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Abstract 

 

This study introduces the strategies to further improve the flame retardancy 

of previously reported phosphorus-containing flame retardants. Firstly, a 

novel phosphorus/nitrogen-containing flame retardant (PNFR) was designed 

to maximize the flame retardancy via synergistic effect of phosphorus and 

nitrogen. The PNFR was successfully synthesized and incorporated into 

polyketone which is one of engineering plastics. The neat polyketone 

showed the limiting oxygen index (LOI) value of 20.2% and no rating in 

vertical burning test, meaning that the neat polyketone has highly flammable 

property. In contrast, as introducing 7 wt% PNFR into polyketone, it 

exhibited the increased LOI value up to 25.9% and VTM-0 rating in vertical 

burning test, which indicates that PNFR could induce flame retardancy into 

polyketone. Here, it was revealed that the release of an inert gas as well as 

the effective char-forming ability of PNFR, resulting from the synergistic 

effect of phosphorus and nitrogen, significantly improve the flame 

retardancy of polyketone. 

 Secondly, it was found that the crosslinked network can enhance the flame 

retardancy of phosphorus-containing flame retardant. A self-polymerizable 
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phosphonate, bis(cardanyl) phenylphosphonate (CP), was synthesized and 

incorporated into poly(vinyl chloride) (PVC) as polymer matrix. Herein, the 

flame retardancy and flexibility of PVC improved with an increase in the CP 

content (wt%) due to the presence of the phosphonate group and long alkyl 

chain of CP, respectively. In addition, CP can be self-polymerized by heat 

treatment and that the crosslinked network of CP leads to an additional 

enhancement in flame retardancy of PVC by inducing anti-dripping property 

and the formation of graphitized char layer. CP with self-polymerization 

properties is a promising candidate to improve the thermal stability, flame 

retardancy, and flexibility of PVC while maintaining its transparency and 

migration stability. 

 Finally, among two-dimensional layered inorganic materials, boron nitride 

(BN) has fascinating features such as electrical insulation and outstanding 

chemical and thermal stability, suggesting that BN can be a promising filler 

for high-performance nanocomposites. However, a severe aggregation of 

BN due to its low functionalization efficiency has limited the further 

applications. Herein, to improve the dispersion of BN within polymer 

nanocomposites, a facile functionalization method of BN was proposed. A 

boron nitride with functional groups (f-BN), which was obtained by the 

calcination of melamine-boric acid complex, was further functionalized 
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using L-lactic acid; L-BN. Observations revealed that L-lactic acid was 

grafted onto f-BN via two main functionalization routes by heat treatment. 

Herein, to investigate the effect of the functionalization degree of L-BN on 

flame retardancy, it was introduced into poly(lactic acid), PLA. L-BN-25 

formed a hydrogen bond with PLA, thereby improving flame retardancy. On 

the other hand, since L-BN-90 has a functionalization degree of 26%, the 

amount of carbon and oxygen is relatively increased, resulting in the 

reduction of the flame retardancy. However, f-BN and L-BN enhanced the 

flame retardancy of PLA with a small content due to improved dispersion 

state compared to commercially available BN. Since the functionalization 

degree of L-BN could be adjusted depending on the heating conditions, it is 

an effective strategy that would be applied to various further applications. 

 

 

Keywords: Phosphorus-containing flame retardant, phosphorus/nitrogen-

containing flame retardant, polyketone, poly(vinyl chloride), flame 

retardancy, boron nitride, surface functionalization 
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Chapter 1 

Introduction 
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1.1. Flame retardant 

 

In recent years, as the application of polymers has been expanded to 

various fields such as electronics, construction and aerospace, the research 

to improve the intrinsic combustible properties of polymers, which is one of 

the causes of limiting these applications, has been attracting considerable 

attention [1, 2]. The effective strategy to impart flame retardancy is to 

introduce flame retardant elements (e.g., halogen, phosphorus, nitrogen, and 

inorganic materials) into the polymers [3, 4]. The introduction methods of 

flame retardants can be classified into reactive-type and additive-type 

method [5]. Reactive-type method is to form the chemical bond between 

polymer matrix and flame retardants [6]. While this method does not leach 

out small molecules [7], it is uneconomical due to the complex process of 

designing new system for each polymer matrix. On the contrary, since 

additive-type method is to physically add flame retardant into polymer 

matrix [5], this method is simple and economical process compared to 

reactive-type method. However, it has disadvantages such as poor 

compatibility and leaching out, resulting in the deterioration of mechanical 

properties of polymer matrix [8, 9]. 
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1.2. Non-halogen-based flame retardant 

 

 Among the flame retardants, halogen-based flame retardants were widely 

used in various industrial fields owing to excellent flame retardancy. 

