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OZET

NOVOLAK RECINE URETIMINDE ALEV GECIKTIRiCi OLARAK
FOSFORIK ASIiT KATKISININ INCELENMESI

SARAKURT, Nur

Yiiksek Lisans Tezi, Kimya Miihendisligi Anabilim Dali
Tez Danismani: Dog. Dr. Murat Sert

Subat 2022, 49 sayfa

Fenolik novolak regineler, asit katalizorleri yardimiyla asidik bir ortamda
kondenzasyon reaksiyonu sonucu sentezlenir. Novolak regine sentezi igin
formaldehit/fenoliin mol orani birden az olmalidir. Bu tezde alev geciktirici 6zellige
sahip novolak reginelerin, fosfatli katkilar ile alev geciktirici 6zelliginin arttirilmasi
incelenmistir.

Bu deneysel calismada 3 tip siire¢ vardir. Ilk iki deneysel calisma novolak
sentezi olup, recinenin sentez basamaklarinda katalizoériin mol orami degistirilmeden
katalizor kullanim oran1 ve katalizor tipi; okzalik asit ve okzalik asit yerine okzalik asit
ve fosforik asit birlikte kullanilarak sentez yapilmistir. Birinci calismada kondenzasyon
reaksiyonu sonucunda olusan asidik ortam bazik kimyasallar ile pH ayarlamasi
yapilarak notrlendirilmistir. Ikinci calismada pH ayarlamasi yapilmadan devam
edilmistir. Ugiincii ¢alismada ise fosforik katki malzemeleri ve yaygin olarak kullanilan
yanma geciktirici ajanlar novolak regine ile fiziksel olarak karistirilarak yanma
geciktirici 6zelligin nasil etkilendigi arastirilmistir. Her ii¢ ¢aligma boliimiinde de
fosforik asidin okzalik asit ile birlikte kullanim1 yanma geciktirici 6zellik olarak sadece
okzalik asite kullanimina gore daha iyi sonug verdigi saptanmistir. Her {i¢ ¢alisma
sonuclart karsilastirilmis ve en uygun deney kosullari belirlenmistir. Calismalarin
Ol¢iim analizleri i¢in X-Ray Fluorescence Spectrometer (XRF) analizi, Perkin Elmer
(STA 8000) kullanilarak Termal Gravimetrik Analiz (TGA), ISO 3146 standardina
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uygun olarak Electrothermal IA9200 cihazi ile erime noktasi analizi ve ISO 8619
standardina uygun olarak akma mesafesi analizlerinden yararlanilmistir.
Anahtar Kelimeler: Novolak regine, alev geciktirici, fosforik asit, pH

ayarlanmasi
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Phenolic novolac resins are synthesis as a result of the condensation reaction in
an acidic medium with the help of acid catalysts. The mole ratio of
formaldehyde/phenol should be less than one. In this thesis, it was investigated
increasing the flame retardant properties of novolac resins with phosphate additives.

There were three types of processes in this studies. This first two experimental
studies were the synthesis of novolac resin with acid catalysts. Oxalic acid and instead
of the oxalic acid catalyst, oxalic and phosphoric acid were changed the catalyst type
and ratio without changing the mole ratio of the catalyst. Firstly, the acidic medium
was formed as a result of the condensation reaction was neutralized by adjusting the
pH with bases. The second study was continued without pH adjustment. Third study,
it was investigated how the fire retardant property was affected by physically mixing
phosphoric additives and commonly used fire retardant agents with novolac resin. In
all three studies sections, it was determined that the use of phosphoric acid together
with oxalic acid gave better results as a fire retardant than just oxalic acid used. All
results were compared and optimum reaction conditions were determined. During these
studies, X-Ray Fluorescence Spectrometer (XRF), the thermal gravimetric (TG)
analysis was carried out using Perkin Elmer STA 8000, melting point analysis
accordance with 1SO 3146 and flow distance analysis in accordance with 1SO 8619

were used.

Key Words: Novolac resin, flame retardant, phosphoric acid, pH arrangement






XI

PREFACE

In this thesis, my manager in Cukurova Kimya Endiistirisi, Dr. Ozge AKSIN
ARTOK's knowledge and experience in the phenolic resin industry played an important
role from the determination of the thesis topic to the evaluation of the results. My thesis
supervisor Assoc. Prof. Dr. Murat SERT has consistently been an adviser to me in

terms of academic and graduate education process.

[ZMIR Nur SARAKURT

17.02.2022






Xiii

TABLE of CONTENTS
Page
OZET oottt bbbt vii
ABSTRACT et IX
PREFAGCE ...t Xi
TABLE OF CONTENTS ..ottt sne e Xiii
LIST OF FIGURES ...ttt XV
LIST OF TABLES. ... .ottt XiX
NOMENCLATURE ... et XX
1 INTRODUCTION ..ottt bbb 1
1.1 RESINS .ttt bbbttt bbb s 1
1.2 PREeNOKIC RESIN ...t 1
121 PRENOI ... 2
1.2.2  FOrmaldenyde .......cooouieiiie e 3
1.2.3  Condensation reaCHIONS...........ceruerieiririeiiesie e 3
1.2.4  RESOIE FESINS ....ecuiiieiieiisie et 4
1.2.5  INOVOIAC FESINS ...ttt 4
1.2.6  Novolac resin produCtion............cccecveveeiieiie i 6
1.3 Flame Retardants ........ccocoieiiiieiiiesieeeee s 8
1.4 Flame Retardants TYPES......coeiiieriiiiisieieie ettt 10
1.4.1 Phosphorus based flame retardants.............ccooovvvviiininienene s 10
1.4.2  Other types of flame retardants...........cccoccoveieniniiiiciee e 13

1.5 Flame Retardant Novolac Resin Application Area...........cccooceveniieninnnnnns 14



2
3

Xiv

LITARATURE REVIEW ... 15
EXPERIMANTAL PROCEDURE ..o 17
3L MALEIIAIS .. e 17
3.2 CharaCteriZatiON........cooiiiriiiiiieieee et 17
3.2.1  Thermal gravimetric analySiS..........cccoeiiriiininiieicese e 17
3.2.2  X-ray fluorescence (XRF) spectroscopy analysis..........ccccccevvverrienrnnn 17
3.2.3  Melting PoiNt @NAIYSIS .......ccviiiieieieiesiese e 17
3.2.4  Flow distance analysis .........ccoeveeieiiiiieiie e esie et 18
3.3 PrOCEAUIE ......cuiiitieee sttt 18
I o q 1= 1 11T ] USSR 19
3.4.1 Different catalyst types and catalyst ratio with pH adjustment ............ 19
3.4.2 Different catalyst types and catalyst ratio without pH adjustment ....... 19
3.4.3  Additive effect on thermal stability of phenolic novolac resins ........... 20
RESULTS e n e n e 21

