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AN EASY WAY TO MODIFY TRIGLYCERIDE OILS FOR OIL-BASED
BINDER PREPARATION

SUMMARY

Triglyceride oils, which are the ester products, formed from one molecule of glycerol
and three molecules of fatty acids. They are able to undergo chemical reactions through
their functional sites. As being natural and renewable resources they have a great
importance for industrial applications such as coatings, soap, surface active materials,
chemical intermediates and oleoresinous binders. On the other hand, since their film
properties have some deficiencies in organic coating applications, they need to be
improved with this respect.

In this context, a number of studies on the modification of triglyceride oils were
performed. In these studies macromer and macroinitiator methods have been
developed to enhance the film properties. Macromer method was performed by
inserting a vinyl functionality to the oil moiety and final macromer were
copolymerized with vinyl monomers such as styrene. In the macroinitiator method an
initiator molecule such as functionalized azo initiator was inserted into the oil moiety.
The polymerization in the presence of macromer or macroinitiator was carried out both
free and controlled/living radical polymerization such as nitroxide mediated radical
polymerization (NMRP), reversible addition-fragmentation chain transfer
polymerization (RAFT). In addition to vinyl monomers, non-vinyl monomers such as
methylolated abietic acid, diisocyanates, alkoxysilane and benzoxazine were used for
triglyceride oils modifications as well in previous studies.

In the present study, benzoxazine and 3-aminopropyltriethoxysilane were used
together to develop an easier way for modification of triglyceride oils. Benzoxazines
are preferred for a wide range of applications due to their unique properties such as
high char yield, relatively high Tg, low water absorption, no by-products during curing,
low flammability, molecular design flexibility and no requirement for curing strong
acid catalysts or additives. On the other hand, polybenzoxazines have some
disadvantages such as high curing temperature, brittleness and processing conditions.
By combining benzoxazine structures with additional functionality, polymers,
inorganic materials and nanostructures is the most common method to overcome these
disadvantages. In this context, silane coupling agents are extensively used due to be
commercially available, highly reactive to the hydroxyl functional surfaces and to have
wide variety of functional groups which brings design flexibility. In this way, by
establishing chemical bonds between the soft organic and the hard inorganic species
properties can be improved.

The steps of the process as follows; (i) preparation of partial glyceride (PG), (ii)
preparation of enhanced partial glyceride (PGE) (iii) synthesis of benzoxazine
functional silane (Bz-Si), (iv) preparation of film samples by the mixing (ii) and (iii)
(Bz-Si/PGE), (iv) curing of the films through thermal and sol-gel reaction, v)
determination of film properties.
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As mentioned above, preparation of film samples is done by using benzoxazine
functional silane and enriched partial glyceride. Because producing mono- and
diglyceride with high yield by glycerolysis or esterification reactions is impossible due
to limited solubility of triglyceride and fatty acids. Final product is obtained as the
mixture of mono-, di- and triglycerides. Therefore, by using solvent extraction method
enhanced partial glyceride is obtained to increase the yield of individual partial
glyceride.

The characterization of the samples were identified by fourier transform infrared
spectroscopy (FT-IR). Synthesis of Bz-Si, combining to Bz-Si with PGE, crosslinking
reaction and thermally activated curing of Bz-Si/PGE via ring-opening polymerization
of benzoxazine moiety were confirmed with respect to FT-IR results.

Thermal analyses of the samples were done by differential scanning calorimetry (DSC)
and thermal gravimetric analysis (TGA). Cured Bz-Si/PGE film samples (CF(Bz-
Si/PGE) gave higher decomposition temperature at both 5% and 10% weight loss
compared to Bz-Si and also classical urethane oil and benzoxazine modified oil which
were used in previous study. Additionally, no melting behavior of cured Bz-Si/PGE at
DSC results indicates that sol-gel reaction between oil moiety and silane group
occurred and high degree of crosslinking restricts the molecular motion and also gives
high thermal stability to the final product.

In the end, samples with acceptable film properties (with respect to American Society
for Testing and Materials (ASTM) and German Institute for Standardization (DIN)
procedures) , which are highly important for an organic coating material,were achieved
by this modification.
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YAG TEMELLI BAGLAYICI URETIMI iCiN TRIGLISERID YAGLARIN
MODIFIKASYONUNDA KOLAY BIR YONTEM

OZET

Polimerik baglayicilar, organik kaplamalarin en 6nemli ve tamamlayici bilesenleridir.
Ciinkii kaplamanin kullanim alanina uygun olarak {iretilen son iirliniin 6zellikleri,
uygulanan baglayicinin tiirline ve yapisina bagli olarak degistirilebilmekte ve ayni
zamanda gelistirilebilmektedir. Poliesterler, poliiiretanlar, akrilikler, vinil asetatlar,
silikonlar, polivinil kloriirler, fenolikler, silikatlar, poliiireler ve emiilsiyon re¢ineleri
gibi pek cok polimer tiirii organik kaplama malzemeleri i¢in baglayic1 olarak
kullanilmaktadirlar. Fakat bu polimerler genellikle petrokimyasal hammaddelerden
iiretilmektedirler. Petrokimyasal maddelerin tekrar kullanimlarinin zor olmast,
kimyasal olarak kolaylikla bozunmalari, fosil kaynaklarin hizla tiikenmeye devam
ediyor olmasi ve bunlarla baglantili olarak ¢evresel ve ekonomik bazi durumlar goz
online alindiginda, bu maddelere alternatif olarak yenilenebilir kaynaklarin
kullanilmas1 son zamanlarda biiyiilk 6nem kazanmustir.