However, since they generate the harmful substances to the environment and 

human during combustion process, their use has been recently regulated all 

over the world [10]. Therefore, the many studies on the non-halogen-based 

flame retardants have been conducted. 

Inorganic flame retardant, one of the representative non-halogen-based 

flame retardants, shows the superior thermal stability and flame retardancy 

[11]. In particular, inorganic flame retardant is known to impart flame 

retardancy by forming a metal oxide layer on the surface of polymer matrix 

during combustion process [12, 13]. However, in order to induce flame 

retardancy, a considerable amount of flame retardant should be added into 

polymer matrix. In addition, it has a disadvantage of poor compatibility with 

polymer matrix [14]. Therefore, it is imperative to develop a novel flame 

retardant capable of imparting effective flame retardancy with a relatively 

small amount. 

 Accordingly, the research on organic phosphorus-containing flame 
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retardant as other representative non-halogen-based flame retardant has been 

attracted attention. Organic phosphorus-containing flame retardant has 

advantages such as low toxicity, high flame retardancy efficiency, and good 

compatibility with polymer matrix [15]. The flame retardant mechanism of 

phosphorus-containing flame retardant includes the gas phase and 

condensed phase mechanism [16]. In gas phase, the active radicals such as 

PO· and PO2· which are generated by decomposition of phosphorus-

containing flame retardant during combustion process scavenge the 

hydroxyl or hydrogen radicals which are required for combustion [17]. On 

the other hand, in condensed phase, polyphosphoric acid which is produced 

from decomposition of phosphorus-containing flame retardant can catalyze 

the carbonization and form the barrier on polymer surface [15]. This barrier 

prevents the spread of fire by inhibiting the heat or mass transfer from/to 

polymer matrix. Therefore, organic phosphorus-containing flame retardant 

can impart a flame retardant effect with a relatively small amount compared 

to the inorganic flame retardant via these two flame retardant mechanisms. 
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1.3. Motivation 

 

 In previous research, a phosphorus-containing flame retardant was 

developed for poly(lactic acid) (PLA) [18]. When the phosphorus-

containing flame retardant was introduced into PLA, the increase of limiting 

oxygen index (LOI) value in LOI test and the achievement of VTM-0 in 

vertical burning test were observed, indicating that the phosphorus-

containing flame retardant could enhance the flame retardancy of PLA. 

However, when this phosphorus-containing flame retardant was applied to 

other polymer matrices (e.g., polyurethane, polyketone), no noticeable flame 

retardancy was observed. Thus, it was believed that when phosphorus 

element is used alone, it is insufficient to maximize the flame retardant 

effect. 

 Therefore, this study introduces strategies for maximizing the flame 

retardant effect of phosphorus-containing flame retardants. First, a 

phosphorus/nitrogen-containing flame retardant was designed and 

synthesized to induce the synergistic effect of phosphorus and nitrogen. 

Secondly, to confirm the effect of crosslinked network on flame retardancy, 

a phosphorus-containing flame retardant with unsaturated alkyl chain was 
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developed. Finally, boron nitride which is widely used as filler of polymer 

nanocomposites was synthesized and surface functionalized. 
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Chapter 2 

 

Preparation of a novel phosphorus-

nitrogen flame retardant and its effects on 

the flame retardancy and physical 

properties of polyketone 



 １１ 

2.1. Introduction 

 

 Nowadays, high-performance engineering plastics that present good 

thermal resistance, chemical resistance, and mechanical properties are using 

in various industries [1, 2]. An aliphatic polyketone (PK) has been attracting 

considerable interest as polymer that can compete with these engineering 

plastics [3, 4]. The aliphatic PK is prepared via the polymerization of carbon 

monoxide and olefins in perfectly alternating sequence using palladium 

catalyst [5-9]. In addition, aliphatic PK is a semicrystalline thermoplastic 

that exhibits superior mechanical properties, barrier properties, and high 

temperature and chemical resistance. Due to these characteristics, aliphatic 

PK can be used for various applications, such as barrier packaging, 

engineering, and as fiber [10-12]. However, despite its high thermal stability, 

the combustibility of aliphatic PK restricts its applications. While several 

reports on the structural and mechanical properties of PK have been 

published [13-17], studies on flame retardancy are lacking. 