4.1 Different Catalyst Types with pH Adjustment Phenolic Novolac Resin
SYNENESIS .. bbb 21

4.2  Different Catalyst Types without pH Adjustment Phenolic Novolac Resin

SYNENESIS ..ttt et re et 27
4.3  Additive Effect on Thermal Stability of Phenolic Novolac Resins.............. 32
O CONCLUSION ...ttt 42
REFERENCES ... ..ottt 44
ACKNOWLEDGEMENT ...ttt 47

CURRICULUM VITAE ... s 48



XV

LIST OF FIGURES

Figure Page

Figure 1.1 Chemical structures of novolac and resol due to medium condition and molar

A0, e 2

Figure 1.2 Methylolation and condensation in NOVOIACS ............ccccuvieieiiieic i 5

Figure 1.3 Flow diagram of flake or pastille form novolac resin production process...7

Figure 1.4 Effect of flame retardant additives to fire process ..........cccooevvvvvieivciecnennn. 8

Figure 3.1 Novolac resin production SELUP.........ccccuveeierieriereseseseeeeeeee e 18

Figure 4.1 Graph of flow distance (a) and melting point (b) in different catalyst types
WIth PH adJUSTMENT ... 23

Figure 4.2 Reference 1 Oxalic acid catalyst, catalyst ratio 100 %, pH adjustment with

Figure 4.3 Exp 1. Oxalic acid and phosphoric acid catalyst, catalyst ratio 75 % - 25 %,
PH adj. With NaOH ..o 24

Figure 4.4 Exp 2. Oxalic acid and phosphoric acid catalyst, catalyst ratio 50 % - 50 %,
PH adj. With NaOH ..o 25

Figure 4.5 Exp. 3 Oxalic acid and phosphoric acid catalyst, catalyst ratio 25 % - 75 %,
PH adj. WIth NAOH .....c.oiiiiiiiice e ns 25


file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917606
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917607
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917608
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917608
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917610
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917610
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917609
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917609
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917612
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917612
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917611
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917611

XVi

Figure 4.6 Exp. 4 Phosphoric acid catalyst, catalyst ratio 100 %, pH adj. with

Figure 4.7 Exp. 5 Phosphoric acid catalyst, catalyst ratio 100 %, pH adj. with TSF . 26

Figure 4.8 Graph of flow distance (a) and melting point (b) in different catalyst types
WItNOUL PH @] oot nre s 28

Figure 4.9 Referance 2 Oxalic acid catalyst, catalyst ratio 100 %, without pH
AJUSTIMEINT ... bbbttt b et bbbt b e 29

Figure 4.10 Exp. 6 Oxalic acid and phosphoric acid catalyst, catalyst ratio 75 % - 25
%0, WItNOUL PH @] .oveiiieee it 29

Figure 4.11 Exp. 7 Oxalic acid and phosphoric acid catalyst, catalyst ratio 50 % - 50
%0, WItNOUL PH 8] ..o 30

Figure 4.12 Exp. 8 Oxalic acid and phosphoric acid catalyst, catalyst ratio 25 % - 75
%0, WItNOUL PH @] ..eveiiiic e 30

Figure 4.13 Exp. 9 Phosphoric acid catalyst, catalyst ratio 100 %, without pH
Y0 10100 T=T 0 SRR 31

Figure 4.14 Flow distance on 5 % (a), 10 % (b), 15 % (c) additive effect on thermal
SEADIIILY .t a e nre e r e ra e re e 34

Figure 4.15 Melting point on 5 % (a), 10 % (b), 15 % (c) additive effect on thermal
SEADTIIEY . 35

Figure 4.16 Exp. 10 Addition of MAP, 5 % additive amount ..............ccceeevevieennnne, 36

Figure 4.17 Exp. 11 Addition of MAP, 10 % additive amount .............cccceverveenenne, 36


file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917614
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917614
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917613
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917615
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917615
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917617
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917617
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917616
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917616
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917619
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917619
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917618
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917618
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917620
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917620
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917621
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917621
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917622
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917622
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917624
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917623

Figure 4.18 Exp.

Figure 4.19 Exp.

Figure 4.20 Exp.

Figure 4.21 Exp.

Figure 4.22 Exp.

Figure 4.23 Exp.

Figure 4.24 Exp.

Figure 4.25 Exp.

Figure 4.26 Exp.

Figure 4.27 Exp.

Xvii

12 Addition of MAP, 15 % additive amount.............ccccceevreenriennen. 37
13 Addition of TSF, 5 % additive amount............cccccecvneniinnennnn 37
14 Addition of TSF, 10 % additive amount.............ccceeeevvivireeeennee, 38
15 Addition of TSF, 15 % additive amount............ccccecvvvenerninnnnnns 38
16 Addition of ZnB, 5 % additive amount............ccoceeevvrereinnennen. 39
17 Addition of ZnB, 10 % additive amount.............cccevevvivereeeennee. 39
18 Addition of ZnB, 15 % additive amount............ccccceveririrennnn 40
19 Addition of Mg(OH), 5 % additive amount ............c..ccccervrrenen. 40
20 Addition of Mg(OH)2, 10 % additive amount ..............cccceevruennn 41
21 Addition of Mg(OH)2, 15 % additive amount ............ccccceevvnene 41


file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917626
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917625
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917627
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917628
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917630
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917629
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917632
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917631
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917634
file:///C:/Users/Nur%20Sarakurt/Desktop/TEZ%20SON/TEz%2011.01.2022.docx%23_Toc92917633




Xix

LIST OF TABLES
Table Page
Table 1.1 Physical and chemical properties of formaldehyde............ccccocovveieiiinenns 3
Table 1.2 Effect of different types of flame retardants materials.............ccccceevernennne. 10
Tablel.3 Phosphorus Based Flame Retardants............cccocveriiiniiicieienesc e 11
Table 1.4 Phosphoric ACIA PrOPEITIES .....cc.oieiiiirieieiere e 12
Table 1.5 Mono Ammonium Phosphate properties........cccoovevveveiieeveeviesieeseese e 12
Table 1.6 Trisodium Phosphate Dodecahydrate properties..........cccccoovevevieeieevieseenne. 13
Table 4.1 Different catalyst types and catalyst ratio with pH adjustment................. 22

Table 4.2 Results of different catalyst types and catalyst ratio with pH adjustment...22

Table 4.3 Different catalyst types and catalyst ratio without pH adjustment.............. 27
Table 4.4 Results of different catalyst types and catalyst ratio without pH adij. ......... 28
Table 4.5 Types of additives and percentage of additive amount .............ccccccevernennee. 32
Table 4.6 Results of 5 % additive effect on thermal stability...........cccccoooeiiiiniinnnns 33
Table 4.7 Results of 10 % additive effect on thermal stability..............c.ccooeviiennn. 33

Table 4.8 Results of 15 % additive effect on thermal stability..............c.cccoviienn. 33