Bitkisel yaglar en onemli yenilenebilir kaynaklar olarak kabul edilmektedirler.
Yenilenebilirlik 6zelliklerinin yanisira, diger kaynaklarla kiyaslandiklarindaki diisiik
fiyatlari, kolaylikla elde edilebilir olmalar1 ve istenilen 6zellikte iiriin elde etmede
kolaylikla modifiye edilebilmeleri bu kaynaklar1 daha ¢ok tercih edilebilir kilmaktadir.

Dogal bitki kaynaklarindan elde edilen trigliseridler, bilinen en eski baglayicilardir ve
yenilenebilir kaynaklardan malzeme ftretiminde ¢ok Onemli bir yere sahiptirler.
Trigliseridler bir molekiil gliserol ile ii¢ molekiil yag asitinin, her yag asidi ve gliserol
molekiilii arasinda ester bagi olusturmasina dayanan kondenzasyon reaksiyonu sonucu
olusurlar. Bu reaksiyon sonucunda trigliserid molekiilii ile beraber 3 molekiil su da
aciga ¢ikmaktadir.

Trigliseridlerin siiflandirilmalarindaki temel etkenler ise yag asidi zincirindeki ¢iftli
baglarin sterokimyasi ve doymamislik derecesidir. Doymamislik derecesi, 100 g yagin
ciftli baglarinin doyurulmasi i¢in gerekli olan iyot miktar1 olarak tanimlanan iyot
degerine baglidir. Bu parametreye gore iyot degeri 100°den kiigiik olanlar kurumayan
yag, 170’den biiyiik olanlar kuruyan yag, 100 ile 170 arasinda olanlar ise yari-kuruyan
yag olarak siniflandirilmaktadirlar.

Yaygin olarak kullanilan trigliseridler keten tohumu, Aycicek, soya, hint, hurma,
hindistan cevizi, kolza ve oitika yaglarindan elde edilirler. Triglseridler kullanilarak
tiretilen polimerik malzemelerin baginda ise oksipolimerize yaglar, poliesterler,
poliliretanlar, poliamidler, akrilik recineler, epoksi regineler ve poliester amidler
gelmektedir. Bagta kaplama, yiizey aktif madde, plastiklestirici, biyo-yenilenebilir
yakit, yaglayic1 ve miirekkep uygulamalari olmak iizere ¢ok yaygin bir kullanim
alanina sahiptirler. Ancak baglayici olarak dogrudan kullanimlarinda; kuruma siiresi,
sertlik, yapisma ve saglamlik gibi 6zellikler acisindan yetersiz bir film olustururlar. Bu
yiizden trigliserid yaglar, kaplama uygulamalarindaki performanslarini artirmak adina
modifiye edilmektedirler.
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Bu ¢alismanin amaci, trigliserid yaglar kullanilarak yag bazli baglayici tiretmede kolay
bir yontem gelistirebilmek ve bunun sonucu olarak da film 6zellikleri iyilestirilmis son
iirlinii elde edebilmektir. Bu amag¢ dogrultusunda trigliserid yagin modifikasyonunda
benzoksazin ve 3-aminopropiltrietoksisilan (APTES) kullanilmustir.

Benzoksazin, bir oksijen ve bir azot atomu igeren alti tiyeli heterosiklik bir bilesik olan
oksazin halkasina baglanmis benzen molekiiliinden olusmaktadir. Yapilari,
heteroatomlarin pozisyonlarina bagli olarak degisebilmektedir. Fenolik bilesikler,
formaldehit ve primer aminlerin Mannich kondenzasyon reaksiyonlart sonucunda
olusurlar. Benzoksazin monomerlerinin yiiksek sicakliklara isitilmasiyla da yapida
bulunan oksazin halkasinin agilmasi baslar ve zincir biiyiimesi gercekleserek
polibenzoksazin elde edilir. Termal polimerizasyona ek olarak, asit katalizli ya da foto-
baslatici mekanizmastyla katyonik polimerizasyon sonucunda da benzoksazinin
polimerlesmesi gergeklesebilir. Ancak bu yontemle elde edilen polimer agi, yapida
kalan katalizor varligindan dolay1 diisiik termal dayanikliliga ve kirilgan bir yapiya
sahip olur.

Son zamamnlarda benzoksazinler lizerindeki ¢alismalara olan ilgide biiyiik bir artis
olsa da, bu alandaki ilk ¢aligma 1944 yilinda Holly ve Cope tarafindan
gerceklestirilmistir. Yiiksek yanma {irlinii yiizdesi, yiiksek camsi gegis sicakligi, diisiik
su absorplama, kiirlenme sirasinda yan {iriin olusturmama, tutusmaya karsi olan
yiiksek direng, kiirlenme sirasinda kuvvetli asit katalizorii ya da katki maddesi gibi
herhangibir maddeye ihtiya¢c duymama, yliksek kimyasal dayaniklilik ve molekiiler
tasarim esnekligi gibi pek cok alanda avantaj saglayan 6zelliklere sahiptirler. Ancak
diger taraftan, polibenzoksazinler yliksek kiirlenme sicakligi, kirillganlik ve proses
kosullar1 gibi baz1 dezavantajlara da sahiptirler. Bu sebeple, bu dezavantajlarin 6niine
gecebilmek adina benzoksazin yapisinin ek fonksiyonalite, polimerler, inorganik
maddeler ve nanoyapilar ile kombinasyonlar ile ilgili birgok ¢alisma yapilmaktadir.
Boylelikle ozellikle kaplama, yapistirici, elektronik ve ugak malzemeleri gibi
uygulamalarda istenen oOzelliklere sahip malzemelerin iiretiminde yaygin olarak
kullanilmaktadirlar.

