kiohk oD¥KI| orl¢er ol &
i ncel eanti xltiiz°r kull aneme ile etil l aktat mi
Yareée kesiklI:i reakt °r deetileg glikd e kD ¥e¢kbttier i PleAh - i
bozunma reaksi yoacGGM8 gmglni dlag reil éimée i ncel e
bozunmaseébakEge g h patmnol Asetat, 3(2Hyranon dihidre2-

met i | ve eti |l | aktat i ken, {[iB&kSolab 82 unmasé il
dimetil ve dioksad é E AUAI 15" i n par glane tdkaijséil eime@cel enmi kKt
Katal i z°r k-dibksolam 2 2¢eh € tl rea nle, t3i | yeni ol ukmuck,
3(2H)furanon dihidre2-me t i | mi kt &ralzar,e ¢anr tamak ti &l er i GC



il e ger - eKl¢iek tdiernielymiektdier,. hi dnaj gazver kak

olaraktespitedimi Kt i r

Yaré kesilkdd lomsuremaer eaksi yonu 4-¢irn D¥ ¢’
PLA bozunma reaksikymguRdad!l B Ak dhemgapl al
PLA' dan el de edilbrienvergegakt Kkattasleikeésgmernmer i
séraseg Il UWbS®B26 ol arak bul unmuxktur. PLA
reaksiyonunda PLA'" nén d° n¢ b gmy nnas7dondiarn.

kaynakl anan gaz ve Séveée ¢r¢énlbp374we kat €

%310l arak hesapl anméxkt ér .

Reaksiyonor t a mé ol ar adtilen-glikolkD¥ ¢ kd lolrgmél ar ak F
bozundurkidtmma dejerdnlyerk selkd Al ghi hyu it iy g k
silika aerojel kat al i ufdaumet varici birRaktivite b o z u n n

gestermi Ktir.

Anahtar KelimelerPolilaktik As i t Derin ¥tektik ¢°2z¢scel er
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 Global Plastic Waste Problem

Plastic consumption continues to increase all aroungvtnel. Huge consumption

of plastics brings about plastic pollution issue, and it harms not only environment
but also human health. In order to meet the rising demand for plastics, plastic
production rates are increasing year by year. According to IntenahtEnergy
Agency (IEA, 2020), by 2050, worldwide plastic production volume will reach up
to 600 millionmetric tongFigurel.1).

Production Volume in Million Metric Tons

Year

Figure 1.1. Production volume of plastics worldwide from 1980 to 2@EDA,
2020).



In parallel with increasing production and consumption, plastic waste generation is
alsoincreasing In Figure 1.2, amount of plastic waste produced in United States
between 1960 and 2018 is revealed (United States Environmental Protection
Agency, 2020).

Production Volume in Million Metric Tons

Year

Figure 1.2. Amount of plastic waste produced in U.S. in betwe@60land 2018
(United States Environmental Protection Agency, 2020)

Bioplastics are a class of plastics that are made up of natural and renewable materials.
Nowadays bioplastics are gaining importance. For instance, worldwide known
companies have started use bioplastic materials for packaging. According to
Grand View Research report (2014), in 2013 bioplastics constituted less than 1% of
the total plastics market. In the same report, it is predicted that in 2030, it will rise to
40% of the total plasts market.

By a majority, it is thought that bioplasticaneasily degrade in nature; however,
nearly half of bioplastics are not able to degrade biologically (Eurdpeatastics,
2019). Temperaturehumidity, soil type, and microorganisms in soil whichn
degrade specific bioplastics are the main factors that play role in biodegradation

process. It takes long time to set the optimal conditions for biodegradation (Bahl et



al., 2020).Biodegradation itself isalso a slow process. To illustrate, PLA was
degraded after 60 days under compost co
PLA-degrading microorganisms were present). In environmental conditions, even
after 60 days, degradation was not observed for PLA (Ua@kt al., 2006). As a

result, an effective degradation pathway should be developed to prevent

accumulation of plastic waste.

In this study, the main aim igroviding an effective and environmentally benign
solution for waste problem of polylactic acid (PLA), which is classified as

biodegradable and aliphatic polyester (Garlotta, 2019).

1.2  Polylactic Acid (PLA) and Its Usage Areas

Polylactic acid (PLA) is a biopolymerdhcan be produced from natural resources
such as, sugarcane and corn (Corbion Group Netherlands B.V, 2016). Itis a member
of aliphatic polyesters class. Also, it is a thermoplastic polymer (Garlotta, 2019). In

Figurel.3, thechemical structure of PLA shown.

O

™ L~
Oz“'
- CH3 - N

Figure 1.3. Chemical structure of PLA (Rorgj.al, 2007)

It is claimedthat PLA is synthesized for the first time via polycondensation of lactic
acid by Theophileloules Pelouze in 1845 (Benninga, 1990). Carothers et al. (1932)
came out with a method to produce PLA by polymerizing lactide in 1932. In 1954,
Du Pont got paterfor this procedure.



Lactic acid is the basic building block of PLA. Until Mitsui Totatsu Chemicals
company got patent and commercialized the high molecular weight polyesters
production from hydroxycarboxylic acid, it was though that only way to produce
high molecular weight and pure PLA was using lactide in ring opening
polymerization reaction (Garlotta, 2019). However, they achieved to produce high
molecular weight (weight average molecular weight greater than 10000) by
azeotropic dehydration reactiof lactic acid and different metal compounds in a
hydrocarbon solvent under reduced pressure (Enostath 1992).In Figure 1.4,

the synthesis procedures of PLA were summarized.
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Figure 1.4. Summary of synthesis methods of PLA (Garlotta, 2019)

Nowadays, petroleurhased plymers have been tried to replace with biobased
polymers because of environmental and human health concerns. Plastic wastes

increase carbon footprint, and it triggers global warming (Bahl et al., 2020). As a



result, humans experience extreme weather tondi Microplastics can
accumulate in living organisms in case of being exposed to too many plastics
(Thompson et al., 2009). Due to its relatively good mechanical properties, thermal
characteristics and biocompatible nature, PLA is thought as an appeopri
alternative for the replacement of conventional, petrolbased polymers (Lopes et

al., 2012 Farah et al., 2016). Due to its favorable features, it has various usage areas.
It is used widely in packaging, textile, insulation, and many biomedicakagiphs
(Nampoothiri et al., 2010).

This replacement leads a dramatic increase in consumption and production amounts

of PLA. Global market size value of PLA was approximately 526 million $ in 2020

and, it is anticipated that the market size will gro ebmpound annual growth rate

of 18 % from 2021 to 2028 (Grand View Research, 2021). In Turkey, the foreign

trade import value of PLA between 2015 and 2020 raised constantly. According to
Turkish Statistical Il nsti t utapprokimdtelyK) |, f o
39.000% in 2015 whereas that of 2020 was

years, import value of PLA has increased nearly one hundred tfcddty

Due to increasing usage area and consumption amount of PLA, there will be a PLA
wasteproblem in near future. Although PLA is a biodegradable polymer, there are
some certain conditions that should be satisfied for biodegradation in soil, such as
high humidity, limited PLAdegrading microorganism types in soil, appropriate
temperature andhp value etc. (Pranamuda et al., 1997). These constraints, which
will be explained in detail under biological recycling methods title, reveal that there
is a need for efficient degradation method for PLA wastes. In the next section, PLA

recycling methods ahpresent studies are introduced.

1.2.1 PLA Depolymerization Methods

For polymer recycling there are three main techniques which are biological,

mechanical, and chemical recycling.



Biodegradation is the transition of a Hhased chemical into smaller compouibgs
microorganisms (Bahl et al., 2020). Also, some biological enzymes are utilized for
polymer degradation (Karamanlioglu, 2017). For an effective biological recycling of

a polymer, there are a lot of parameters that depends oprhogigrties opolymer

and soil. Crystallinity, molecular weight, features of their functional groups,
presence of additives are the important features of polymers that affect the biological
recycling ability (Bahl et al.,, 2020). Humidity, pH value, presence of related
microorganisms are the determinative features that depends on soil type (Bahl et al.,
2020).

Mechanical recycling alludes to turning waste plastics into secondary raw materials
by applying milling, washing, passing through a flotation separation, drygng,
granulating, and compounding processes, respectizalppean Bioplastic2020).

Only thermoplastic materials, which become flexible at a predetermined temperature

and hardens when cooled, can be recycled mechanically.

Chemical recycling is a proceg which a polymer can be reduced to its monomers
or valuable substances so that it can bpalgmerized or rgprocessed (Garforth et
al., 2004). In chemical recycling, there are hydrolysis, alcoholysis, and pyrolysis

methods.

1.2.1.1 Biological Depolymerization of PLA

Due to its biodegradability and relatively good material properties, PLA is widely
used not only for industrial purposes but also biomedical applications. Although PLA
is classified as a biodegradable polymer, its degradation in nature is aasyn

going process. Temperature, pH, moisture, oxygen concentration are the factors that
play role in biodegradation of PLA (Sangwetral, 2008 Kale et al., 2007).

In general, PLA biodegradation takes place in two parts. It starts with hydrolysis
process, by being exposed to moisture for months (Tokewvaal, 2006). With

hydrolysis, chain scission of ester linkages occurs, and this leads to decrease in



molecular weight. As the lower molecular weight PLA oligomers, dimmers etc. are
produced, they can kaegraded by microorganisms in soil (Sangwéaml, 2008

Auras et al., 2004). Under aerobic conditions, final products are carbon dioxide,

water, and biomass. On the other hand, when conditions are anaerobic, products are
hydrocarbons, methane, and bi@sa(Karamanlioglu et al., 2017). Rate of

hydrolysis stepmainly depends on temperature. In addition arystallinity of
polymer,temperature, water conteadpH of soil and in the case of PLA blended

polymers, presence of stabilizers, additives, endmomncentration are important
parameters that should be taken into account (Kolstad et al;, 2052 et al., 2004).