XX

NOMENCLATURE
Symbol Explanation
°C Celsius
% Percentage
g Gram
ml Milliliter
cm Centimeter
mm Millimeter
Abbreviations
Conc. Concentration
HMTA Hexamethylenetetramine
FR Flame Retardant
PA Phosphoric acid
MAP Mono Ammonium Phosphate
DAP Di Ammonium Phosphate
TSP Trisodium Phosphate Dodecahydrate
ZnB Zinc Borate
TGA Thermal Gravimetric Analysis
FTIR Fourier transform infrared spectroscopy
STA Simultaneous Thermal Analyzer
XRF X-ray Fluorescence
F Formaldehyde
P Phenol
Min Minute
Hr Hour
LOI Loss on Ignition
Temp Temperature

Adj Adjustment



1 INTRODUCTION

1.1 Resins

Resins are typically highly viscous substance of plant or synthetic materials
origins. It turns into a rigid structure with a curing process. Resins are usually blended
of organic compounds. Synthetic resins can show the same or different properties with
natural plant resins. There are many different types of resins such as epoxies, phenolics,
acrylics, alkyds, urethanes, silicones. Resins are either thermoplastic or thermoset.
Thermoset resins convert from liquid to solid state during the curing process that
crosslinking. Cured occurs using a catalyst, heat or a combination of both. Once cured,
solid thermoset resins cannot be recycled to their original liquid form. Thermoplastics
are softened when heated. Thermoplastics resins are not crosslinked, so the curing
process is completely reversible. This property allows the remelting and reshaping of
thermoplastics without adversely affecting the physical properties of the material.
(Swallowe, 1999).

1.2 Phenolic Resin

Phenolic resin is a type of thermosetting resin. Heating under pressure process
makes phenolic resin commercially useful. Phenolic resins have widely application
areas like polymer composites, sand binder etc. (Pilato, 2010). After the first
commercial synthesis of phenolic resin, its use has spread rapidly all over the world
and has been used for commercial applications in Germany in 1909. Enhanced
mechanical properties, bonding performance, heat resistance, flexibility, high thermal
stability, chemical resistance has made it the material of choice for applications in all
industrial applications. In the 20th century, phenolic resins spread across several
industries thanks to their superior properties. In order to make them suitable for a wide
range of industrial applications, many chemical and physical modifications have been

applied.



Types of catalysts, raw materials, molar ratios of formaldehyde to phenol,
polymer functional groups affect the end products of phenolic resin. (Figure 1.1).
Phenolic resin are synthetic thermoset resins which are synthesized by the condensation
reaction of phenol with formaldehyde in the presence of a catalyst. Formaldehyde
functionality is two and phenol functionality is three. Phenol react with the OH group

at the para and at the two ortho positions. The two meta positions are unreactive (Pilato,

2010).
Ol
_ soct ch, CH CHOH
basic “Ha heat
catalyst o
ol HO
CHs0H
Resole ‘
+ CH=0 = Cured Resin
[ ol T
acid l@—cn; cu:~©|:cuz-
E—
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CH:
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Figure 1.1 Chemical structures of novolac and resol due to medium condition and molar ratio.

1.2.1 Phenol

Phenol is an aromatic organic compound which contains one or more hydroxyl
groups that are attached to an aromatic ring. Phenol molecular formula is CsHsOH.
Phenol is a solid state at the ambient temperatures. They appear like a white amorphous
material. Phenol melting point is 40.9 °C. In the molten state, pure phenol is a colorless
clear liquid. Phenol becomes liquid at room temperature when mixed with around 6 or
10 wt. % of water. To produce phenolic resins, phenol is most important raw materials.
Phenol is due to the presence of a hydroxyl group and an aromatic ring which are
complementary to each other in facilitating both electrophilic and nucleophilic type of

reactions. Phenol is an extremely reactive. The reactivity provide toward electrophilic



substitution and lead to synthesis phenolic resins which is acid catalyst reaction with
formaldehyde (Pilato, 2010).

1.2.2 Formaldehyde

Formaldehyde, the first of the series of aliphatic aldehydes which is a naturally
occurring organic compound with the formula CH.O. At ordinary temperatures,
formaldehyde is a colorless gas with a pungent odor. It is highly reactive. Its reactivity
Is reduced with in aqueous solutions containing variable amounts of methanol. Often
used in an aqueous solution that mixed with around 25 or 40 weight % of water (Table
1.1) (Subasi, 2020).

Table 1.1 Physical and chemical properties of formaldehyde (Subasi, 2020)

Chemical name Formaldehyde
Chemical formula CH20
Molecular weight, g/mol 30.026

Color Clear, colorless liquid
Density, - 20 °C, g/cm? 0.8153
Melting point, at 37% conc., °C 93-96
Boiling point, at 37% conc., °C -15

1.2.3 Condensation reactions

Synthesis of polymers occurs in two different ways. One of them is addition
polymerization. Monomers containing multiple bonds link together by addition
reactions in addition polymerizations. These polymers are synthesized with bonding
of free radical by heat, light and radical initiator.

The other way is condensation polymerization. In this process, as monomers bind

together, stable small molecules such as water are released. In condensation reactions



monomers must have two or more functional groups. In all cases, when polymers are

synthesized, the result is a mixture of long chain molecules of varying lengths.

In crosslinking process, molecular chains joined to each other by covalent bonds.
The molecular chains in non-cross-linked polymers will usually slide across each other.
When heated, the polymer softens and various shapes are provided with the softening
polymers. This types polymers are called thermoplastic polymers. Cross-linked
polymers have high hardness, more rigid, and sometimes brittle structure and they are
referred to as thermosetting polymers. Phenolic resins are produced as Bakelite with
condensation polymerization between phenol and formaldehyde. Crosslinking occurs
when the polymer is heated (Askeland, 1996).

1.2.4 Resole resins

When reaction medium is under alkaline condition and the mole ratio of
formaldehyde to phenol is greater than one resole resins are occurred. Resole resins
have excess formaldehyde. The condensation reaction is carried out at approximately
70 °C. Resole resins are usually dark in color. Their color ranges from yellow to dark
red. Resole resins are cured with applied of heat without the use of any additional
curing agent or catalyst. Typical alkali metal hydroxide catalysts used in resole resin
production and their activity are Magnesium Hydroxide (MgOH), Calcium Hydroxide
(CaOHz), Barium Hydroxide (BaOHz), Lithium Hydroxide (LiOH), Sodium
Hydroxide (NaOH) and Potassium Hydroxide (KOH), respectively. Resole resin
reaction is stopped prior to gelation. Resole resin is usually in liquid form. They have
low molecular weight and short shelf life. They usually contain no more than two or

three benzene rings. They are soluble in water or alcohol (Allen et al., 2001).