Bu tezde ilk olarak, ay¢icek yaginin gliserol ile alkoliz reaksiyonu sonucunda kismi
gliserid elde edildi. Kismi gliseridin bireysel verimini artirmak amaciyla, ¢oziicii
ekstraksiyonu yontemi kullanilarak zenginlestirme islemi gerceklestirildi. Daha sonra
paraformaldehit, APTES ve fenol kullanilarak Bz-Si sentezlendi. Elde edilen Bz-Si ile
zenginlestirilmis kismi gliserid karistirildi ve ekstra bir reaksiyona gerek olmaksizin
Bz-Si ile modifiye edilen yag bazli iiriin hazirlanmis oldu.

Hazirlanan iirtin cama ve metale siiriildii ve 180 °C’ de kiirlenme islemi sonucunda da
filmler elde edildi. Kiirlenme islemi sirasinda hem benzoksazin kisminin halka
acilmasi reaksiyonunun hem de alkoksisilan gruplarindan kaynaklanan sol-jel
reaksiyonunun gerg¢eklesmesi saglandi. Sol-jel prosesi sirasinda olusan ¢apraz bagli ag
yapilarinin iiriine saglamlik ve termal kararlilik gibi avantajlar sunmasi beklenmistir.

Karakterizasyon FT-IR kullanilarak yapilmistir. Bz-Si sentezi, bu maddenin
zenginlestirilmis kismi gliserid ile birlesimi, capraz baglanma ve benzoksazin halka
acilmasi reaksiyonu FT-IR sonuglari ile de dogrulanmistir. Termal 6zellikler ise DSC
ve TGA teknikleri kullanilarak incelenmistir. Kiirlenmis filmlerin klasik {iretan yagi,
onceki c¢aligmalarda incelenen benzoksazin ile modifiye edilmis yag ve Bz-Si ile
kiyaslandiginda % 5 ve % 10 kiitle kayiplarinin gozlendigi sicakliklardan daha ytiksek
bozunma sicakligina sahip oldugu ve erime davranisi géstermedigi gozlenmistir. Yine

XXV



bu sonuctan yola ¢ikilarak, yag ve silan gruplari arasindaki sol-jel reaksiyonunun
yliksek derece capraz baglanmay1 sagladigi ve bunun da {iriine yliksek termal
dayaniklilik verdigi gozlenmistir.

Film ozellikleri ise ASTM ve DIN standartlarina gore belirlenmistir. Kiirlenme
isleminden sonra elde edilen filmlerin yiiksek yapisma ve esneklik 6zelliklerine sahip
oldugu, asit, baz ve suya kars1 dayaniminin yiiksek oldugu ve saglam yapida oldugu
gozlenmistir.

Sonug olarak, Bz-Si kullanilarak hazirlanan yag-temelli baglayicinin istenilen
ozelliklere sahip film olusumunu sagladigi gozlenmistir. Yapida benzoksazinin
bulunmasi ve sol-jel reaksiyonu sonucu poliester zincirleri arasinda c¢apraz
baglanmanin olmasinin termal kararlilik ve dayanikliligr artirdigi gortilmiisttir. Tim
sonuglar goz oniine alindiginda Bz-Si kullanilarak kolaylikla hazirlanan yag-temelli
baglayicinin kaplama malzemesi olarak kullanilmaya uygun oldugu anlagilmistir.

XXV



XXVi



1. INTRODUCTION

Polymeric binders are the most important and complementary component of the
organic coatings. Because properties of the final product, which is produced with
respect to usage area of the coatings, can be changed or developed depends on the type
and nature of the binders [1,2]. A wide range of polymers such as polyesters,
polyurethanes and emulsion resins are used as binders for organic coatings [3].
However, they are produced from petrochemical raw materials. In this context,
producing macromolecules from renewable sources have great importance due to

economic and environmental issues.

As being natural and renewable resources, triglyceride oils are widely used for this
purpose in coatings, soap, surface active materials, chemical intermediates
applications. They are the ester products, formed from one molecule of glycerol and
three molecules of fatty acids. They are able to undergo chemical reactions through
their functional sites. On the other hand, since their film properties have some
deficiencies in direct usage of them as a binder in organic coating applications, they

need to be improved with this respect [4].

In this context, a number of studies on the modification of triglyceride oils were
performed to enhance the film properties by using macromere and macroinitiator
method. Free and controlled/living radical polymerization were carried out for
polymerization process [5]. Both vinyl and non-vinyl monomers were used for
triglyceride oil modifications in previous studies. In continuation to these studies, in
the present study benzoxazine and APTES were used together to develop an easier

way for modification of triglyceride oils.

Benzoxazines have unique properties such as high char yield, relatively high Ty, low
water absorption, no by-products during curing, low flammability, molecular design
flexibility and no requirement for curing strong acid catalysts or additives [6].
Therefore, they are commonly preferred for a wide range of applications. On the other
hand, polybenzoxazines have some disadvantages such as high curing temperature,

brittleness and processing conditions.