Higher the temperature, higher the rate of hydrolysis reaction. More specifically,

above the glass transition temperature due to incnedlsibility of polymer chains

and water absorption capacity, PLA degradation rate is higher &ale,2007).

However, the degradation rate is still not that much fast. To demonstrate the
situation, Kolstad et ghberformedan anaerobidiodegradatio experimentin this

study, two tests called Accelerated.andfill Condition test and High Sokd

Anaerobic Digestion testvere applied to PLA.In these testshumidity and
temperaturavere thestudiedparametersBiodegradéon was controlled viaelease

of methane gasAs a result of theetests, they concluded thBtL A’ s ampl es di d
releasemethanan noticable levelso there was no direahaerobic degradati and

degradation of PLA in landfill conditionsould need a chemical hydrolysis before
biodegradationin the same study, for aerohbiegradatioran approximation was

madeandit turns out that PLA with initial molecular weight of 2100000 g/mol was

kept at 20AC and 50% r Aslaaesult,welectlanweighti t y f «
decreased to only 36000 g/mol, which is still beyond the level where microorganisms

could degrade waste PLA (Kolstad et al., 2012). In another study conducted by
Karamanlioglu et al., degradation of PLA coupons in soil andposiat a
temperature range between 25 and 55AC wa
and molecular weight data were measured and degradation rate was compared with

that of obtained in aqueous environment. They conclude that at low temperatures

below D A C, al most no degradation occurred



lead to accumulation of PLA in nature and pollution issues (Karamaniggll

2013). As mentioned before, microorganisms in soil play an important role in

degradation of PLA hamg lower molecular weight. Pranamuda et al. was reported

the PLA degrading actinomyc@snycolatopsissp. HT-32. They observed that PLA

film having an initial weight of 100 mg was weighed nearly 40 mg after 14 days of

liquid culture (Pranamuda et al., 799 However, microorganisms thaandegrade

PLA, specificallyAmycolatopsisndSaccharotrix are found relativelyarely in the

soil when compared to the availability of other polyessgrading microorganisms

in soil (Tokiwaet.al, 2004).Degradatiorof PLA in agueous environment watso

i nvestigated by Tsuji et al . They stated tF&
proves microbial degradati on when they kept
weeks (Tsujet.al, 2002). In order for hydrolysigaction tadake placetemperature

should be nearly at 59 0 A C, even athdt temperature, it could be hydrolyzed

into smaller molecules in 460 days (Tokiweet.al, 2006). Then, microorganisms

could degrade these smaller molecules into; @d HO in the compost. For

example, PLA hydrolysis studies were done at-16060 AC when catalyst w:
used (Piemontet.al, 2013). Temperature of seas and oceans are much lower than

the needed temperature value for an effective hydrolysis reaction. Lowldegna

rate in aguatic environmentanbring about pollution in oceans and seas.

Degradation of PLA in soil and aquatic environments seems noneffective; hence,
there is a need for productive solution to solve the PLA waste problem.

In addition tomicrobial degradation, there are a few studies utilizing microbial
enzymes for degradation of PLA. Ebelingae{1974)and Williams(1981)reported

serine protease, named proteinase K, for degradation of PLA. However, degradation
of PLA with proteinase rzyme was succeeded in presence of gelatin which
stimulates proteinase production (Jarexgal, 2001). In the absence of gelatin,
degradation did not occur after 14 days. When gelatin was included, nearly 80 % of
PLA was degraded by proteinase enzyméciviivas excreted by fungus (Jarezat

al.,, 2001). Hoshino «l. (2002) studied the effect of lipase enzymes from different

microorganisms on degradation of several polyesters including PLA. As a result,



they concluded that none of the lipase enzymed bu degr ade PLA

however, the rest of tested polyesters could be degraded by the lipase enzymes.

Masaki efal., reported a promising cutinaklee enzyme which could degrade PLA.

This enzyme was produced by ye&Byptococcuswhich is used in wasteater
treatment purposes. They found that this enzyme degraded PLA in 60 hours;
however, other conditions such as, temperature were not mentioned (Masaki et al.,

2005). Hence, feasibility of this degradation could be evaluated as doubtful.

In brief, in miaobial degradation PLA-degrading microorganisms egest
extracellular enzyme, depolymeragkE PLA (Qi et al.,, 2017) To accelarete the
production of depolymerase enzyme, santkicers such asilk fibroin, elastin and
gelatin should be preseniThen, the depolymerase breaks the dsterdsin the
structure of PLA. Breadge of bonds brings about formation of oligomers, dimers
and monomersSubsequently, the lower molecular weight products efmten
microbial membranes and degrade into carbon dioxide, water and biomass in aerobic
condtion. On the other handpn addition tocarbon dioxide, water and biomass
methane is produced anaerobic condition (Qi et al., 2017Mydrolysis of PLA

plays a important role in biodegradation in terms efpediting the microbial

degradation

1.2.1.2 Mechanical Recycling of PLA

Mechanical recycling is the most predominantly used method for managing the post
consumer plastic waste problentufopean Bioplastics2020). However, the
resulting PLA from mechanical recycling has worse mechanical features such as,
lower tensile strength at break and impact strength and higher melt flowrate, and
water vapor and oxygen transmission (Zenkiewicz et al., 2009). Due to the
worsenng in mechanical properties, applicability of mechanical recycling to the
waste polymer is limited. Piemonte et al., compared the chemical and mechanical

recycling techniques and concluded that chemical recycling enataddaction of

at



valuable chemicals having same properties with the virgin material unlike

mechanical recycling (Piemonte et al., 2013).

As the amount of PLA waste continues to increase, there should be a waste
management solution that provides not only removal of waste but @soraic
advantages. Production of valadded raw materials from the waste plastias

make the process economically feasible.

1.2.1.3 Chemical Depolymerization of PLA

Within the scope of chemical recycling title, there are hydrolysis, alcoholysis and
pyrolysis studies. In some of alcoholysis and hydrolysis studies, polymer was
dissolved in a solvent prior to degradation reaction. For this kind of studies, the used
solution was indicated. As a result of chemical recycling, the chemical structure of
polymer change and different, preferably valuable compounds are produced. For
PLA chemical recycling case, production of lactide and/or lactic acid from a
chemical recycling reaction, can provide a closed loop system because lactide or
lactic acid could be utilized toroducePLA.

1.2.1.3.1 Hydrolysis Studies:

Hydrolysis reaction of PLA dates back to 1998. Siparsky €t18P8) performed
hydrolysis in acetonitrile and water solution to exclude solid phase effects such as
diffusion and crystallinity. In this study, hydrolysi§ molycaprolactone (PCL) was

also examined and two polymers were compared in terms of kinetics of the reaction.
They concluded that PLA hydrolysis in acetonitwater solution is seltatalyzed
whereas addition of acid catalyst is needed for PCL hydsolgs the product of

PLA hydrolysis reaction, lactic acid was mentioned. Concentration of acid was
determined by titration. Due to the fact that acetonitrile concentration in water
influences the production of carboxylic end groups, kinetic study coyddrfi@med

10



solely in a narrow range of PLA solution concentrations because the production of

carboxylic end groups was influenced by the solvent: water ratio.

Another hydrolysis study was conducted by Piemontd. €2013).They aimed to
produce lactic @d from PLA, utilizing water as reaction medium at temperatures
close to melting point of PLAAt 140-1804C, 1.5 MPa pressure was applied and
PLA: water weight ratio of 80. Conversion of PLA was calculated from the initial
weight and weight of solid PLAeft after the reaction. Liquid product analysis was
performed by using gas chromatography (GC) technique. In their conclusions, it was
highlighted that for high PLA: water weight ratios, to be able to produce more
concentrated lactic acid solutions, anerconsumption demand for water
evaporation could be lowered significantly; hence, higher PLA: water weight ratio
levels should be investigated in detail for industrial applications.

Cristina et.al, performed another hydrolysis research (Cristina 20aB). In their

work, hydrolysis reactions of pesbnsumer PLA at temperatures between-170
190AC with reaction times rangi.RIA: from 4
water weight ratio was taken as 0.1bw molecular weight oligomers andctic
acidwasreported ashe productsThey suggest a model which accounts for two step
processes. The first step is bulk degradation of PLA with solubilization of oligomers,

and the second step is the hydrolysis of oligomers. For analysis, HPLC (High

Performance Liquid Chromatography) metheak used.

In another study, different types of ionic liquidemely [bmim][OAc], [bmim][CI],

[emim][OAc], [emim][NTfJand [HSQ-pmim][HSQy], were used as catalyst in

hydrolysis reaction of PLA (Song et al., 201@atalyst:PLA weight ratio was
changedriom 0.1:1 to 0.5:1Influence of reaction temperature, ratio of amount of

catalyst to PLA and amount of water to PLA, and ionic ligqype were investigated.

Reaction temperature was changed between11200 A C . After the r1ec
residue was weighedd from the initial weight data, percent conversion of PLA

was calculated and reported. In purification step, calcium carbonate was used;

however, reason for this step was not explained. Due to usage of calcium carbonate,

11



end product of this study was sdtas calcium lactat&.hey concluded that as
catalysts: PLA weightratio rises, conversion of PLA increases as well. Water:PLA
weight ratio was changed from 2:1 to 8:1, and similar trend with catalyst:PLA weight

ratio was observed in terms of conversion.

1.2.1.3.2 Alcoholysis Studies:

Hirao et al., conducted an alcoholysis study utilizing ethanol and butanol as reaction
media (Hirao et al., 2010). Conventional and microwave heating techniques were

alsocompared by keeping PLA:alcohol molar ratio as 1:10 constantethanol,

reaction temperature range was in betweerl1400 AC and t hat-of butano

210AC. Reaction times were different for
In conventional heating, reaction times were 20 to 60 minutes and that of mierowa
heating were 2 to 10 minutes. They highlighted that in both types of heating,
activation energies were nearly the same; hence, reaction mechanism was the same
as well. Activation energies were found from Arrhenius pldtsis reported that
correspondig lactate product was produced as a result of alcoholysis reactions.
However, which techniques were used to identify the products was not explained.
Only explanation about product identification was determination of optical purity,
and it was fulfilled viaHPLC. Molecular weight of PLA was determined by Gel
Permeation Chromatography (GP&id it was stated thatimber average molecular
weight of PLA was decreased frora@0to 8200.