1.2.5 Novolac resins

Novolac resins are produced from the condensation reactions between phenol
and formaldehyde under acidic medium. Formaldehyde to phenol mole ratio must be

less than one. The novolac reaction terminates as all the formaldehyde is consumed and



excess approximately 5 % phenol. Novolacs form at a pH below 7 by protonation of
the carbonyl group of the formaldehyde followed by electrophilic aromatic substitution
at the ortho or para positions of the phenol (Figure 1.2). The typical acid catalyst in the
preparation of novolac phenolic resins are Oxalic Acid (C2H20.), Sulfuric Acid
(H2SOs4), Hydrochloric Acid (HCI). The most widely used acid catalyst is oxalic acid.
Oxalic acid is preferred as novolac resin catalyst because of as followed (Shang, 2001);
o Decomposes at high temperatures (> 180 °C) to carbon dioxide, carbon

monoxide and water, which easier the removal of this catalyst thermally.

o Light color can be obtained.
o Low using amount and high efficiency.
o Noncorrosive catalyst instead of corrosive materials like Hydrochloric Acid.
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Figure 1.2 Methylolation and condensation in novolacs

Novolac resins are linear thermoplastic polymer in nature. When heated novolac

resins are melt but they do not make a cross link or cure. They need the addition of



curing agent such as hexamethylenetetramine (HMTA). HMTA is used in order to
structure of thermoset that occurs cross linking methylene bridges between molecules.
Typically, 5 — 15 % of HMTA are used as curing agent for novolac. Novolac resins
have a higher molecular weight of above 1000, branching occurs as the reactions
continue between the end groups and unreacted phenol. Novolac resin is generally solid
or semi solid form. They are converted to liquid form using different solvents such as
Mono Ethylene Glycol, Diethylene Glycol. Novolac phenolic resin according to resole

resin has an infinite shelf life at normal conditions (Zhang, 2014).

Novolac resin properties are heat, creep and chemical resistance, dimensional

stability.

1.2.6 Novolac resin production

A reactor with an agitator, heating or cooling serpentine, distillation tank, holding
tank, raw materials tank which are made of stainless steel, cooling belt conveyor,
pastillator are required for production of flake/pastille novolac resin. Phenol (91 %)
and acid catalyst are loaded into the reactor and the reactor temperature is increased to
100 °C. The reactor is equipped with a reflux condenser, and stirrer. The Formaldehyde
(36 %) is charged into reactor at a certain period of time interval and the reaction is
allowed to continue at a temperature of about 100 °C and reflux conditions. The water
produced by the condensation reaction is removed by distillation. The distilled water
is collected under atmospheric and/or vacuum pressure into distillation tank. After
distillation, phenolic novolac resins gains a highly viscous form. Highly viscous
novolac resin is transferred into the holding tank which has heating systems. After that,
highly viscous novolac resin is fed to flake band systems and is converted to shape of
pastille or flake form. At the end of process, novolac resin is filled in big bags and is

sent to powder novolac unit (Figure 1.3).
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Figure 1.3 Flow diagram of flake or pastille form novolac resin production process



1.3 Flame Retardants

Ignition begins with any source of energy such as heat or a small flame. The
ignition source causes the material to burn, break down and released of the flammable
gases. Flammable gases, released from the material, are mixed with oxygen from the
air. In the combustion zone which contains of fuel, oxygen and free radicals combine
to create chemical reactions that cause visible flames to appear. Polymers are
substances that can easily burn, and each polymer shows different burning properties.
Flame retardants (FR) prevent ignition by different physical and chemical methods.
Physical methods are cooling, formation of a protective layer and dilution. Chemical
methods are occurred two phases as gas phase and solid phase (Figure 1.4). The
interaction of the flame in the gas phase; the radical gas phase combustion process is
interrupted by the flame retardant, resulting in cooling of the system, reducing of
flammable gases. The interaction of the flame in the solid phase; the flame retardant
builds up a char layer and protection the material against oxygen and provides a barrier
against the heat source (EPRA, 2007).

— Nanoparticle physical barrier

Charrin
Condensed-phase g

| flame retardant

— Endothermic cooling

Flame-retardant 4| Thermally stable material |
process

Gas dilution |

Gas-phase flame

retardants :
Radical scavenger ‘

Figure 1.4 Effect of flame retardant additives to fire process (Ahmed et al., 2018)

The most important parameters showing the compatibility of flame retardants

with the material are as follows;



o Material properties must be conserved to the greatest possible extent, with price

as the most determining factor.
. The FR must be suitable with polymerization process and pyrolysis type

. Health regulations and global direction require that formulations must become

sustainable, recyclable and increasingly eco-friendly.

Thermosetting composites resins is approximately be about $ 8 — 10 billion in
the global market. Thermosetting composites of fire-resistant resins making up about
10 % of the total. When the resins are separated by the fire resistant resin market, they
are ranked as 4 — 5 % phenolic resins, 30 — 40 % vinyl esters composed of resins and
55 — 65 % epoxies. (Pilato, 2010).

There are many types of flame retardants compounds such as Halogens; Bromine,
Chlorine etc., Phosphorus, Nitrogen, Minerals; Aluminum Hydroxide (ATH),
Magnesium Hydroxide (MDH) etc. and others such as Borax (Table 1.2). Halogenated
flame retardants have negative effects on the environment and human health. Some are
very persistent, some bioaccumulation in aquatic and terrestrial food chains, and some
show serious adverse effects. Today, there is a tendency to use resins with flame
retardant additives using phosphorous compounds as synergists instead of halogen

containing compounds (Kim et al., 2021).
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Table 1.2 Effect of different types of flame retardants materials

Inert

) Physical  Chemical Thermal  Protect

Chemicals o Gas ] ]
Dilution Interference o Quenching Coating
Dilution

Alumina Trihydrate *
Antimony Oxide *
Bromine-based *
Chlorine-based *
Magnesium Hydroxide * *
Phosphorus-based * *
Silicone-based *

1.4 Flame Retardants Types

1.4.1 Phosphorus based flame retardants

Organic and inorganic phosphorus types flame retardants are more environmentally
friendly, they have good thermal stability and superior performance thanks to the
synergistic effect of P-N. They do not emit toxic gases. Because phosphorus is mostly
converted to char. Phosphorous Flame retardants can be reactive (chemically bound) and
additive (physical mixing). Phosphorus is not found uncombined in nature but is widely
found in compounds in minerals. The strengths of phosphorous flame retardants
compared to other flame retardant systems can be summarized as follows (Choudhury
etal., 2018).

. Lower density

Less probable to be stable and bio accumulative residue in the environment

Less tendency to concentrate smoke obscuration

Less gas formation in combustion
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The fire-retardant properties of phosphorus in novolac resins are as follows
(Velencoso et al., 2018). Phosphorus pentoxide generated by the combustion of
phosphoric compound reacts with a phenolic hydroxyl group in the linear phenolic
aldehyde, and phosphoric acid or metaphosphoric acid and the like are generated
simultaneously; and the acids of the type are further used for catalyzing dehydration
and char formation of phenolic resin, and are esterified with the phenolic hydroxyl
group, so that an organic-inorganic hybrid barrier layer is formed (Yang et al., 2012).
Phosphoric acid, Mono Ammonium Phosphate, Trisodium Phosphate Dodecahydrate
are the most popular inorganic flame retardants in the phosphate-containing compound
family (Tablel.3).