To eliminate these disadvantages additional functionality, polymers, inorganic
materials and nanostructures are combined with benzoxazine structure [7-10]. In this
context, silane coupling agents are extensively used due to be commercially available,
highly reactive to the hydroxyl functional surfaces and to have wide variety of
functional groups which brings design flexibility. And PG was used for giving
flexibility to the structure.

Synthesis of Bz-Si, preparation of film samples by the mixing Bz-Si and PGE, curing
of the films through thermal and sol-gel reaction and determination of film properties
were carried out respectively. In the end, samples with acceptable film properties were
obtained.



2. THEORETICAL STUDY

2.1 Triglyceride Oils

Triglycerides, which is defined as naturally occurring oils, are the triesters of glycerols
and fatty acids (Figure 2.1.) [11]. In other words, they are composed from a single
molecule of glycerol, combined with three molecules of fatty acids by forming ester
bond between each fatty acid and glycerol molecule. Three molecules of water are the

other product of this condensation reaction (Figure 2.2.) [12,13].

H
H—C—O0O0CR,
H—C—0OCR,

H—C—0OCR,

H

Figure 2.1: A triglyceride molecule.

3 fatry acid | glycerol ‘ | trighyceride 3 water
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i i
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................ | ¢ |
R—C—0OH, ... HO-C—H R—C=0—=C—H 3HO
Q | o
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Figure 2.2 : Formation of triglyceride molecule.



They can also be found in vegetable oils but with varying composition of the fatty
acids because of the some parameters like type of the plant, growing conditions and

climate [14]. Typical fatty acid contents of vegetable oils are summarized in Table 2.1.

Table 2.1 : Typical fatty acid compositions of selected oils [11].

_ Fatty Acids (%0)
Vegetable Oil i i i i i
Saturated? Oleic Linoleic  Linolenic
Lindseed 10 22 16 52
Soybean 15 25 51 9
Sunflower 11 51 38 trace

Castor 3 7 3 -

Coconut 91 7 2 -

aSaturated fatty acids are mainly mixtures of stearic (Cis) and palmitic (Cie) acids; coconut oil also contains Cs,
Cio, C12, and Cuqsaturated fatty acids.

2.1.1 Classification of triglyceride oils

Physical and chemical properties of vegetable oils are affected from stereochemistry
of the double bonds of the fatty acid chains and their degree of unsaturation. The
degree of unsaturation is defined based on iodine value (IV) which is the required
amount of iodine in grams for saturation of the double bonds of 100 g oil. And iodine
value is used as a parameter to classify oils: drying (IV>170), semi-drying
(100<1V<170) and non-drying (IVV<100). lodine values of common vegetable oils are
given in Table 2.2 [14]. Also, unsaturation degree is a term related to speed of drying.
If an oil has greater iodine value, it means that drying occurs more rapidly. Therefore
drying oils form hard films as a result of autoxidation. But semi-drying oils cannot
form hard films because of their soft and elastic nature, in other words they harden
partially. Non-drying oils cannot harden in a long time, therefore during this time
period they cannot show any film properties. Because of that they are used in

applications where oxidation is undesirable like lubricants applications [7,15-17].



Table 2.2: lodine values of common vegetable oils [14].

Vegetable Oil lodine value?/mg per 100 g
Palm 44-58
Olive 75-94

Groundnut 80-106
Rapeseed 94-120
Sesame 103-116
Cottonseed 90-119
Corn 102-130
Soybean 117-143
Sunflower 110-143
Linseed 168-204

2.1.2 Triglycerides as polymer resources

Since the polymers exhibit some specific properties such as thermal stability,
biocompatibility,  biodegradability, flexibility, non-flammability, electrical
conductivity, adhesion and chemical resistance, they are most useful products in the
chemistry industry. Main origin of the polymers is the fossil materials. However, the
use of renewable sources for various industrial applications come into prominence due
to environmental concerns and depletion of fossil resources. Plant oils are considered
to be most essential renewable sources due to offer many advantages apart from their
renewability properties [18]. Economic issues such as low prices by comparison with
other sources, easily modification to obtain desired product with desired property and

also availability make them more preferable.

The main constituents of the plant oils are triglycerides. Because of naturally occurring
functional groups present in their structure (ester groups, double bonds, allylic
positions and the a-position of ester groups) and easiness of modification triglyceride
oils have been widely used in the preparation of polymers with the purpose of
enhancing end-product properties [19]. Oxypolymerized oils, polyesters,
polyurethanes, polyamides, acrylic resins, epoxy resins and polyesteramides are the

some polymers prepared from triglyceride oils. They have been widely used especially
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for coatings, lubricants, surfactants, inks, plasticizers and also bio-renewable fuels
applications.

In this part, oil-based polymers and their obtaining mechanism are mentioned.

Oxypolymerization is commonly used for the modification of triglyceride oils. The
reaction which occurs in this polymerization mechanism is based on oxidative
degradation. Oxypolymers are produced through mostly free radical addition and
sometimes cycloaddition reactions [20]. A representative oxypolymerization reaction
process is shown in Figure 2.3. Oxidizied oils give the end products with high viscosity

and better film properties.

RH —» R- + H- RH : A triglyceride molecule
R- + 0, —» ROO- R- : Triglyceride free radical

ROO - : Peroxy free radical
ROO- + RH — R- + ROOH .