Another alcoholysis research using microwave heating was carried biinbst al.

(2020). The used diols were ethylene glycol, proghBaliol, and butand.4-diol.

As catalyst, tetrabutyl orthotitanate was used. PLA: diol weight ratios were varied

from 1:1 to 4:1. Reaction temperature andtime r e kept condsl@ant at
minutes, respectively. The resulting product type depends ostriieture of diol,

main products were reported as lactate, lactyl lactate, and polylactate. Product
characterizatiorwas done via Fourier transform infrared (FTIR) spectroscopy

Proton ruclear magnetic resonanc&l(NMR) spectroscopyvas usedo investigate

12
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chemical structure of products atieeir compositionsOne different aspect of this
study is that after alcoholysis reaction, the alcoholized products were further used to
produce lagtle-based polyurethandsy reacting with chain extenders. Mechanical
tests were applied to the resulting polyurethanes, and they concluded that the
produced polyurethanes have promising features to be used in different industries.

In another research line alcohols, namely ethanol, propanol, and butanol, were
employed as reaction media (Lamberti et al., 2020). In this work, corresponding alkyl
lactates (ethyl lactate, propyl lactate and butyl lactate) were produced from the
catalytic alcoholysis reactionsf PLA. As catalyst, zinc ethylenediamine Schiff
based complex and propylenediamine Sebh#ed complex were prepared and used.

In experiments, firstly tetrahydrofuran (THF) and PLA were added to the reactor
(12.5 g of PLA, and 250 ml of THFAfter dis®lution of pellets, alcohgl50 ml)

and catalys{l g) were added. Reaction temperature range was betwe#rs0 A C .
For product analysis, gas chromatography (GC) and proton nuclear magnetic
resonance'H NMR) techniques were used. Activation energy andepggonential
factor were calculated for lactatermation. They concluded that the reaction took
place in ethanol is the fastest among other alcohol types. It was stated that
nucleophilic ability diminshes as the chain length of used alcohol increases in THF

solvent because of increase in steric hinderance.

Another alcoholysis study was performed by Song ef2al13) andionic liquids

were employed as catalyst. Methanol was the only alcohol thatdsassreaction

medum and reaction product was methyl lactate. Effects of reaction temperature,
amount of catalyst and amount of alcohol on PLA conversion and methyl lactate

yield were explored. Temperature range was in betweeh ®® A C, the app
weightratios of methanol to PLA were 4:1, 5:1, and 6:1, and the weight ratios of
catalyst to PLA were 0.01:1, 0.02:1, 0.05:1, and 0.10:1. Reaction time was kept
constant at 180 minutes. [omim][CI], [bmim][EF [bmim][Ac], [bmim][HSO4]

ionic liquids were emplogd and [bmim][Ac] was chosen as the best catalysien

the reaction ended up, reaction mixture was filtered, and the filtrate was distilled to

13



regain methanol and receive methyl lactate by vacuum distillatiaiasktated that

the molecular weights oftiA and primary degradation produgerefoundby GPC.

1.2.1.3.3 Pyrolysis Studies:

Thermal degradation of PLA dates back to 1999. Noda et al., worked on pyrolysis of

PLA, which has number average molecular weight)(Mf 99800 g/mol, using

titanium, aluminum, tinzinc, and zirconia metals compounds i.e., metal alkoxides,

organic acid salts, halide, and oxide forms as catalyst (Noda et al., 1994). The
experimental part was summarized as heating of mixture t219® AC wi t h st i rr i |
and distilling under reduced press (at 45 mmHg). Condenser temperature was

stated as 80AC to avoid crystallization, an
product, Hactide, mesdactide and eactide were reported. From the catalytic

activity of view, tin has given the best résun terms of lactide productiom high

concentrations After tin, zinc, zirconia, titanium, and aluminum have the best

activity, respectively.

In another pyrolysis study, PLA was melt blended with tin in different compositions,

from 20 to 607 ppmand exposed to pyrolysis (Nishida et al., 2008plecular

weight distribution of the synthesizedPLA/tin samples was obtained by GPC
analysis.It was mentioned that the dynamic pyrolysis reactions were conducted
using thermal gravimetric analyzer, andtismal pyrolysis reactions were carried

on in a glass tube ovelRAroduct analysis was done via pyrolyges chromatography

mass spectroetry and GC. Pyrolysis reactions were taken place ad40 0 AC at a
heating rate of 9AC/ mthahigh tinlcdantaimmg sample por t ed t
was subjected to pyrolysis, the product was lactide, whereas the low tin containing
sample yielded cyclic oligomer of PLA. Also, they highlighted that as the tin content
increases, degradation temperature of PLA and adiivanergy of degradation

reaction decrease.

Along similar lines, PLA polymer blended with either zinc oxide and titanium

dioxide by melt blending technique, and samples were analyzed with thermal

14



gravimetric analyer(Wang et al., 2019). According to T@Asults, they concluded

that both metal oxides decreased the PLA decomposition temperature, but zinc oxide
decreased the decomposition temperahyenore than 85 K, whereas titanium
dioxide decreased nearly between 2 and 10 K; hence, the catalytityaatizinc

oxide was decided to be better than that of titanium dioxide. Similarly, the activation
energy of PLA was observed to decreas@8®b¥J/moland59 kJ/mol for zinc oxide

blend and for titanium dioxidehe amount ofdecrease was in betweét kJimol

and32 kj/mol.

A similar study with that of Nishida et al. was conducted by Arrieta et. al. In this

study; however, PLA was not blended with any metatgin PLA was used instead

(Arrieta et al.,, 2013). Pyrolyzercoupled with gas chromatograpmass

spectronetry (GC-MS) was used for thermal degradation of PLA. PLA films were

used rather than pellets. PLA films wergosed to fast pyrolysithey were bld at

600AC for 0.5 second, and this procedur e

mesolactide, lactide, dimer, trimer and tetramer were mentioned.

Badia et al.(2012) investigated energetic valorization procedure of biobased
polymers and selected_R as a model. Pyrolysis of virgin PLA and mechanically
reprocessed PLA were carried out via TGA. Released gas analysis, thermal stability,
and decomposition reaction kinetics were provided. Analysis of produced gas was
done by usingn-line FTIR with thehelp of 2D IR correlation characterization. From

the evolved gas IR analysis, main products were listed as acetaldehyde, lactide, short
chain acids and their dimers and trimers, carbon dioxide, carbon monoxide and
water. They concluded that pyrolysis preséor unprocessed i.e., virgin PLA could

be applied for valorization of its processed versions.

The existing PLA depolymerization studies have some drawbacks in terms of
sustainability and environmentally friendliness. In hydrolysis processes, water has
been utilized. However, water resources have been runningecdause of global
warming, theranay be waterscarce regionsOn the other hand, during alcoholysis

reactions volatile organic compounds (VO€n be released to the atmosphere.
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DischargingVO@© s t o the atmosphere causes ecologic
et al., 2010). In pyrolysis processes, due to working at high temperatures (generally
>200AC), en e rcanpe higho These digvbacks hring about a need for

an effective and environentally benign solution for PLA waste problem. For this

purpose, deep eutectic solvents (DES) are considered to be a good choice as the

reaction medium for degradation reaction of PLA due to their environmentally

friendly, nontoxic, and tunability prop#ies (Abbott etal., 2003).

1.3 Deep Eutectic Solvents (DES)

DES6s are a class of mi xtures characteri ze:
temperatures compared to those of individual components of the mixture. Deep

eutectic solvents are prepared by mixing hydrogen bond donor (HBD) and hydrogen

bond acceptor (HBA)components in a predetermined molar ratio until a
homogenous | iquid is formed. DES6s have ga
observed an unusual melting point depression at eutectic composition of
predetermined HBDOGs and HbBuAtidorswagohderbedt t et al
firstly in 1:2 mole ratio combination of choline chloride and urea. Individually,

meltingt e mper at ur e of choline chloride is 302A
resulting mixture maintained its liquid form at room temperature. fEperted

melting point of the mixture at eutectic col
temperature of DES, they are considered as economically feasible and accessible

solvents for different applicationtn Figure 1.5, melting temperature depression

behavior of DES6s was Vvisualized.
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Figure 1.5. Binary phasealiagram and melting point depression behavior of DES's
(Abbott etal., 2003).

Inthel i t er ature, DESG6s are seen as an alter
features such as, ability to dissolve organic and inorganic compounds, having low
volatility and being c|-Wasgka ttiale 2802041 gr e en
terms ofgenerally high thermal stability, low toxicity, low volatility, and Ron

f 1l amma b i | wotildnot onlyEe$lécs ionic liquids, but also replace VIDC

appropriate conditiongPollet et al., 2014). Having low toxicity and low vapor
pressur e,| asESSiofsi ead easc green and sustainaktk
are cheaper than ionic liquids and easier to prepare. lonic ligaitbe either

purchased or prepared; however, there is no commercially available DES due to the
easiness of preparing. Mostused method of preparation includes mixing of
components in desired molar ratio at a predetermined temperature value until
homogenous liquid formation occurs. Optionally, inert atmosphere could be

preferred during mixing.