Tablel.3 Phosphorus Based Flame Retardants (Yang et al., 2012)

Chemical
A Comment
Classification

N Phosphoric acid has a good fire
Phosphoric acid

Inorganic retardant properties and it
(PA) select as a worst case control.
Mono Ammonium Generally used in commercial
Phosphate Inorganic formulations as a common
(MAP) chemical.
Trisodium Phosphate TSP is not combustible, and
Dodecahydrate Inorganic does not contribute to the
(TSP) intensity of a fire.

1.4.1.1 Phosphoric acid

Orthophosphoric acid (HsPQOjs) or the other name phosphoric acid is a clear, white
liquid. It is derived from phosphate rock. It is a strong acid (Table 1.4). They are used
in fire retardant formulations because they are stable and flame resistant, and have a
useful and long shelf life. (Buick, 2012).
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Table 1.4 Phosphoric Acid properties (Burick, 2012)

Molecular formula H3PO4
Molar Mass, g/mol 98
Melting Point, °C 42.4
Boiling Point, °C 213
Density, g/mL 1.885

When fire temperature is up to 200 to 300 °C, phosphoric acid can give off
phosphorus oxides by thermal decomposition. Phosphoric acid loses water at 160 °C.
In this temperature phosphoric acid turns into pyrophosphoric acid. Phosporic acid

turns into metaphosphoric acid then polyphosphoric acid at over 300 °C.

Phosphoric acid is included many fire retardant materials. After the burning
process, heat is occur. Heat is occur flammable volatile polyphosphoric acid. The
flammable volatile polyphosphoric acid helps to produce a char layer. The char layer
acts as a physical barrier. Physical barrier reduces the formation of gases and the release
of heat. (Persianutab, 2020).

1.4.1.2 Mono ammonium phosphate

Mono Ammonium Phosphate (MAP) is white crystal (Table 1.5). It is mainly
used as a fire retardant for fertilizer and wood paper fabric. MAP and Di Ammonium
Phosphate (DAP) are most desirable for use in dry powder type retardant concentrates
(Mosaic, 2022). The commercial ABC type powder fire extinguisher has cooling
effects. It compress the free ions of chain reaction, and quickly extinguishes the fire.

Such materials have been widely used in the last 50 years (Su et al., 2014).

Table 1.5 Mono Ammonium Phosphate properties (Su et al., 2014)

Molecular formula NHs-H2PO4

Molar Mass, g/mol 115.026

Melting Point, °C 190
P.Os Content, % 48 — 61




13

1.4.1.3 Trisodium phosphate dodecahydrate

Sodium phosphate tribasic dodecahydrate is also known as Trisodium Phospate
or TSP. TSP is a white, granular or powder crystalline solid. It is highly soluble in
water (Table 1.6).

Table 1.6 Trisodium Phosphate Dodecahydrate properties

Molecular formula NasPO4 ¢ 12H20

Molar Mass, g/mol 380.12
Melting Point, °C 75 °C
P.Os Content, % >18.3%

1.4.2 Other types of flame retardants
1.4.2.1 Zinc borate

Zinc borate has a formulation 4Zn0O-B»03-H20. Zinc borate has a high
dehydration temperature approximately 415 °C. It is preferred for the polymer and
rubber sectors. Recently, the use of inorganic flame retardants, as borate additives
flame retardants, has been become common. They replace halogen based additives that
have been used in polymers. Zinc borate is suitable for extrusion requiring high
processing temperatures. It is also used in paint, electrical and electronic, building and

transportation material application areas. (Yalgin et al., 2021).

1.4.2.2 Magnesium Hydroxide

Magnesium hydroxide (MDH) decomposes at around 300 °C.

Mg(OH)2 +1220 ki’kg — MgO + H,0

During the burning process, energy is detracted from the ignition source, as the
decomposition is an endothermic reaction. Simultaneously, the released water vapor

reduce the temperature the surface of the polymer. Also particularly dilutes the
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burnable gases in the surrounding. After the burning process occurring metal oxide
residue has a high internal surface where sooty particles are absorbed. Additionally,
the oxide residue acts like a barrier for retain the further release of low molecular
weight decomposing products and heat barrier protecting the polymer against further
decomposition (PINFA, 2017).

1.5 Flame Retardant Novolac Resin Application Area

Phenolic resins are famous for excellent flame retardance. However, in some
industrial applications fire retardant properties are not sufficient for application to the
industry. Therefore, there was a need to improve the flame retardant properties. It is
provided with elemental or organic compounds with excellent heat resistance

properties.

Novolac resin with enhanced flame retardancy are used in many industrial
applications. These are automotive field; lining, felt, non-woven fabrics, insulating
materials, composite fields; airplane, ships, panels, walls, electronic field etc. (PINFA,
2010).
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2 LITARATURE REVIEW

Phenolic resins are synthesized with the reaction of phenol and formaldehyde.
They are well known to have good heat resistance, have excellent flame retardancy,
and low toxic gas emission on burning (Kandola et al., 2014). Flame retardant binders
has become an important point in many sector such as composite, automotive and felt
etc. Automotive, textile and composite etc are some searching innovative solutions to
improving product performance, combustion resistance, continuously improving the
environmental properties of the products used and sustainable fire safety. Halogens or
polymers with halogen atoms, when considered from a health point of view, emit
halogen along with carbon, hydrogen or other atoms during the combustion process.
These gases are not readily soluble in water. It may enter the respiratory tract by breath.
Most of the loss of life in fires is due to the effects of toxic by-products that occur

alongside carbon monoxide gases (PINFA, 2010)

Among the fire retardants, halogen-free flame retardant additives such as
phosphorus-containing resins, boron-containing resins, Aluminum trihydroxide or
magnesium hydroxide-contain resins cause an increase in the amount of char residue,
reducing the release of volatile fuel and slow the pyrolysis by carbonizing the surface
of the material (Bisschoff, 2001). These compounds are found worthy of research due
to reducing the oxygen index of the main substance, being used together with novolac
resin used in many sectors against combustion, being easily applied by dissolving with
water, being cheap and easy to supply, negligible low toxicity effects to the

environment by using halogen in terms of health reasons (Aseeva et al, 2005).

Halogen-free phosphorus containing flame retardant epoxy composites. This
thesis investigates reaction between three amines and Phenylphosphonic dichloride and
reaction between three amines and Phenyl dichlorophosphate. This synthesized name
was FPx. Second synthesized name was FPOX. For characterization analysis, Nuclear
magnetic resonance, Fourier transform infrared spectroscopy (FTIR), Differential

scanning calorimetry and Termal gravimetric analysis (TGA) were used. The thermal
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characteristic behavior were investigated and compared between epoxies containing
FPx and FPOXx. This thesis use the thermal decompositions of epoxies containing FPx
occurred at higher temperatures than the epoxies containing FPOx (Zhao, 2017).