ROOH + RH —» ROOR

Figure 2.3 : Oxidation of triglyceride molecule.

Alkyd resins, which are produced by the esterification of polyhydroxy alcohols with
polybasic acids and fatty acids, are one of the most widely used polymers because of
economic and environmental issues [21]. Two different methods as monoglyceride
(alcoholysis) and fatty acid methods are used for alkyd resin production [22].
Alcoholysis of the oil with polyol and esterification of free hydroxyls of the
alcoholysis product with polyacid are the steps of the monoglyceride method. The

related reactions are schematically represented in Figure 2.4.



CH-O-CO-R CH:-OH CH~0-CO-R  CH,-OH
| |

CH-O-CO-R + CH-OH ——> CH-O-CO-R + CH-O-CO-R
' | |
CH-O-CO-R CH:-OH CH~OH CH,-OH
Inglycende oil Glycerol Diglyceride Monoglyceride
S —_—— =l

Partial glycerides

CH,-OH S ( (ll) (I?
— 5 +— 0 COLCH~CH-CH~O
CH-O-COR @I:O L >—S (I) n
. 5 © |
CH,-OH C=0

Figure 2.4 : Preparation of alkyd resins.

In fatty acid methods, polyacid, polyalcohol and fatty acid are added together at the
beginning of the reaction and than heated. This method is more favoured since there
IS no need an intermediate step (alcoholysis step) and the final resin have higher
viscosity and better drying and hardness properties in comperison with the resin which

is produced by other method [4].

Epoxidation of oil is based on the chemical oxidation of fatty acids and their esters
resulted converting them to epoxy derivatives [23]. Fatty acids such as oleic, linoleic
and linolenic acids can be epoxidized easily due to the presence of double bonds in

their structure. Epoxidation of oleic acid is given in Figure 2.5.

CH3(CHz);CH——=CH(CH,);CO0OH + CH;COsH

CH3(CH;);CH——CH(CH,),COOH + CH;COzH
3 217 \\ / 247
0
Figure 2.5 : Epoxidation of oleic acid [4].

Epoxidized oils are used as plasticizers and stabilizers for polyvinylchloride and also

they can be used for obtaining various type of polymers (hydroxylated products) due



to the reaction of the active hydrogen which is presence in alcohol, amine and
carboxylic acids [4].

Polyurethanes are obtained from the reaction of aromatic or aliphatic diisocyanates
and hydroxyl-containing materials as shown in Figure 2.6 [4,24]. Triglycerides
provide the hydroxyl-containing material part by epoxidation, ring opening,
ozonolysis, alcoholysis and hydration reactions [25-27]. In other words, they are used
as polyol component for the polyurethane reaction. They give elastomeric properties
to the end product because of having low glass transition temperature (Tg). Therefore
polyols are considered as the soft part of the urethanes. On the other hand, isocyanates
are considered as hard part of the urethanes because of having high glass transition

temperature [28].

" 0 H .
O—C—MN—R'—N—C—0 || | s |
+ — - C—N—R'*—N—C—0—=—R'—0

HO—R?—0H _
urethane linkage n

Figure 2.6 : Preparation of polyurethane.

Polyurethanes are used in wide range of applications such as coatings, construction,
insulation, fibres, automotive and adhesives [29]. Erciyes et al.studied urethane oils
for coating applications. In a study, polymers were prepared by using three kind of
diisocyanates, toluene-2,4-diisocyanate (TDI), hexamethylene diisocyanate (HMDI)
and poly(1,4-butandiol) toluene-2,4-diisocyanate (PBTDI) as shown in Figure 2.7. and
effects of the amount and type of diisocyanate on film properties were investigated.
As a result, shorter drying time was achieved by increasing of the diisocyanate amount
and in addition, it was observed that aromatic diisocyanate based polymers showed
better water resistance [5].

OCN 0 0
[s]
. . =\ . n i B N
l.%N/\M/N\%(. LI{|AQ\_%;L.\H-L-[H&H:nl:nn-k-‘-ﬂ {((O)—cn,

Figure 2.7 : Used isocyanates in the mentioned study; TDI, HMDI and PBTDI
respectively.



In another study, effects of monomer structure on the flow properties were
investigated. Polymers were prepared by using two different diisocyanates at three
different monomer concentrations. As a result, it was observed that despite of having
the same structure the samples which contain 2 aromatic rings per a molecule had

higher viscosity than the samples which contain 1 aromatic ring per a molecule [26].

2.2 Benzoxazines

Benzoxazine comprises of attaching an oxazine ring, which is a hetero-cyclic six-
membered ring with oxygen and nitrogen atom, to a benzene ring [30]. Their structure

can be changed depending on the position of the heteroatoms.

The first contribution related to synthesis of benzoxazine is reported in 1944 by Holly
and Cope [31]. There are a lot of studies about multifunctional benzoxazines during
following years. But the study on the polybenzoxazine properties was firstly reported
in 1994 by Ning and Ishida [32].

Benzoxazines have recently great interest due to their unique properties such as high
char yield, relatively high Tg, low water absorption, no by-products during curing, low
flammability, molecular design flexibility and no requirement for curing strong acid

catalysts or additives [6].

On the other hand, polybenzoxazines have some disadvantages such as high curing
temperature, brittleness and processing conditions. Therefore, a lot of studies have
been done which combined benzoxazine structures with additional functionality [33—
35], polymers [36], inorganic materials [37] and nanostructures [38] to overcome these

disadvantages.