Other preparation techniques @amporate vacuum evaporation, grinding, and freeze
drying. Inthe vacuum evaporation method, components of DES are dissolved in

water and then most of the water i s vapo
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evaporation, mixture is put into desiccator Littihas a constant weight value.
Grinding method is used when all components are in solid form. In grinding method,
solid components are put into a mortar, and they were granulated until a homogenous
liquid is produced. In this method inert atmosphereltmms are preferred (Hansen

et al., 2021). In freeze drying method, two components of DES are mixeudtifb

water, separately and then two aqueous mixtures are mixed, frozen, and later on

freeze dried to obtain a homogenous liquid (Pollet et al.,;204dsen et al., 2021).

I n general, DESG6s ar e vcasvarg trasn white gou i d s , and
brownish yellow. Below eutectic point temperature, they appear in cloudy, opaque

crystal solid form (Hansen et al., 2021). Different than many stardangounds,

DESG6s display a variety of thermal transiti
and crystallization (Hansen et al.,, 2021). Glass transition is an important and

common characteristic, and it can be observed even under relatively lowgcooli

rates. The commonness of wvitrification amort
which play an important role in DES formation and molecular dynamics. The main
judgement states t hat -&3$0dabed intarmateculprr oduced
interactions, vanetl Waals interactions, hydrogen, and/or ionic bonding (Hammond

et al., 2016Van Osch et al., 2019). The physical interactions induce a considerable

decrease in melting point of mixture by stabilizing liquid configuration; however,

individual effects of thse interactions are still indefinite and there is a need for

further investigation about basics of DES©O®6s
Customarily, DESOGs are composed of two const
types which consist of three components. &éanh e | e s s, tertiary DESO®Ss

hardly studied and investigated until now (Mjalial., 2015).In Tablel.1, thereare

some examplesoftwo o mponent DESG®6s.
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Table 1.1. Different types of DES and melting points of resulting DES's and their

constituents
Hydrogen Bond Dono& Hydrogen Bond Accepr Melting Temperature of
Its Melting Temperature | & Its Melting Temperature the Resulting DES
(cC) (cC) (cC)
Glycero} 290 Choline Chloride302 17 (2:1 molar ratio)
(Mjalli, 2016)
Urea 133 Choline Chloride302 12 (2:1 molar ratio)
(Mijalli, 2016)
Ethylene Glycot12.9 Zinc Chloride290 -30 (4:1 molar ratio)
(Abbott et al., 2007)
Choline Chloride302 Zinc Chloridg290 52 (1:2 molar ratio)
(Ghareh Bagh et al., 2015]
. . -4 (1.6:1 molar ratio)
Acrylic Acid14 Choline Chloride, 302
(Mota-Morales et al., 2011

Due to their promising features and f 1l e:
widely used in many fields. According to usage purpose, one could select the
components of DES and decide its molar composition. This concept brings about
easiness of creationf dhe optimal solvent for desired processes. Some of the
application areas of DESG6s are phar maceu
synthesis, battery technologies, gas capturing and separation, and electrodeposition
(Hansen et al., 2021).

13.1 Deep Eutectic Solvents in Polymer Recycling

Degradation reaction of cellulose that is produced from sunflower stalk was
investigated using choline chloridxalic acid, choline chlorideitric acid and
cholinechloridt art ari c acid DESO ant(edethl.o2018). cat al

They used both conventional heating and microwave heating methods. In addition to
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heating method, reaction tim@0-150 mirutes for conventional heatingl-10
minutesfor microwave heatingand temperatur€l30-180/C) effects were tsidied.

As a result of degradation of sunflower sthtksed cellulose, levulinic acid;HMF,
furfural and formic acid were reported. After reaction, products were extracted with
ethyl acetate and product analysis was done via HPLC. It was concluded that
microwave heating provided energy efficiency by shortening the reaction time to
obtain valueadded chemicals and utilizing DES as solvent and catalyst was

evaluated as efficient to get valadded products from biomass.

In another study, biomass degradatmd lignin depolymerization were investigated

in three types of DMiSdwave liehting veay usedtanda | . , 201
choline chlorideformic acid, choline chloridexalic acid and choline chloridactic

acid type DES danpenareange wasi in betveetil0-150/C,

reaction time wa@ between 115 mirutes Rather than identifying which products

were formed after the reaction, molecular weightl bond structure analysis of

lignin were reported. It was concluded that oxalic acid and formic acid provided

higher yield than lactic acid.

There are also some studies that use DES as auxiliary component in decomposition
reactions. | n earch, Wwactezidl ligmin depadysierizatiens was

investigated. Prior to bacterial process, lignin samples pretreated with DES (Liu et

al., 2018). Wang et al., used DES as catalyst in glycolysis reaction of poly(ethylene
terephthalate)(PET) (Wang et al., 201Gholine chlorideurea and ethylene glycol

choline chloride based DESO6s were wused 1in
kraft lignin (Di Marino et al., 2016).

In our work, zinc chloridairea and zinc chloridet hy |l ene gl ycol DES6s w
Firstly, zinc chlorideurea DES was used because it has been widely usibe in

literature. More specifically, it has been used in depolymerization studies (Lian et

al., 2015; Di Marino eal., 2016). Due to stability problems, which will be explained

in upcoming seabns, another DES containing zinc chloride and ethylene glycol was
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investigated. Zinc chloride was kept as the component of DES dueposits/e

contributionon the thermal stability of DES

1.4  Catalysts in Polymer Degradation

In polymerdegradation reactions, generally acidic catalysts are used. Commonly
used catalysts in these processes are zeolites, amorphous aluminosilicates and other
mesoporous materials (Obali et al., 20A¥demir et al., 2013). Degradation of
polymers which have gh molecular weight and complex arrangements is a
challenging process. Hence, utilizing an effective catalyst for these processes is
crucial. Silica aerogels provide high pore diameter, high surface area, and thermal
stability; hence, theganbe evaluate@s a strong candidate to be used in polymer
degradation reactions as catalyst. Except the study which was conducted by our
research group (Sivrie., 20B) , t here i sndédt any study
silica aerogel in PLA degradation reaction.thms work, aluminum loaded silica

aerogel is used as catalyst due to its promising reported results by Sivri et@)l. (201

14.1 Silica Aerogel

Kistler et al., synthesized silica aerogel firstly in 1932, and since then silica aerogels
have been used in manyffdrent areas such as support for catalysts, drug delivery,
thermal insulation, and gas sorption purposes (Malfait et al., 2015). In general, for
the preparation of silica aerogels, -gel method is used. By utilizing different
precursors, synthesis methoould be altered. Also, changes in synthesis in terms of
aging time, drying procedure and solvent type make difference in properties of
produced silica aerogels. In a regular silica aerogel synthesis procedure, an
alkoxysilane is aggregated with water a@coholic solutions. Hydrolysis and
polycondensation reactions take place at the same time and bring about creation of
small silica particles. Reactive groups (hydroxyl or alkoxy) placed on the surface of
the particles interact with similar groups on aejat molecule, and form linkages.
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Formation of linkages results in(3 network of silica molecules. When the network
becomes large enough, the liquid sol turns into ssgind gel. Solid silica molecules
adopt a locked position in the network arahnotclose pack to have a dense solid
mass of silica. Water and alcohol occupy the bulk volume of the structure (Dunn et
al., 2005). When the water and alcohol molecules are taken away without disturbing

the network, aerogel is produced.

There are three fundantah stages in sejel method, which are gel preparation,
aging of the gel and drying.

1.4.1.1 Gel preparation stage:

In this step, hydrolysis and condensation reactions are taking place. Silicon alkoxides
(TMOS or TEOS) reacts with water and silanol groupgasduced in the presence
of solvents (alcohols). For complete hydrolysis, SiOHproportion is crucial.

Hydrolysis reaction usually takes place with acid or base catalysts.

Resulting silanol groups constitute siloxane bridges. Thegither react witteach

other or alkoxides, and water or alcohol is produced. Usually, condensation takes
place when alcohols and basic catalyst are present (Gurav et al., 2010). The main
silica particles are formed during hydrolysis and condensation stages. These patrticles

connect with each other, ane3silica network has been formed.

1.4.1.2 Aging stage:

Aging process is a crucial stage to reinforce the silica network. Shrinking of pores
can be prevented with aging. For aging process, alcohol is poured over the gel to
cover thegel. The system is left overnight. During aging process, reactions are
completed, and silica aerogels are produced. After aging stage, solvent exchange is
applied several times to obviate capillary stress. In solvent exchange, water in the

pores could beubstituted with hexane (Thapliyatal., 2014).
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1.4.1.3 Drying stage:

Shrinkage of gelscan be caused by capillary pressure which occurs during
evaporation process. The main reason behind this phenomenon is weakness of
siloxane bonds towards capillary pressure. inhibit the formation of cracked
aerogels, one solution is replacing some siloxane bone®-&) with the more
flexible bond, which is SR. The organic group helps aerogel to maintain its wet size

by excluding any shrinkage in the gel. Another solutis surface modification.
Capillary forces on the silica network are changed with surface modification.
Hydroxyl groups linked to silicon molecules are replaced with alkyl groups. As a
result of this replacement, more hydrophobic surfaces are formed.
Trimethylchlorosilane (TMCS) and methyltrichlorosilane (MTCS) are hydrophobic
compounds which are mainly used for the surface modification. TMCS reacts with
both silanol groups placed on surface and water inside the pores (Malfait et al., 2015).
The last saltion employs relation between capillary pressure and surface tension. A
solventcanlower the capillary pressure while evaporating in contrast to alcohols and
water. However, the utilized solvent should have low surface tension. For example,
water in thepores is exchanged with hexane. Because water has surface tension value
of 72.53 mN/m at 20AC (Gianino, 2006) wh
20AC ( etalrlelin s

Silica aerogels have highly mesoporous structures with high surface aneea(lye
between 504200 nt/g), high porosity (about 890%), low thermal conductivity
(0.005 W/mK) and low density (approximately 0.003 gicifiheir pore sizes change
between 5L00 nm, with an average pore diameter betwee#QLOm (Soleimanet
al., 20(B).