Development of Novel Flame-Retardant Thermosets Based on Boron-Modified
Phenol-Formaldehyde Resins. This thesis investigates reaction between a phenolic
novolac resin with different weight contents of bis(benzo-1,3,2-dioxaborolanyl) oxide.
Flame retardant modified phenolic resin investigated point of view thermal and flame-
retardant properties. Thermal stability analysis were carried out on a TG analysis with
N2 gas at a ramp rate of 10 °C/min. The results of TG analysis formation boric acid at
high temperature was observed. This formation provides a char yields that decreases

the degradation and prevention from flame (Martin et al., 2006).

Synergistic Effects of Aluminum Diethylphosphinate and Melamine on
Improving the Flame Retardancy of Phenolic Resin. This thesis investigates flame
retardancy properties of phenolic resin which that physical mixing with novel flame
retardants which are aluminum diethyl phosphinate and melamine. For
characterization, TGA, FTIR, scanning electron microscopy were used. When thermo-
gravimetric analysis and char yield which means residual carbon content of the test
results was investigate 15 wt. % of aluminum diethylphosphinate 4 wt. % melamine
addition is the best results (Zhou et al., 2019).

When all studies research were investigated, fire retardant materials were used
as chemical reaction or physical additives. Generally, TG analysis was used for
characterization methods. Char yields are evaluated. The best results were selected as
a result of these evaluations. In this study, investigation of use of phosphorus and
phosphorus compounds in novolac resin synthesis or as additives, investigation of

mechanical and thermal stability of the end product in the usage sectors.
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3 EXPERIMANTAL PROCEDURE

3.1 Materials

Phenol (91 %) (CeHsO), Formaldehyde (36.5 %) solution (CH20), Oxalic Acid
(> 99.5) (C2H204), Phosphoric Acid (85 %) (HsPO.), Sodium Hydroxide (10 %)
(NaOH), Trisodium Phosphate Dodecahydrate (TSP) (98 %) (NasPO4.12H.O Merck
grade), Mono Ammonium Phosphate ((NH.) H:PO.), Zinc Borate (B20sZng3),
Magnesium Hydroxide (Mg(OH)2) were used for the experimental studies. All

chemicals were used without further purification.

3.2 Characterization

3.2.1 Thermal gravimetric analysis

The thermal gravimetric (TG) analysis was carried out using Perkin Elmer
Simultaneous Thermal Analyzer (STA 8000) in the temperature range of 30 °C to 750

°C and heating rate of 25 °C/min and flow of nitrogen gas is 20 ml/min.

3.2.2 X-ray fluorescence (XRF) spectroscopy analysis

The quantitative determination of the phosphate compound in novolac resins was
carried out using SPECTRO XEPOS X-ray fluorescence (XRF) spectroscopy analysis.

3.2.3 Melting point analysis

Melting point determination was performed based on ISO 3146 standard which
that determination of melting behavior of semi crystalline polymers by capillary tube
and polarizing-microscope methods. Melting point analysis was carried out using

Electrothermal 1A9200 Series Melting Point Apparatus.
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3.2.4 Flow distance analysis

Flow distance determination was performed based on 1SO 8619 standard which
that phenolic resin powder - determination of flow distance on a heated glass plate
method. Flow distance analysis was carried out using Memmert UFB 110 in the
temperature at 125 °C. Analysis method starts with novolac and HMTA weighed at a
9:1 weight ratio and the mixture is loaded into a grinder. After grinding, the powder
novolac mixture which included HMTA is converted into pellet form. The pellet size
diameter is 14.50 mm + 0.3 mm, the pellet height is 5 mm + 0.2 mm. The pellet is
prepared as follows. Weighing novolac resin 0.50 g = 0.01 g and then press into the
specified dimensions. The stainless steel inclining apparatus was tempered at 125 °C +
1 °C in a horizontal position. After placing the pellet on glass plate, hold the plate in a
horizontal position for 180 s + 3 s and then rotate the apparatus 60 degree and continue
heating for 20 minutes. Finally, the glass plate is removed from the oven and measured
the distance. The measured value is the flow distance. The efficiency of the catalysts
enables chain growth of the polymer. Shorter flow distance is showing that the better
the polymerization results (Sahinovic et all., 2020).

3.3 Procedure

Novolac resin setup was prepared as below Figure 3.1. In a 2000 mL four-neck
round-bottom flask provided with IKA Eurostar 60 Digital high speed laboratory
stirrer, Electrothermal heating equipment, digital thermometer and a reflux condenser,
dropping funnels materials were used for preparation experimental setup. IKA M 20

universal mill which milling chamber can be cooled with top water.

Figure 3.1 Novolac resin production setup
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3.4 Experiments

3.4.1 Different catalyst types and catalyst ratio with pH adjustment

The desired Formalin/Phenol mol ratio was 0.78. 922.24 g Phenol (8.9 mol) and
0.003 mol oxalic acid was place in 2000 ml four-neck heavy wall round-bottom flask.
571.12 g of Formalin 36.5% (6.9 mol) was added dropwise to the round-bottom flask
for 90 minutes. The mixture was stirred and refluxed for 120 minutes. A novolac resin
was obtained, in which two layers were formed. After refluxing the pH dropped to
between 1 and 2. NaOH and TSF was added to the flask to adjust the pH to between
4.5 and 5.5. The top layer is water produced by the condensation reaction, which was
collected by atmospheric and/or vacuum distillation. The top layer is water produced
by the condensation reaction, which was collected by atmospheric and/or vacuum
distillation. The bottom layer is novolac resin. The Novolac resin was kept under
vacuum at 180 °C for 1 hour. Steam distillation was performed to reduce free phenol
monomers. The final novolac resin was transferred to the aluminum container until it
cooled and solidified. Novolac resin synthesis was started with 100% oxalic acid
catalyst as Reference 1. In the continuation of the study, phosphoric acid was used as
a catalyst for the synthesis of novolac resin. Experimental studies were continued by
changing the catalyst type without changing the mole ratio of the catalyst. The catalyst
mole ratio was started with 100 % oxalic acid and was continued as 25 % phosphoric
acid — 75 % oxalic acid, 50 % phosphoric acid — 50 % oxalic acid, 75 % phosphoric
acid — 25 % oxalic acid and 100 % phosphoric acid. For all experimental studies, pH
was adjusted after reflux process. Sodium Hydroxide (NaOH) and Trisodium
Phosphate Dodecahydrate (TSF) were chosen for pH adjustment.

3.4.2 Different catalyst types and catalyst ratio without pH adjustment

The desired F/P mol ratio was 0.76. 937.11 g Phenol (9.1 mol) and 0.008 mol
oxalic acid was place in 2000 ml Four-neck heavy wall round-bottom flask. 569.63 ¢
formalin 36.5 % (6.9 mol) was added dropwise to the round-bottom flask for 90

minutes. The mixture was stirred and refluxed for 120 minutes. A novolac resin was
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obtained, in which two layers were formed. When after refluxing the pH was dropped
to between 1 and 2, experimental studies was continued without pH adjustment.

Distillation steps was continued as specified in 4.2.1.