2.2.1 Synthesis of benzoxazine monomers and polybenzoxazine

Benzoxazine monomers can be synthesized by using phenolic compounds,
formaldehyde and primary amines via Mannich condensation reactions as shown in
the Figire 2.8. [39, 40].



OH N
Z" )] +2HCHO +H;N—R —» ”?“:“T " +2H0
X “ﬁ

R R

Figure 2.8 : Synthesis of benzoxazine monomers [31].

By heating benzoxazine monomers (both monofunctional and difunctional) to
elevated temperatures, the oxazine ring present in benzoxazine monomer is opened

(ring opening mechanism) as shown in Figure 2.9. and chain propagation starts.

P P OH

n

=—3A

Figure 2.9 : Ring opening mechanism of monofunctional and difunctional
benzoxazines [25].

In addition to thermal polymerization, benzoxazine can be polymerize by cationic
polymerization (acid catalyzed or photo-initiated mechanism). However, by cationic
polymerization polymer networks are obtained with lower thermal stability and more

brittle structure due to presence of residual catalyst in polymer network [41].
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2.2.2 Polybenzoxazine characteristics and applications

Polybenzoxazines or in other words benzoxazine resins have been developed as a new
class of thermoset polymers with unique properties such as near-zero volume changes,
low water absorption, high Tg, fast physical and mechanical property development,

high char yield and high thermal stability.

However, the most important superiority of polybenzoxazines over the other polymer
classes is molecular design flexibility as required monomers can be obtained from
commercially available and inexpensive phenols, primary amines and formaldehydes
[42].

Consequently, researches about benzoxazines are developing rapidly because of both
their excellent properties and many potential applications of the materials and these
materials are preferred for various applications such as adhesives, coatings, electronics

and aerospace composites [30].

2.3 Sol-Gel Process

2.3.1 Introduction

A sol is defined as a stable (no settling or agglomeration of the particles) dispersion of
(discrete, collodial) particles in a liquid [43,44]. A gel is defined as a continuous solid
or semi-solid skeleton made of collodial particles/polymers enclosing a continuous
liguid phase [45]. When the sol passes through the gelation point, which is the moment

when the sol loses its fluidity, a sol becomes a gel [46].

Sol-gel process has recently gained more scientific and technological interest due to
provide a lot of advantages such as the final product with higher purity and
homogeneity comparing the products which are produced by traditional glass melting
or ceramic powder methods, lower processing temperature, easiness of controlling the
chemical reactions during the process and nucleation and growth of the primary

collodial particles in order to obtain desired size or shape [47-49].

Starting materials for the sol-gel process is a colloid which is formed via surrounding
a metal or metalloid element by ligands. Metal alkoxides (M(OR),) are commonly
used in this context due to react with water easily. Process involves two steps. First

step contains hydrolysis reaction and second step contains condensation reaction with

11



the elimination of water or alcohol. The chemical reactions which take place in the
process are [43]:

Si-(OR)s + H0 — HO-Si(OR); + ROH (2.1)
(OR)sSi-OH + HO-Si(OR); — (OR)Si-O- Si(OR)s + H20 (2.2)

(OR)sSI-OR + HO-Si(OR); — (OR)sSi-O- Si(OR); + ROH (2.3)

The reaction steps of the process is presented in Figure 2.10.

» » » )
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Figure 2.10 : Reaction steps for the tetrialalkoxysilanes in the sol-gel process [3].
2.3.2 Application of sol-gel process

The sol-gel process is commonly used in many domains of applications due to form
materials with different configurations such as monoliths, thin films, fibers and
powders. In addition, as being versatile, simply, inexpensive, ecologically and energy
and resource saving process, the sol-gel technology has a great potential to modificate
materials to meet the required properties (mechanical, thermal, chemical, optical or
electrical) [47]. Products are formed by this process for a wide range of areas such as

gas separations [50], elastomers [51], coatings [28,52-54] and laminates [55].

Preparation of coating materials is the most common application of the sol-gel process
due to eliminate shrinkage problem in the preparation of the materials by sol-gel

process and adhesion problems.
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In this context, silane coupling agents are extensively used due to be commercially
available, highly reactive to the hydroxyl functional surfaces and to have wide variety
of functional groups which brings design flexibility. In this way, by establishing
chemical bonds between the soft organic and the hard inorganic species properties
such as mechanical toughness, flexibility, hardness and thermal stability properties can

be improved and also can be provided all these properties from one material.
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3. MATERIALS AND METHODS

3.1 Materials

Refined sunflower oil purchased from market was used as received. Chloroform,
phenol, diethyl ether, 3-Aminopropyltriethoxysilane (APTES, 99%) and ethanol were
purchased from Sigma-Aldrich and they were used as received. Sulfuric acid (95-
98%), glycerol, paraformaldehyde, sodium sulphate, sodium hydroxide, calcium
hydroxide, toluene, acetic anhydride, pridin and potassium hydroxide were purchased
from Merck and they were used without any further purification. Methanol (>99.8%)

obtained from VWR was used as received.