1.4.2 Silica Aerogel Applications in Literature

A

InYuetal . 6s study, cobalt was | oaded on sil

silica aerogel catalyst was used to produce hydrogen from agueous ammonium
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borane (Yu et al.,, 2015). BET surface arearepsize and pore volume of the
synthesized catalyst were reported as 4&4gm.4 cni/g and 12.3 nm, respectively.
Performance of silica aerogel supported cobalt catalyst was compared with that of
mesoporous silica supported cobalt catalyst. It was cdedluhat silica aerogel
supported cobalt catalyst showed nearly 40% higher hydrogen production. Also,
silica aerogel supported cobalt catalyst decreased the activation energy of reaction
more than mesoporous silica supported catalyst; however, perceofatesse
decreases were not given. As a result, silica aerogel supported cobalt is an efficient

catalyst to generate hydrogen from aqueous ammonia borane.

In another study, silica aerogel supported cobalt containing catalysts were used for
FischerTropsd synthesis (Dunn et al., 2005). Cobalt was loaatedree different
mass percent; 2,,&nd 10 weight percent. In drying stage, supercritical ethanol
conditions were used. Synthesized catalysts have surface area betwe&f0 570
m?/g, pore volume between 3.7 and 4.Zfgnand pore diameter ranging from 21 to

37 nm. As conclusion, they statéltht three different mass percent metal loaded
catalysts were active in Fisch€ropsch synthesis with good selectivity for
hydrocarbons having more than 10 carbon. Amiri g28l15) also used the copper
loaded silica aerogel catalysts, but they wilizthe catalyst in methanol steam
reforming reaction. In this work, chemical surface modification and ambient pressure
drying processes were applied. Synthesized catdigstsurface area and pore size
distribution in between-10 nm. Also, particle sizevas evaluated as uniform, it

rangeal between 820 nm.

Related with usage of metal loaded silica aerogels in depolymerization reactions,
there is a work conducted by our research group (Sivri et al., 2019). In this work,
aluminum loaded silica aerogels wamnthesized and used in thermal degradation
of PLA. Aerogels were synthesized via-g@l method and metal loading was carried
out via wet impregnatiomethod. Aluminum was loadeat three different weight
percent, 2.5, 1,(and 15.Thermal degradation expments were performed in TGA

It is concluded that the greatest decrease inaittesation energy of thermal
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degradation reaction of PLA was achieved with 15 % aluminum loaded silica aerogel

catalysts, decreasing the activation energy by 27 %.

1.5 The Aim of This Study

Due to its mechanical thermal, and optical properties usage areas of PLA is
increasing day by day. The increased demand for PLA will leadise anamount
of PLA waste

In literature, there were biological, chemical, andchanical degradation studies
regarding the emerging PLA waste problem. Although PLA is classified as a
biodegradable plastigpnly a few microorganism typean play a role inPLA
biodegradationand they are not present in all soil typ8sme certain aaitions
such as, temperature, pthd moisture content of soil or compost should also be
provided for biodegradation. Chemical recycling techniques are pyrolysis,
hydrolysis and alcoholysis. These techniguoas be regarded as unsustainable in
terms of enggy consumption in pyrolysis, usage of water whgchmited renewable
resource in hydrolysjsandemissionof volatile organic compounds in alcoholysis
studiesAccording to literature survey, PLA degradatitas nobeen studied in DES
medium. In additin, catalytic degradation of PLA $iaotbeen investigated in DES

medium.

Hence, the aim of this study is to present an effective and environmentally benign
solution for PLA waste problem. In this studlge following steps were aimexhd

carried out

1 To synthesize and characteriaedeep eutectic solvenDES) and metal
loaded silica aerogehtalyss.
To determirethe apparent activation energy of the PLA degradation reaction.
1 To investigate the degradation of PLA in DES mediandifferent reactor

systems
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To search for the activity of the metal loaded silica aerogel in PLA
degradation in DES medium.

To observe the effect of catalyst and system typéhernobtainedoroduct
distribution.
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CHAPTER 2

EXPERIMENTAL

2.1  Experimental Setupsand Procedures

Experimental part of this study consists of three main parts, which are synthesis and
characterization of DES, synthesis and characterization of catalysts and, degradation

reactionof PLA at 18@C for 8 hoursn two different reactors

2.1.1 Synthesis ofDeep Eutectic Solvers (DES)

To be used as reaction mediunthirdegradation reaction of PLA, two kinds of DES
were synthesized. Thesirea OEE 8nd gincwhaee 2z i nc
ethylene glycol DES.

2.1.1.1  Zinc Chloride-Urea DES Synthesis

Prior to synthesis, zinc chloride and urea were driesimv en at 11 0AC f or
To synthesize ureainc chloride DES, zinc chloride (Sigma Aldrich) and urea
(Merck) were mixed. This type &ES was synthesized in 4:10 molar ratio. £40

molar ratio,5.47 g zinc chlorideand 6 g ureavere weighed angut into aglass

reagent bottlerespectively After that, the reagent bottle was put into the water bath
oper at i nThe veatebath Ovds @laced on a heated magnetic stir plate with a
thermocoupleThey were mixed until a homogenous liquid veddainedand this

procesdook nearly 3 hours.
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2.1.1.2  Zinc Chloride-Ethylene Glycol DES Synthesis

Before synthesis, zinc chloride was dried in owen 110AC f dor 24 hour

synthesizezinc chlorideethylene glycolDES, zinc chloride (Sigma Aldrich) and

ethylene glycol (Sigma Aldrich) were mixed in 1:3 molar rgzanc chloride:

ethylene glycol) For 1:3 molar ratio, approximately 6 g zinc chloriael 8.19 g

ethylene glycol were weighed apdt intoa glass reagent bottleespectivelyThen,

the reagent bottle was put iTemperatutelofe wat er
water bath was kept constant with heated magnetic stir plate with a tleenphec

Zinc chloride and ethylene glycol were mixed for nearly 2 hours until a homogenous

solution was formedin Figure 2.1, experimental setup fdDES preparation was

shown.

Thermocouple —»

Glass Bottle

Water Bath

Heated Magnetic Stirrer Plate

Figure 2.1. Experimental setup for DES synthesis

2113 Characterization of DESO s

Synthesized DES6s were characterized with
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2.1.1.3.1 FTIR Analysis

FTIR analysis was performed tbserve complexation between components of DES.
Perkin ElImer Spectrum Two Model FTIR spectrophotometer with Attenuated Total
Reflection (ATR) was used in the anadgs The spectra were obtained in the
wavenumber range of 500 thand 4000 cit accumulatedf®256 scans with 4 chh

resolution.

2.1.1.3.2 TGA Analysis

TGA analysis was carried out to determine the thermal stability of the synthesized
DES. Shimadzu TA0 WS device was used. Analyses were done under nitrogen
atmosphere with a flowratef 50 ml/min. Temperature was increased from room

temperatureto50¢C wi t h a heating rate of 5AC/ min.

2.1.2 Synthesis of Catalyst

Aluminum loaded silica aerogel catalyst was usetha&xdegradation reaction of
PLA. Silica aerogel was synthesized accordingolegel method. Then, aluminum
was loaded on silica aerogel in two different weight percentages i.e., 15 and 25 %.

Wet impregnation method was used for loading of aluminum.

2.1.2.1 Synthesis ofSilica Aerogel Support Material

For the synthesis of silica aerogekfly, 5.64 gabsoluteethanol(Sigma Aldrich)

1.73 gpurewater and 10.01 g tetraethyithosilicate (TEOSMercK), which is the

silica source, were mixed at room temperature. After that, to the mixed solution, 62

OL of 1 M HCI rapsandateyneixéd far two fpourd Vhen, to the

mixed solution, 3.85 goure water and 9.92 g ethanol were added at room
temperature. For gel for m®a%vivMerckdan® OL of
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800 OL of a mmo n4F,uMerckj solutmmsiweraroppe kb the
solution. When the gel wdsrmed it was cut into smaller parts and ethanol was
poured onto gel pieces and at room temperature, 8 hours of aging process was started.

After aging, ethanol was drained over the gel and 30 ml hexane (SigmehMldas

poured onto gel and gel was put into water

After completion of 2 hours, hexane was refreshed with 30 ml hexane and trimethyl
chlorosilane (TMCS, Merck), which is the silylation agent, was dropped to the
sdution. When TMCS was added, water formation was occurred, and it was
removed from the solution and fresh hexane was added to complete the hexane
volume to 30 ml. Then, the gel was put
hours, hexane was refreshfor two times. As final step, gel was put iattoven at

a temperature of (D25 A @e, i2ali8;dHpliby 20dJu r s
Experimental setup, and steps were summariz€ture2.2.

Hexane is
poured over the
NH4+NH4F are gel and the

added dropwise system is kept TMCS is

at 45 °C for 2 added
H,O+EtOH+ hours dropwise
are mixed poured over
for 2 hours the gel .
iR 8 hours of aging Gel is dried at
% 125 °C for 2

hours
i} O ’

-

Figure 2.2. Experimental setup for silica aerogel synthesis

2.1.2.2  Aluminum Loading to the Silica Aerogel by Wet Impregnation
Method

Aluminum (15 and 25vt. %) wasloaded to the synthesized silica aerogel support
material using wet impregnation method. Aluminum nitrate nonahydrate

((AI(NO3))3.9H20, Sigma Aldrich) was used as aluminum source. 1 g silica aerogel
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was weighed and added 20 ml ofethanol. In the meantiep aluminum precursor

(2.1 g was dissolved in0 ml of ethanol. Silica aerogathanol and aluminum
precursotethanol pairs were mixed separately for two hours at room temperature.

After completion of two hours, metal precursor solution was addeHetailica

aerogel solution dropwise and the solution was mik&ad 24 hours at room
temperature. Then, the mixture was dri ec
step,thedried sample was calcin@u a tubular quartz reactor and heated from room
tempeature to5 0 0 Witl a heating rate ofAC/minand the catalyst was kept at this
temperaturdor 12 hours in nitrogen atmosphexgh a flowrate of 50 ml/minAt

the end of calcination steghe aluminum loaded silica aerogel catalyst was

synthesized.