3.4.3 Additive effect on thermal stability of phenolic novolac resins

The novolac resin obtained in the above-mentioned step was physically mixed
with additives containing different flame retardants. Phosphorus-containing flame
retardants such as Mono Ammonium Phosphate and Trisodium Phosphate
Dodecahydrate and the other commercial flame retardants such as Zinc Borate,
Magnesium Hydroxide was used in this experimental studies. In this experimental
study, 5 %, 10 % and 15 % by mass of flame retardant materials were added to the

phenolic resin.
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4 RESULTS

In section 3.4.1 and section 3.4.2, different catalyst types and catalyst ratio, with
and without pH adjustment, oxalic acid and instead of the oxalic acid catalyst, oxalic
acid and phosphoric acid was added to synthesis with different ratio. Novolac synthesis
was performed without changing the main mole ratio of the catalyst. In section 3.4.1,
additive effect on thermal stability of phenolic novolac resins, it was investigated how
the fire retardant property was affected by physically mixing phosphoric additives and

commonly used fire retardant agents with novolac resin.

4.1 Different Catalyst Types with pH Adjustment Phenolic Novolac Resin
Synthesis

Oxalic acid and Phosphoric acid was selected catalyst for phenolic novolac
synthesis. Novolac resin synthesis was started with using oxalic acid catalyzed resin
production as a Reference 1. In the continuation of the study, phosphoric acid was used
as a catalyst for the synthesis of novolac resin. Experimental studies were continued by
changing the catalyst type without changing the mole ratio of the catalyst. The catalyst
mole ratio was started with 100 % oxalic acid (Reference 1) and was continued as 25
% phosphoric acid — 75 % oxalic acid (Experiment 1), 50 % phosphoric acid — 50 %
oxalic acid (Experiment 2), 75 % phosphoric acid — 25 % oxalic acid (Experiment 3)
and 100 % phosphoric acid (Experiment 4). Sodium Hydroxide (NaOH) and Trisodium
Phosphate Dodecahydrate (TSF) were chosen for pH adjustment. Table 4.1 shows the

catalyst types and catalyst ratio with pH adjustment for synthesis of novolac resin.
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Table 4.1 Different catalyst types and catalyst ratio with pH adjustment

Ref. 1 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
100 % 75 % 50 % 25 %
Oxalic Oxalic Oxalic Oxalic -
Catalyst
. Acid Acid Acid Acid
Ratio and
25 % 50 % 5% 100 % 100 %
Types
- Phosphoric | Phosphoric | Phosphoric | Phosphoric | Phosphoric
Acid Acid Acid Acid Acid
pH . :
. Sodium Hydroxide TSF
Adjustment

The reflux process, it has been measured that the pH drops approximately 1 — 2.
Then NaOH and TSF were added to adjust the pH between 4.5 and 5.5. Table 4.2 shows
the results of weight loss, total weight loss and pH value after base addition. The

effectiveness of the catalysts provide chain growth of the polymer. Shorter flow

distance is showing that the better the polymerization results. When compare the flow

distance and melting point results Experiment 3 is the most appropriate polymerization

structure (Figure 4.1).

Table 4.2 Results of different catalyst types and catalyst ratio with pH adjustment

Reference 1 | Exp.1 | Exp.2 | Exp.3 | Exp.4 | Exp.5

pH, After Reflux 1.60 120 | 1.65 | 1.09 | 1.00 | 1.50
pH, After addition of base 4.61 460 | 450 | 478 | 510 | 5.00
Weight Loss, %
ot 632,72 °C 35.97 3422 | 41.36 | 33.29 | 32.98 | 34.96
Total Weight Loss, %

. 41.96 39.98 | 43.87 | 39.49 | 39.32 | 4091
at 750 °C

*Reference 1 loss on ignition peak temperature
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Figure 4.1 Graph of flow distance (a) and melting point (b) in different catalyst types with pH adj.

The char formation of the phenolic resin forms an organic-inorganic hybrid
barrier layer. The hybrid barrier is in the solid phase in the char layer, providing
resistance to heat source. The smaller the total weight losses, the higher the coal layer
formation (Yang et all., 2012). TG analyzes are given below between Figure 4.2 and
Figure 4.7. The results of all the experimental studies was performed in section 4.1 are
given in Table 4.2. When the total weight losses were compared, it was determined that
the results of Experiment 3 and Experiment 4 were better than Reference 1 (Table 4.2).
However, when the flow distance and melting point results were evaluated, it was
determined that Experiment 3 was the best result. In the same molar ratio, it was
determined that the use of 50 % phosphoric acid together with 50 % oxalic acid gave
better results as a fire retardant than 100 % oxalic acid used. In all 3.1 section

production times were approximately 24 hours.
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Figure 4.7 Exp. 5 Phosphoric acid catalyst, catalyst ratio 100 %, pH adj. with TSF




27

4.2  Different Catalyst Types without pH Adjustment Phenolic Novolac
Resin Synthesis

All experimental were repeated as mentioned in section 3.4.1. The catalyst mole
ratio starts with 100 % oxalic acid (Reference 2) and continues as 25 % phosphoric
acid — 75 % oxalic acid (Experiment 6), 50 % phosphoric acid — 50 % oxalic acid
(Experiment 7), 75 % phosphoric acid — 25 % oxalic acid (Experiment 8) and 100 %
phosphoric acid (Experiment 9). However after reflux process was continued without
pH adjustment in this Experimental studies. The pH adjustment was removed to see
the phosphoric acid catalyst effect without neutralization. Table 4.3 shows the catalyst

types and catalyst ratio without pH adjustment for synthesis of novolac resin.

Table 4.3 Different catalyst types and catalyst ratio without pH adjustment

Reference 2 EXxp. 6 Exp. 7 Exp. 8 Exp. 9
100 % 5% 50 % 25 % _
Catalyst Oxalic Acid | Oxalic Acid | Oxalic Acid | Oxalic Acid
Ratio and
Type 25% 50 % 75 % 100 %
— Phosphoric | Phosphoric | Phosphoric | Phosphoric
Acid Acid Acid Acid

pH

Adjustment
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Reference 1 and reference 2 were compared and the results of this two references
were observed to be close to each other. All studies in section 4.2 without pH
adjustment has been shown to give better results than section 4.1 with pH adjustment.
These results has been shown that there was no needed for pH adjustment in this
experimental studies. Removal of pH adjustment from the process was provided both
time and financial convenience. All studies in section 4.2 production times were
performed approximately 16 hours. For all this reasons, reference 2 has more
improvable features. Improvement studies of Reference 2, we were seen that
Experiment 7 was given the best results such as low flow distance, high melting point
and low weight loss and highest ignition temperature peak result. TG analyzes were
given below between Figure 4.9 and Figure 4.13. The results of all the experimental
studies was performed in section 4.2 are given in Table 4.4.