3.2 Methods

3.2.1 Preparation of the partial glyceride (PG)

Partial glyceride was prepared through the glycerolysis reaction between triglyceride
oil and glycerol in a three-necked flask. Sunflower oil and glycerol (glycerol/oil, w/w:
0.085) were mixed and heated to 218 °C under nitrogen flow through an inlet and a
reflux condenser. At this temperature, Ca(OH)2 (0.1 wt% of oil content) was added as
catalyst. Then, temperature was set at 230 °C, and the reaction continued for 1h under
nitrogen atmosphere. Termination of transesterification was determined by pouring
samples, which were taken from the reaction mixture at determined time intervals, into
a three-fold amount of ethanol. Then, the mixture was cooled to room temperature and
dissolved in diethyl ether, washed firstly with 0.2 N sulfuric acid and than with distilled
water in order to eliminate the catalyst and free glycerol, respectively. The ethereal
solution was dried over anhydrous Na2SO4and the solvent was removed. The hydroxyl
and acid values of PG were determined as 114 and 3 mg KOH/g, respectively [56].

3.2.2 Preparation of enhanced PG (PGE)

PG were enhanced by extraction with aqueous methyl alcohol containing %9 water

according to the given procedure for enhancement technique in the US Patent [57].
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The hydroxyl and acid values of PGE were determined as 229 and 3 mg KOH/qg,
respectively [56].

3.2.3 Synthesis of benzoxazine functional silane (Bz-Si)

In a three-necked reaction flask equipped with 85 °C preheated oil bath and purged
with nitrogen flow for several minutes, 0.02 mol paraformaldehyde was added in 3 mL
of chloroform with continuous stirring. 0.01 mol APTES in 2 mL of chloroform was
added to paraformaldehyde solution and mixed for 10 min. Then, 0.01 mol phenol in
4 mL of chloroform was added into the flask and heated. After heating for 3 hours, the

solvent was removed in rotary evaporator and Bz-Si was obtained [58].

3.2.4 Preparation of crosslinking film samples of Bz-Si and PGE
(CF(Bz-Si/PGE))

Bz-Si and PGE were added into flask in given amounts and mixed to obtain a
homogenous mixture at room temperature. Bz-Si/PGE samples were applied as thin
film on the glass and tin plates substrates according to standard procedures [59]. The
prepared film samples were placed in a cabin of 97% relative humidity at room
temperature for 48 h [60]. Then, the samples were cured in an oven at 180 ° C for 48

hours.

3.2.5 Determination of film properties

Film properties of cured samples such as flexibility [59], adhesion [61], water
resistance [62], acid resistance [62] and alkali resistance [62] were determined.
Adhesion test was investigated by applying film samples on both glass and tin plates
with a Bird film applicator with 60 um aperture. Flexibility and water resistance tests
were performed with tin plates. For alkali and acid resistance tests, glass tubes which

prepared via dipping method were used.

3.3 Characterization Techniques

3.3.1 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded on a Perkin EImer FT-IR Spectrum One B spectrometer.
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3.3.2 Thermal gravimetric analysis (TGA)

Perkin ElImer Diamond TG/DTA was used for TGA analysis. The measurements were
done from 50 °C to 550 °C with a heating rate of 10°C/min under nitrogen flow.
3.3.3 Differential scanning calorimetry (DSC)

DSC thermograms were determined using a Perkin ElImer (DSC 4000) instrument with
a heating rate of 10 °C/min under nitrogen flow (20 mL/min).
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4. RESULTS AND DISCUSSION

4.1 Synthesis of Bz-Si

Bz-Si monomer was synthesized by using an amino-functional silane (APTES) as the
primary amine according to the reaction shown in Figure 4.1 [58]. The structure of Bz-

Si was confirmed by FT-IR spectrum in Figure 4.2.
O : OH group

.0 , Y |
N ‘\\__.-"\v
™ a : NH: group
+ Y 4 2cH0 . ®

- Silane moiety

Phenol APTES Bz-Si O - Oxasine ring

Figure 4.1 : Synthesis of benzoxazine functional silane.

In FT-IR spectrum, the peaks at 1226 and 1164 cm™ are attributed to the asymmetric
stretching of Ar-O-C and symmetric stretching of Ar-O-C, respectively [63]. The
characteristic peaks belonging to benzoxazine ring is located at 929 cm™. It shows that
out-of-plane bending vibration of the benzene ring is attached to oxazine ring [64].
Absorbances at 750, 1488 and 1585 cm™ correspond to the ortho-disubstitued benzene
[63,65]. The presence of the peak at 1073 cm™ corresponds to the Si-O-C of the silane
moiety [66]. Absorbances at 2973, 2928 and 2886 cm™ are assigned to the asymmetric
stretching of C=C-H.

In addition, there is no peaks at around 3600 and 3400 cm™ indicating that the alkoxy
groups were not hydrolyzed during the synthesis [58].
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Figure 4.2 : FT-IR spectrum of Bz-Si.
4.2 Preparation of Bz-Si/PGE Film Samples

The structure of Bz-Si/PGE was confirmed by FT-IR spectral analysis. The
characteristic peaks, which were detected in the FT-IR spectrum of Bz-Si monomer,
were observed in the FT-IR spectrum of Bz-Si/PGE (Figure 4.3) .

Additionally, the presence of the peaks at 1750 cm™and 3425 c¢m™ corresponds to the
ester carbonyl and hydroxyl groups, respectively [67,68].

The explained results showed that PGE was successfully combined to the Bz-Si

monomer.
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Figure 4.3 : FT-IR spectrum of Bz-Si/PGE.

Thermal curing of Bz-Si/PGE was carried out 180 °C for 48 h. The temperarure in
curing process was not exceeded 180 °C. Because APTES start to decompose about
at 190 °C [69]. FT-IR spectrum of CF(Bz-Si/PGE) is given in Figure 4.4,
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Figure 4.4 : FT-IR spectrum of cured Bz-Si/PGE.