2.1.2.3 Characterization of Catalyst

The synthesized silica aerogel and aluminum loaded silica aerogel catalysts were
characterized with FTIRTGA, Nitrogensorption Scanning Electron Microscopy

with Energy Dispersive Xay SpectroscopySEM-EDX), and Diffuse Reflectance
Infrared Fourier Transform SpectroscoRIFTS).

2.1.2.3.1 FTIR Analysis

FTIR analysis was carried out to observe the structure and chemical bonds of silica
aerogel. PerkinElmer Spectrum Two Model FTIR spectrophotometer with
Attenuated TotaReflection (ATR) was used in the analysis. The spectra were
obtained in the wavenumber range of 500 ‘camd 4000 cit accumulated of 128

scans with 4 cirt resolution.
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2.1.2.3.2 TGA Analysis

TGA analysis was used to get information about thermal stabilityeadynthesized
catalyst. TGA analyses were performed with Shimadzu6UANS device under
nitrogen atmosphere with a flowrate of 50 ml/min. Temperature was increased from

roomtemperatureto760 wi t h a heating rate of 5AC/ min.

2.1.2.3.3 Nitrogen Sorption Analysis

With nitrogensorptionanalysis, pore volume, pore size distribution, Braun Emmett
Teller (BET) surface area of silica aerogel and catalysts were deterddsatption
desorption istherm plots of the synthesized materials were obtained irethgve
pressure (P/Mdy range of 0.0001 and 0.9®licromeritics Tristar 11 3020 equipment

was usedBefore analysis, samples were degasge2D0'C for 4 hours.

2.1.2.3.4 Scanning Electron Microscope and Energy Dispersed-Xay
Analysis

Morphologicalproperties and elemental content of synthesized catalysts and silica
aerogel were observed using QUANTA 400F fieldission scanning electron
microscope in the Central Laboratory, METU. In additiGfESCAN VGAS3
scanning electron microscope in METU Chemigagineering Department waso

used. Prior to analyses, samples werated with Au/Pd.

2.1.2.3.5 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Analysis

DRIFTS analysis was performed tieterminethe acid sites of the synthesized
catalysts. Perkiitlmer Spectrum One FTIR spectrophotometer was used and the
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wavelength range was set to 49000 cm'. 100 scans were recorded at 4cm

resolution.

Before the analysis, 0.1 g of each sampl e
for 12 hours to removéhe moisture content. Then, all catalysts were put into
desiccator together with nearly 10 ml pyridine, and they were kebeé stesiccator

for oneweek in order for catalysts to adsorb pyridine vapor. Aftexweek, firstly

the backgroundpectrunof KBr and then, the spectra of fresh and pyricadsorbed

catalysts were recorded. Final spaeotrof the catalyst @wsobtained by subtracting

the spectrum of pyridinadsorbed catalyst frothat ofthe fresh catalyst.

2.1.3 PLA Degradation Reaction Systems

PLA degradation reactions were carried ouDiBS medium and itwo different
systems, which are batch and sdratch systemswith/without metal loaded silica
aerogel catalystdn both systems, reaction temperature and duration were constant
at 180°C and 8 burs, respectively.To test the activity of the catalysts,

thermogravimetric analysis was performed.

2.1.3.1 Degradation of PLA with/without Catalyst Using

Thermogravimetric Analyzer

Performance of the synthesizedtalystsin PLA degradation reactiowas also

evduated using thermogravimetric analyzer (Shimadzu -BA& WS) PLA
(NatureWorks 2003D, Specific Gravity: 1.24, Melting Point: -I48/C, and Melt

Flowrate: 6 g/10 minand catalyst were put into TGA celiith the PLA: catalyst

weight ratio of 2. Temperatureas increased from room temperaturét® 0 AC wi t h
a heating rate of 5AC/ min. Analyses were

aflowrate of 50 ml/min.
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2.1.3.2 Experimental Setup for PLA Degradationin Batch System

Degradation reactioof PLA in DES mediumn batch systemvas carried out in a
glass flask which has volume of 10 ml. Approximately 8.2 g of DES3ajaf PLA

were added taglass flaskin catalytic experiment, approximately 1.5 g catalyst was
added.The dass flask was gdunto an oil bath and thermo couple of the heater was
immersed in oil Oil temperature waadjustedto 180°C usingthe heated magnetic
stirrer plate.A condenser was placed to the exit of flaskctindensevolatile
componentsCondenser temperature was$ &e10/C. DES and PLA were mixed

with the help of magnetic stirret the end of 8 hours of reaction, it was waited until
the glass flask cooled to room temperature. Then, glass flask with reaction mixture
was weighedTo extract the reaction produchiom thereaction mixture ethyl
acetate solvent wassed Approximately 5 ml of ethyl acetate was added to glass
flask The mixture wastirred with magnetic stirrer for 2 houBwvo-phase miture

was formedThen, the top phase of tiheterogenoumixture was collected with a
plastic dropper, and put into another glass container. This step was repeated for
nearly 5 timeslin Figure 2.3 and Figure 2.4, the diagramand photographof the
experimental setupgrereshown respectively
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Condenser «mm—

Water circulator

Figure 2.4. Photograph othe batctexperimental setupsed forPLA degradation
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2.1.3.3 Experimental Setup for PLA Degradation in SemiBatch System

In thesemtibatch system, nitrogen gas passed through the system during the reaction
period.Nitrogen tank was connected to mass flow contr¢fdicat Scientific)to set

the gas flowrate to the desired val8e g CES, 3 g PLA, and in catalytic experiment

1.5 g catalystvere put into reactor areghtly sealedto avoid gas leakag8efore
starting the experiment, gas leakage control was carried outthFSopurpose,
nitrogen gas passed through the systemflovdate was checkeffom the soap
bubblemeter Heating programandfurnace temperature@ere set from the screen
placed orthereactor panelThe degradation reactions were carried out afL86r

8 hoursNitrogen streankeaving the gas tubentered tdhe reactor. The exit stream

from the reactor was heated to the reaction temperature willerenocouple
connected to Aeating tape in order to prevent condensation of produtte exit
stream.At the exit of the reactor, there were three traps téecohonvolatile
products Traps were immersed into watesith at20AC. The exit stream of the third

trap was connected to condenser with a hose. Condmsperature was set to
5AC. At the Dbottom of the condcemensed t here we
samples. Gas samples leaving the condenser passed through gas collecting bottle,
and gas samples wetakenwithin certain time intervaleind analyzed with Gas
Chromatography (GC)n order to control the gas floate and check whethdhere

is any gas leakage, soap buhileterwas placed. From the exit of soap bubble tube,
gas stream was goneuentilationsystem. IrFigure2.5, schematicdrawingof semt

batch system was shown.
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Figure 2.5. The semibatch eperimental setupsed forPLA degradation

After the reactionjt was waited until the reactor temperature decreasedaot

100/C. Then, gas flowrate was decreased gradually and then closed. Reactor and
traps were weighteand subtracted from the empty weights of traps and retactor
determine the amount of liquid and sdiamed In all experiments, there was only
liquid product in the first trap. The others were empiyr liquid product analysis,
contents of the first trap were dissolved in acetone according to 20 mg/ml
concentrationThe obtained solution was analyzed with Gas Chromatog+siaisg
Spectrometry (GEMS).

2.1.3.4 Analysisof Liquid and Gas Products of theDegradation Reactiorns

Liquid products from degradation reaction of PLAkboth batch and servvatch
systens were analyzedising GC-MS. Gas produstresulted from degradation

reaction in sembatch systemwvereanalyzed with GC.
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2.1.3.4.1 GC-MS Analysis

GC-MS analysis was used determinehe distribution of th@roducs obtainedwith
extractionof thereaction mixturen batch degradation reactioasd distribution of
liquid products obtained from setbhatchdegradatiorreactionsShimadzu QP2020
TGCMS device with TRBL column was usedlnjection and MS detector
temperature was 260. The carrier gas was helium with flowrate of 1.5 ml/rifihe
library used for identification of peaks was WilyNist (W9N1h)Table2.1, heating

program of furnace was shown.

Table 2.1. Furnace heating program used in-GIS analsis

Temperature Hold Duration Heating Rate
( AC) (min) (AC/ mi
35 2 8
300 25 -

2.1.3.4.2 GC Analysis

Analyses of gas produstfrom degradation reaction ihe semibatch systemvere
carried out with GC equipped with Porapak Q column and thecovaductivity
detector (TCD)Detector temperature was 240 Argon was the carrier gas with a
flowrate of 30 ml/minColumn temperature program was showitatle2.2.

Table 2.2. Temperature program of GC column

Temperature Hold Duration Heating Rate
( AC) (min) (AC/ mi n
38 6 -
120 1 4
130 0.1 1
170 0.4 20
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CHAPTER 3

RESULTS AND DISCUSSION

In thisthesis studyfirstly DES and catalystwere synthesized he following part
is dedicated to theharacterization results diie synthesizedES and catalysts
Following, the degradation of DES in batch and sebatch systems was
investigated the product distributionobtained in each system given. Finally,
catalytic and nostatalyticdegradatiorreactionsof PLA in zinc chlorideethylene
glycol DES medium in batch and sebatd systemswere investigatedand the

results are presented and discussed in the dedicated parts.

3.1 Synthesis and Characterization of DES

Deep eutectic solvents were prepared as describtte experimental part. After
synthesis, someharacterizations and observations related thigir stability were

carried out and compared with literature data.

3.11 Zinc Chloride-Urea DES

Zinc chlorideureaDES is one of the mostly wused
environmentally benignlts componets are also relatively cheap and easily
accessible. Hence, the first selection for reaction medium was zinc chloeae

DES.
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3.1.1.1 FTIR Analysis

In order to verify DES formation between urea and zinc chloride, FTIR analysis
technique was used. Comparison ol Bpectra of urea and the synthesized DES

provided important information about the complexation.