Table 4.4 Results of different catalyst types and catalyst ratio without pH arrangements

Reference 2 | EXxp. 6 Exp 7 Exp 8 Exp 9

pH, After Reflux 1.63 1.13 1.15 1.18 1.40
Weight Loss, %

33.90 32.68 31.66 32.28 33.39
at 630.65 °C*
Total Weight Loss, %

40.59 39.28 37.65 38.45 39.59

at 750 °C

*Reference 2 loss on ignition peak temperature

a Flow Distance, mm b B Melting Point, °C
46 86
40 39 85
I } i
Vv © A\ % 9 Vv © A o 9
< . < .
&é\b Q/‘*VQ Q;%Q stz Qj\g &é\c’ @‘%Q Qj‘& @‘\"Q @‘\*Q
53 &
A <

Figure 4.8 Graph of flow distance (a) and melting point (b) in different catalyst types without pH adj.
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4.3 Additive Effect on Thermal Stability of Phenolic Novolac Resins

This experimental section covers the results of phosphate-containing flame
retardant compounds and the most popular commercial flame retardants physically
mixed with novolac. Flame retardant was added by different weight ratio. Mono
Ammonium Phosphate (MAP), Trisodium Phosphate Dodecahydrate (TSF) were used
as phosphate containing flame retardants. Apart from these, different inorganic flame
retardants such as Zinc Borate (B20sZn3z), Magnesium Hydroxide Mg(OH)2 were used.
These flame retardants were tested by adding 5 %, 10 % and 15 % by mass to the

phenolic resin. Table 4.5 shows the summary of the in this experimental studies.

Table 4.5 Types of additives and percentage of additive amount

Exp. 10 Exp. 11 Exp. 12
5% 10 % 15 %
MAP MAP MAP
Exp. 13 Exp. 14 Exp. 15
5% 10 % 15 %
Type and
TSF TSF TSF
Percentage of
Additive Amount Exp. 16 Exp. 17 Exp. 18
5% 10 % 15 %
Zinc Borate Zinc Borate Zinc Borate
Exp. 19 Exp. 20 Exp. 21
5% 10 % 15 %
Mg(OH)z2 Mg(OH)2 Mg(OH).




Table 4.6 Results of 5 % additive effect on thermal stability
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Exp.10 | Exp 13 | Exp. 16 | Exp. 19
Flow Distance, mm 54 55 58 58
Melting Point, °C 79 79 76 75
Total Weight Loss, %
42.36 43.87 42.39 61.21
750 °C
Table 4.7 Results of 10 % additive effect on thermal stability
Exp.11 | Exp.14 | Exp.17 | Exp 20
Flow Distance, mm 43 44 48 48
Melting Point, °C 79 81 7 77
Total Weight Loss, %
41.84 42.39 42.12 53.95
750 °C
Table 4.8 Results of 15 % additive effect on thermal stability
Exp.12 | Exp.15 | Exp.18 | Exp.21
Flow Distance, mm 30 32 43 41
Melting Point, °C 83 83 79 79
Total Weight Loss, %
40.85 40.64 38.63 52.43

750 °C
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a Flow Distance, mm b Flow Distance, mm
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Figure 4.14 Flow distance on 5 % (a), 10 % (b), 15 % (c) additive effect on thermal stability

The results of all the experimental studies was performed in section 4.3 are
given in Table 4.6, Table 4.7 and Table 4.8, respectively. Table 4.6, Table 4.7 and
Table 4.8 were shown the analysis results of novolac resins with flame retardant added
ratio 5 %, 10 % and 15 % by mass, respectively. The flow distance analysis results of
four different additives used in different weight ratios were given in the graphics above
(Figure 4.14). The melting point increased as the amount of addition increased. All
selected chemicals were used to increase the flame retardant property of novolac resin.
The additives were physically mixed with the novolac resin but were not included in
the polymerization. It has been measured that additive effect provide the shorter flow
distance of the compared to the pure novolac resin. Because additives act as impurities

in the novolac resin.
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Figure 4.15 Melting point on 5 % (a), 10 % (b), 15 % (c) additive effect on thermal stability

The melting point analysis results of four different additives used in different
weight ratios were given in the graphics above (Figure 4.15). As the amount of addition
was increased, the melting point was increased. Considering the effect of different
flame retardant additives on the melting point temperature, it was determined that used
15 % weight ratio of Mono Ammonium Phosphate additive was given the highest
result. TG analyzes were given below between Figure 3.16 and Figure 3.27. All results
were compared in section 4.3. Experiment 12 was performed the best result with low

flow distance, high melting point and low weight loss and highest ignition temperature.
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5 CONCLUSION

In this thesis, it was investigated increasing the flame retardant properties of
novolac resins with phosphate additives. There were three types of processes in this
experimental study. The first two experimental studies were the synthesis of novolac
resin with acid catalysts. Oxalic acid and instead of the oxalic acid catalyst, as oxalic
acid and phosphoric acid were changed the catalyst type and ratio without changing the
mole ratio of the catalyst. The studies were continued in this order. Firstly, the acidic
medium formed as a result of the condensation reaction was neutralized by adjusting
the pH with bases. The second study was continued without pH adjustment. In the third
study, it was investigated how the fire retardant property was affected by physically
mixing phosphoric additives and commonly used fire retardant agents with novolac
resin. During these studies, determination flow distance analysis in accordance with
ISO 8619 standard, determination phosphate amount with X-Ray Fluorescence
Spectrometer (XRF), determination melting point analysis with an accordance with
ISO 3146 standard methods were used.

The effectiveness of the catalysts provide chain growth of the polymer. Short
flow distance is showing that the better the polymerization results. Char formation of
phenolic resin create organic-inorganic hybrid barrier layer is formed. Hybrid barrier,
char layer is solid phase, provide against the heat source. Lower total weight losses, the
higher the char layer formation. When compared in different catalyst types with pH
adjustment phenolic novolac resin synthesis section, the flow distance which has
appropriate polymer structure, highest melting point temperature and the weight loss
obtained as a result of TG analysis was investigated that the best result was Experiment
3. Melting point is 78 °C, flow distance is 45 mm and total weight loss is 39.49 % are
determined at Experiment 3.

In without pH adjustment phenolic novolac resin synthesis section, Experiment
7 was given the best results. The melting point was determined as 86 °C. The flow
distance was determined as 25 mm and total weight loss was determined as 37.65 % at
Experiment 7. The production time of Experiment 7 was determined as 16 hours.



43

Considering the effect of different additives on the melting point temperature
section, it was determined that used Experiment 12 which is 15 % weight ratio of Mono
Ammonium Phosphate additives gave the highest result on the melting point and lowest
loss on ignition. The melting point was determined as 83 °C. The flow distance was
determined as 30 mm and total weight loss was determined as 40.85 % at Experiment
12. The production time of Experiment 12 was determined to be approximately 30
hours.

The best results of the experimental studies carried out in 3 different processes
were compared. It was determined that Experiment 7 had more developable features,
shorter production time and better experimental results compared to Reference 1,

Reference 2, Experiment 3 and Experiment 12.
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