After curing, the characteristic peak of oxazine ring at 939 cm™ disappeared and the
peaks of ortho-disubstitued benzene at 1459 and 752 cm™ were decreased. The
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disappearance of the peak at 3425 cm™ confirms that hydroxyl groups which comes
from partial glyceride reacts with silane moiety. Moreover, the peaks at 1080 and 1170

cm* decreased after curing.

All these observations indicate that the crosslinking by ring opening and sol-gel

reaction of Bz-Si/PGE were performed successfully.

The network structure of final product is shown Figure 4.5.
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Figure 4.5 : The representative structure of final product.
4.3 Thermogravimetric Analysis (TGA)

The thermal stability of the Bz-Si and cured Bz-Si/PGE were evaluated by TGA under

nitrogen atmosphere and compared as seen in Figure 4.6.
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Figure 4.6 : TGA thermograms of Bz-Si and cured Bz-Si/PGE film.
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As seen from the Figure 4.6, the char yield of Bz-Si is higher than the char yield of
cured Bz-Si/PGE due to the dilution effect of PGE. As shown in Table 4.1 both
temperatures at 5% and 10% weight loss of cured Bz-Si/PGE are appreciably higher
than those of the Bz-Si. Because incorporation of inorganic silane domains into the

structure causes the retarding effect of siloxane bridges [70,71].

In addition, cured Bz-Si/PGE sample exhibit better thermal stability than Bz-Si due to
its pre-crosslinked structure. However, at high temperatures Bz-Si/PGE becomes

thermally less stable due to presence of ester groups decomposition.

Table 4.1: Thermal properties of samples.

9% (°C)2 9% (CC)P 0/4)C

Film sample Ton (°C) T10% (°C) Y500 (%)
Bz-Si 193 210.3 37.6
Bz-Si/PGE 293.8 3275 15.2
Bz-PGE¢ 267.4 284 13.5
cuod 180 241 11

@ Temperature at 5% weight loss

b Temperature at 10% weight loss

¢ Char yield at 500 °C

4 Benzoxazine-modified oil and classical urethane oil (CUO) results from previous study [72]

4.4 Differential Scanning Calorimeter (DSC)

Bz-Si and CF(Bz-Si/PGE) samples were analyzed using DSC with nitrogen purging.
Figure 4.7 displays the DSC thermogram of Bz-Si.

Bz-Si exhibits an exothermic peak at about 240 °C in DSC thermogram. This
exothermic behavior corresponds to the thermo-induced ring-opening reaction of
benzoxazine groups of Bz-Si. The broad exothermic peak from 250 °C to 400 °C is

due to the alkoxy group decomposition and the condensation of the silanols.
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Figure 4.7 : DSC thermogram of Bz-Si.
Figure 4.8 displays the DSC thermogram of cured Bz-Si/PGE.
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Figure 4.8 : DSC thermogram of CF(Bz-Si/PGE).

As seen from the Figure 4.8, CF(Bz-Si/PGE) sample exhibits no melting behavior.
This result proves that sol-gel reaction between oil moiety and silane group occurred
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and high degree of crosslinking restricts the molecular motion corresponds high
thermal stability.

4.5 Film Properties

The film properties of the obtained samples need to be investigated due to potential
use in organic coating applications. Therefore, the film properties were determined
and summarized in Table 4.2.

Table 4.2 : Film properties of CF(Bz-Si/PGE).

Film Properties Film Sample
Flexibility? 2mm
Adhesion on a glass® 5B
Adhesion on a tin® 5B
Acid resistance® No change
Alkali resistance® No change
Water resistance No change

2 The diameter of the cylinder that did not cause a crack on the film.
® Test method B was applied on glass plate.

¢ Test method B was applied on tin plates.

d Test was performed with 9% H2S04 for 48 h.

¢ Test was performed with 3% NaOH for 48 h.

f Test was performed at 25 °C for 48 h.

As seen from the Table 4.2, film sample displayed excellent resistanced to water, alkali
and acid during 48 h period. Adhesive charactheristics were determined on glass and
tin surfaces and it was founded good results for both substrates. Moreover, film sample
could be bent over a cylinder with a 2 mm diameter without showing any crack.
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5. CONCLUSION AND RECOMMENDATIONS

In this study, we investigated the preparation of oil-based binder for coating
applications by modification of triglyceride oils via an easy way. Benzoxazine and
APTES were used for the modification. Firstly, partial glyceride was prepared and
enhanced by using solvent extraction method. Then, Bz-Si was synthesized and mixed
with enhanced partial glyceride. After that, obtained film samples were cured at 180
°C for 48 h.

The results indicated that Bz-Si was synthesized and was combined with triglyceride
oil successfully. And also the results showed that the crosslinking reaction was

performed successfully.

The obtained final product showed good film properties such as high water, alkali and
acid resistances, good adhesion and flexibility.

The thermal analysis revealed that the decomposition temperatures both 5 % and 10 %
weight loss of cured film samples were approximately two times higher than Bz-Si
samples, classical urethane oil and also benzoxazine modified oil which were prepared
in previous study. Additionally, crosslinking between polyester chains and silane

moiety increased the thermal stability of the final product.

In conclusion, it was understood that the synthesized final product could be used as a

coating material.
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