In Figure3.1, FTIR spectra olirea and the synthes®ES are compared in the

light of Lian eta | waiks

DES
Urea

Absorbance, %

N~ | R T R T R T T R 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, crmt

Figure 3.1. FTIR spectaof urea and DES

In FTIR spectrum of urea, the peak at 1690'amas attributed to carbonyl (C=0)
stretchingvibrations(G° zde, 2019; Premanathan, 20Ih)e peaks located between

33003500 cm* are ascribed to stretching ofbonds(Bacher, 2002)According

to Figure 3.1, it was observed that new peaks were formed in DHES8. peaks at

2210, 1328, and 1250 chwere the newly formed peaks in DERhese peaks were

considered as the indication of formation of new bonds in.DEghe literature,

formation of these peaks were also observed at 2210, 1320 and around 1240 cm
wavenumbers (Wang at.,, 2015; Lianeaal ., 2015; G°zde, 2019).
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Another difference between spectra of urea and DES was rétetieel shiftingin
the peak ofcarbonyl groupof urea from 1690 crhto 1608 cm' because of DES

formation.

The function of urea as ligand was considered to be dependent on the type of
transition metal ion that will bond to ur€Bheophanidestal., 1987) Urea contains

two functional groups, carbonyind amino, which are able to form metata
complex groups. In case of oxygen atom in carbonyl group participates in
complexation with metal ion, stretching vibration of carbonyl group moves to lower
wavenumberswhich was observed in this stu@nthe other hand, if nitrogen atom

in amino group participates in complexation, stretching vibration of carbonyl group

moves to higher wavenumbédisan et al., 2015)

Zn-O bonding in transition metal salts with urea has been studied in literature
(Custelcean et al., 2006\Vhile bonding,Zn-O-C=N and ZRO=C-N resonance
structures could be observethe newly formed peaks in DES spectrum may be
attributed to the presence of resonant structlassa consequee of the

complexation of urea and zinc chloride.

As a result of observing complexation peaksaitbe said that DES was synthesized
successfully.

3.1.1.2 Stability of DES

Stability of DES indicates the duration in which DES retains its liquid state. Zinc
chlorideurea DES was synthesized in 4:10 molar ratio. According to literature,
stability of 4:10 ratio was reported as 7 days (Lian et al., 2015). However, our
synthesized DES in 4:10 molar ratio kept its liquid state for 3 ddyesdifferences

in stabilty observations may be caused by storage conditions or seasonally changing

room temperature values.

In Figure 3.2, freshly synthesized DES and DEgrting to lose its stability were

shown The freshly synthesized DES has a clear and homogenous appearance. On
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the other hand,leudy appearance in DES was firstpservedn an unstable DES

and then as the time passes this cloudiness spread.

Figure 3.2. a) Freshly synthesized DES and b) an unstable, BEfays after the

synthesis

The solidification in DESanbe attributed to the breakagelgfdrogenbonds that

are responsible for complexation.

3.1.1.3 TGA Analysis

Thermal stability of zinc chloridarea DES in 4:10 molar ratio was tested via
thernogravimetricanalyze(TGA) and compared with literature dataFigure3.3,

TGA curveis shown.
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Figure 3.3. TGA curve ofzinc chlorideureaDES

Weight loss at 18&C is recorded as 2.7 %loisture content in zinc obtide was
seen as the reasohthis weight lossin the studyof Lian et.al, for 3:10 molar ratio
the first step was observed at 227 similarly ourTGA curve gave the first step at
2269AC. The second and third steps were reported at 325 ari 5@2&pectively.
In our TGA curve, there were peaks at 327.8 and B®L.which are consistent with
the reported literature dathe weight loss observed after #400canbe due to the

evaporatiorof zinc chloride (Jones et al., 2013).

In order to see the e&ftt of longterm exposure ttieat only DES was heated at
180A Gor 2 hours. When 2 hours of heating was completed, thereavgadid and
liquid phases in thenixture inside the reactorThe liquid part was separated into
another glass container. figure3.4, there are pictures which were taken froBS
heaedat 180C andfreshly synthesized DE$espectively.

43



Figure 3.4. Photographs of aPES heated tal80/C for 2 hoursand b) freshly
synthesizedDES

As seen irFigure3.4, even after keeping for 2 hours at 280 appearance of DES
was changed. It has a clear, homogenous, and transparent appearance when
synthesized freshly; however, after heating it become & ydulidlike state. Hence,

it canbe concluded that theydrogenbonds which are formed during synthesis of
DES are disupted Due to this solidification issue, another DES was searched to be
used as reaction medium foegradation of PLA. One componagitthe new DES
waskept as zinc chloriden orderto enhane the thermal stability of DES due to its
thermally stabl@ature The other new component was preferred to be in liquid form
at room temperaturim order not to experienceolidification problems. Literature
survey was carried out for selection of other component and ethylene glycol was
decided to usekthylene glycol is an affordable and accessabiemical substance.
Zinc chlorideethylene glycol DES was used in arylati@actionof benzoxazoles

as catalyst (Tran etl., 2018), and in this study the important weight lfS3ESwas
observed between 2075/C, revealing a preferable thermal stabiligthylene
glycol wasalsoused as reaction medium in an alcoholysis saf®BLA (Nim etal.,

2020). Hencejn this study,another DES was selected as zinc chlegtig/lene

glycol.
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3.1.2 Zinc Chloride-Ethylene GlycolDES

Due to its reported thermal stabilitginc chlorideethylene glycol DES was
synthesizeth 1:3 and 1:4 molar rais(Tran et al., 2018 and some characterizations

were carried out.

Since the decomposition temperature of zinc chloride is higher than the
decomposition temperature of ethylene glycol, tiigher concentratiorof zinc

chloride in DES has begmeferred m this study

3.1.2.1 FTIR Analysis

In order to verify DES formation between ethylene glycol and zinc chloride, FTIR
analysis technigue was used. Comparison of FTIR spectra of ethylene glycol and the

synthesized DES provided important information abouttmplexation.

FTIR spectra of ethylene glycol was shownFigure 3.5. At around 3390 cm
characteristic wavelength e©OH group was observe@acher,2002) The peaks
located at 2944, 2878 chwavenumbers are ascribed-©H; stretching. At 1034

and 1084 cm, C-O stretching was observedihen the FTIR spectra of DES and
ethylene glycol were observedcdnbe said that they almost ovensgalwith each

other. Exceptionally, the peak at 3390 tim ethylene glycol, which represents the
-OH stretching vibration, shifts to a lower wavenumber in DES. Tran et.al., reported
the same observations and attributed this shiftingdtd groups in ethylene glycol
playing role in the formation of hydrogen bond with the anion part of zinc chloride
(Tran etal., 2018).

In Figure3.5, FTIR spectaof ethylene glycol and DES are shown.
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Figure 3.5. FTIR spectraof ethylene glycol and zinc chlorigegthylene glycoDES

As seerin Figure3.5, the mentioned shifting around 3390 tmas observed in our
synthesized DES. HenceDH group in ethylene glycol took part in formation of
DES. According to analysis, zinc chlorieithylene ¢ycol DES was synthesized

successfully.

3.1.2.2  Stability of DES

In regard to our observation, zinc chloretnylene glycol DES maintains its liquid
state over 7 monthéccording to our literature review, zinc chlorigéhylene glycol

DES was not studied in tegof stability.
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3.1.2.3 TGA Analysis
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Figure 3.6. TGA analysis of zinc chloridethylene glycol DES

In Figure3.6, TGA analysis for this DES is given. AccordingRigure3.6, at 200C,
weight loss is narly 28 % and that of 478 is 68 %.t was thought that the weight
loss observed after 480 may be due to the evaporation of zinc chlofittnes et
al., 2013).Thermal stability analysis of zinc chlorigdg¢hylene glycol DES was
investigated by Tran et. (2018) According to their TGA data, they stated that the
noteworthy weight loss observed between-206/C. The obtained TGA data were

consistent with the literature data.

For reaction temperature selection, thermal behavior of DES and melting
temperature of PLA were taken under consideration. A& 8there is nearly 17 %
weight loss in DES, which can be seen as a moderate weight loss value. Also, melting
temperature of PLA is found as betweb#5-160AC (Sivri et al, 2019). Hence,

180/C is considered as optimum temperature for degradation reaction of PLA.

In order to see the effect of complexation between zinc dae@id ethylene glycol

on thermal characteristics, TGA results of DES and ethylene glycol were compared
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in Figure3.7. The degradation of ethylene glystarted at a lower temperature when
compared to DESAccording to these results,aanbe concluded that zinc chloride
plays an important role to enhance thermal stability of DES. The obtained data were
compared witldatafound from literature, and alrsbidentical results were observed
(ToxquiT e r 8 n e t. Foadthylene dly@ol, 8 was stated that the initial weight
loss was observed at AB. At that temperature, we have nearly 0.1 % weight loss,
which is consistent with the literature. They described the thermal behavior of
ethylene glycolas a sharginglestep weight loss behavior, and this trend ended at
1644C. In parallel with this statemera,sharp weight loss wagso observedt the
temperature range 88AC and164/C.

90 +
I ZnCl2-Ethylene Glycol DES
—— Ethylene Glycol

X 60 -
£
<)
k)
=

30 ¢+

0 ................................................

0 50 100 150 200 250 300 350 400 450 500
Temperature,°C

Figure 3.7. TGA behavior comparison of DES and ethylene glycol

3.1.2.4 Thermal Degradation of Zinc Chloride-Ethylene GlycolDES in
Batch System

In order to see whether DES is degradethereaction conditonsat 18 0AC f or

hours,DES was kpt under these conditions. Extraction with ethyl acetate was

carried out and G®AS analysi®f mixture in the reactawas done to see degradation
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productsThe original GEMS analysis report is given in Appendix(#eeFigure A.

1). Dioxane, decane, undecane;méthyldecane, ethylene glycol, and di(2

ethylhexyl) phthalate are the main produ@sducts which have pealtea higher
than2 % are listed iMable3.1.

Table 3.1. DES Degradation Products formed at AB®or 8 hours

Product Name

Dioxane

Decane

Undecane
4-methyldecane
Ethylene glycol
Di(2-ethylhexyl) phthalate|
Heptane, 3,35rimethyl
1,2,4Trimethylbenzene
Dodecane
2-methyldecane
3-methyldecane

Octane2,6-dimethyl

Product Name in GGMS
Report

1,4 Dioxane

Decane

Undecane
Decane,4methyl
1,2-Ethanediol
Bis(2-ethylhexyl) phthalate
Heptane, 3,35rimethyl
Benzene, 1,2 4rimethyl
Dodecane
Decane,Z2nethyl
Decane,3nethyl

Octane, 2,6limethyl

Peak Area

(%)
22.33
14.32
10.83

6.34

6.09

5.67

2.76

2.71

2.67

2.54

2.47

2.22

Summation of tabulated peak areas equals to 81 %, the remaining part consists of

products having peak areas lower than 2 %.

Ethylene glycol formatioganbe evidence for destruction of complexation between

zinc chloride and ethylene glyc@eing exposed td 804C for 8 hours causksome

of the bonds forming DES to be broken while new chemical bonds formed leading

to formation of different chemical species.

One of the newly formed chemicals was Djdxane. In literatureKobayashi et.al.,

proposed a mechanism for production of dioxane from ethylene glycol, and they
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stated that ethylene glycol is a precursor to dioX&obayasahi et al., 201.3Jhus,
the formation of dioxane in thermal degradatidnDi&S is possibly due to the

chemical transformation of ethylene glycol into dioxane.

Decane, undecane andwkethyldecane have similar chemical structures. Undecane
and 4methyldecane have 11 carbons in chain, only difference i®tad¢onof a
methyl goup. Decane has 10 carbons in chéinliterature there is no study that
relates decane, undecane emdthyldecane and ethylene glycol or dioxahieey

may be formed through free ethylene glycol chains by the removal of-@idir

groups.

Di(2-ethylhexy) phthalate has more complex chemical structuras shown in
Figure 3.8. It consists of a ring structure, carbonyl groups and branched carbon
chains.

Figure 3.8. Chemical structure of di¢éthylhexyl) phthalate (Lenga, 1988)

These results showed that DES also undergoes degradation, and some products are

formed due to its degradation.

3.1.2.5 Thermal Degradation ofZinc Chloride-Ethylene GlycolDES in
SemiBatch System

Zinc chlorideethylene glycol DES was kept at ¥80for 8 hours irthe semibatch
system. At the end of the reaction, reactor and the firstweap weighed. Irthe

second and third tps, therevereno condensed material.
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Gas product amount was calculated by subtracting contents of reactor and first trap
from the initial amount of DESL.iquid products were obtained from the first trap.
Conversion of DES was calculated 35.368%. Detailed calculationsare given

AppendixB.

Liquid products formed from reactions taking placehasemibatchreactorwere
weighed and then dissolved in acetone:-I@E analysis was carried outtteeliquid
products dissolved in acetone. The full reporthid fanalysis is shown in Appendix
A (seeFigure A.2).

The result of GEMS analysis showed that there were mainly-digkolane, 2,2
dimethyl anddioxaneas productsThe peak area of 1-.@oxolane, 2,Aimethylwas
96.07 %, whereas that of diaxe was 2.15 %. Sum of the peak areas was made 98.22
%, the other 1.78 % part consisted of substances having peak area lower than 1%.
Due to having high peak area, it was considered that thayee a relationship
between ethylene glycol and formation Ig8-dioxolane, 2,2limethyl. Sanderson
et.al., came up with a mechanism relating with-digkolane, 2,Adimethyl
formation from ethylene glycol (Sandersorakt 1987). Reaction of ethylene glycol
and hydromethyl derivative of Ekdoxolane, 2,2imethyl was resulted in 1;3
dioxolane, 2,2Aimethyl formationlin this DES studyhydromethyl derivative of 1;3
dioxolane, 2,Adimethyl may be formed as an intermediate compowidch then,
may react with ethylene glycolto form 1,3-dioxolane, 2,zdimethyl. Dioxane
formation wasalsoobserved in DES reaction in batch systétowever, the peak
area of dioxane was 22.33%, whereas in degtch system that of dioxane decreased
to 2.15%.When the GEMS analyss results of batch and sefmtch systems were
compared, itanbe said that ithesemtbatchsystema different reaction mechanism
took placeand different productaereformed This situationcanbe ascribed tthe
operation differences in two systems. In batch systeswaporated substances
condenséack intothe reacton mixtureand possibly continuekacting with other
substances. However, the semibatch system, evaporated materials moved away
from the reactor and condensed in the trapyere collected as gas produds a

result,differentreaction mechanisntccuredn thesesystems.
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Analyses of gas products were performed for DES degradation withH@@ogen
carbon dioxide, carbon monoxide, and an unidentified component were detected.
Calibration factors of hydrogen and carlzboxide were 0.11 and 0.85, respectively

(kener, 2019)Number of moles of hydrogen and carbon dioxide were calculated by
multiplying the calibration factors with peak areas.

Change of hgirogenproduction amounts in DES reactiwith time was shown in
Figure3.9.

12

10 4

Ny, Mol

10 60 110 160 210 260
Reaction Time, minutes

Figure 3.9. Change of hydrogen production amounts with time in the reaction

Decrease irhydrogen production was observed as the reaction proceeded. The
decrease in hydrogen amount may be relatat$ t@actiors with other substances

and forming new compounds. Hydrogen production in DES experiment shows that
ethylene glycol degradation plagsrole in hydrogen formation. ltne literature,

there are studies reporting hydrogen formation from decomposition of ethylene
glycol (Kim etal., 2007; Salciccioli edl., 2011).

In Figure3.10, carbondioxide production amounts were revealed.
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Figure 3.10. Change of carbon dioxide production amounts with time in the reaction

Nearly 3 moles ofarbon dioxidevereproduced by ethylene glycol degradation, and
the mole numbersore or lessemainedhe samaip to 160 minutes and then fell

by half In the literature, there were studies which reported the carbon dioxide
formation due to degradatiari ethylene glycol (Kim eal., 2007).

In the used column for GC analysis, retention times of carbon monoxide and
nitrogen, which is the carrier gas, were overlapped with each other. As a result of
this situation, peak areas at this retention time wéren rather than number of
moles (sed-igure3.11).
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Figure 3.11. Peak area changes of carbon monoxidd nitrogerwith time in the

reaction

From theFigure3.11,itcanbe seen that there was only
data. Except this decrease, peak areas were nearly remained cadhsianmay be

a measuring error in GC at 60 minutétence, i may be concluded that mainly
nitrogen was detected and the produced carbon monpagigblyreacedwith other
components anchew products were formedCarbon monoxide formation was
expected because in literature there were studies in which carbon idenox
production was observed in ethylene glycol decomposition (Kinal.et2007;
Salciccioli etal., 2011)

The final gas component was detected at retention time of 33 seconds; however, it
was not identified. Hence, peak areas at this retettienwere given rather than
number of moles (seeigure3.12)
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Figure 3.12. Peak area changesuiidentifiedsubstanceat different reaction times

The peak area of this compound showed decreasing trend as the reaction proceeded.
It canbe said that the presence of ethylene glycol played a role in formation of this

compound.

3.2  Characterization Resultsof Catalysts

3.2.1 Characterizations of Silica Aerogel Support Material

Silica aerogeis a support materigireferredfor synthesis of catalysts dueitehigh
pore diameter, surface area and relatively good thermal stability. In this study, silica
aerogel vassynthesized as support material and then, aluminum metal was loaded

into thesilica aerogel
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3.2.1.1 FTIR Analysis

FTIR spectum of the synthesized silica aerogel is simaw Figure 3.13. Peaks at
548, 800, and 955 chrepresent SO stretching vibration. The peaks observed in
691, 757 and 810 cibelong to SiO-Si stretching. Because of the surface
modification with TMCSat 2962 cm' C-H stretching peak is detected. Peaks at 845
and 1256 cmare related to ST stretching. The sharp peak observed around 1065
cmt and its shoulder around 1168 ¢rindicate SiO-Si stretching. When the
obtainedspectrumand literaturespectum of silica aerogel were compared, they
overlapped with each othéivri etal., 20B; Al-Oweinietal., 2009. This indicates
that the synthesized materislsilica aerogel
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Figure 3.13. FTIR spectum of silica aerogel

3.2.1.2 Nitrogen Sorption Analysis

In Figure 3.14, nitrogen adsorption and desorption isotherms of silica aerogels are

shown. According to IUPAC classification, silica aerogel exbbiType IV
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isotherm which implies mesoporous structure. tf3e hysteresis loop waasso
inspected at relative pressure between GrvR0.9. This type of hysteresis denotes
aggregates of nerigid and platdike particles having slit shaped porgowell,
2005)
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Figure 3.14. Nitrogen adsorption and desorption isotherms of silica aerogel (filled

circles represent adsorptibnanchand empty circles represent desorptioanch).

3.2.1.2.1 Pore Size Distribution Analysis

In Figure3.15, there is the pore size distributiohthe synthesized silica aerogel. On

the figure, there are lines which indicate 2 and 50Timere weranacropores (pore
diameter greater than 50 nm) and mesopores (pore diameter between 2 and 50 nm)
According to pore sizedistribution, silica aerogel lsamesoporous structure
dominantly.Micropores (pore diameter less than 2 nm) were less than macro and
mespores.Pae size distribution results are in good agreement with nitrogen

adsorptiordesorption isotherms.
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