 Flame retardants are materials that impart flame retardancy to combustible 

polymers and can be classified into additive and reactive types according to 

the application method to the polymer matrix [18, 19]. Reactive type flame 
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retardants are introduced via chemical reactions with the polymer, which 

indicates that while the possibility of the flame retardant to affect the 

intrinsic physical properties of the polymer is low [20], the application 

process to the polymer is challenging. On the other hand, since the 

introduction of additive type flame retardants is performed via physical 

processes, they can present a broad range of applications. Considering the 

low chemical reactivity of PK, it was considered that additive types of flame 

retardants could be applicable to it. 

Additive type flame retardants, such as halogen [21], phosphorus [22], and 

inorganic compounds [23], have been used to impart flame-retarding ability 

to various polymers. Among them, halogen flame retardants have been 

widely used in various industries owing to their excellent flame retardancy. 

However, recently, specific brominated-flame retardants have become 

regulated because they are known to be harmful to human health and the 

environment [24-27]. Therefore, many researchers have reported that 

phosphorus-nitrogen intumescent flame retardants could be alternatives for 

brominated-flame retardants [28-30]. Shuangyue et al. investigated the 

synergism of phosphorus- and nitrogen-containing flame retardants for the 

flame retardancy of polyoxymethylene (POM) [31]. By comparison with 

that of neat POM, the limiting oxygen index (LOI) of POM that contained 
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24 wt% phosphorus and 8 wt% nitrogen flame retardants was increased 

from 15.5 to 28.6%. Organic phosphorus flame retardants suppress 

combustion via radical trapping and formation of phosphorus-rich char, 

while nitrogen flame retardants can release inert gases during combustion. 

Therefore, phosphorus- and nitrogen-containing flame retardants are 

expected to confer polymers outstanding flame-retarding ability via the 

synergistic effect of phosphorus and nitrogen. However, according to many 

reports, large amounts of phosphorus-nitrogen flame retardants (PNFR) 

would be required to confer high flame retardancy to polymers. 

Consequently, this could deteriorate the intrinsic mechanical properties of 

polymers due to the poor compatibility between flame retardants and 

polymers [32]. Bin et al. synthesized triazine as char-forming agent (CFA) 

for polypropylene (PP) [33] and reported that the V-0 rating and 30.2% LOI 

value were achieved at the CFA loading of 18 wt%. However, despite its 

superior flame retardancy, the mechanical properties of the CFA-PP system 

gradually decreased as the CFA amount increased. Chao and Zhanhu et al. 

prepared a phosphorus-nitrogen intumescent flame retardant, 2,2-diethyl-

1,3-propanediol phosphoryl melamine (DPPM), to impart flame retardancy 

to rigid polyurethane foam [34]. While the LOI value of 29.5% and V-0 

rating were achieved at the DPPM loading of 25 php, the compressive 
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strength of the DPPM-RPUF system decreased by 25.0% compared with 

that of neat RPUF. Therefore, we designed and prepared a new PNFR, 

which could confer excellent flame-retarding ability to PK when added to it 

in small amounts. 

 The flame-retarding abilities of the neat and flame-retarding PKs, which 

were fabricated via solution casting, were evaluated using thin material 

vertical burning tests (UL 94 VTM) and their LOIs. Then, the morphologies 

of the residual chars were analyzed using scanning electron microscopy 

(SEM). The thermal degradation behavior and thermal stability of the 

samples were investigated using thermogravimetric analysis (TGA). The 

flame-retarding mechanisms of PNFR and the PK-PNFR systems were 

evaluated using TGA combined with Fourier-transform infrared (FTIR) 

spectroscopy (TGA-FTIR). The crystallinity of the PK-PNFR systems 

depended on the PNFR content and was analyzed using differential scanning 

calorimetry (DSC) and X-ray diffraction (XRD) experiments. 

 



 １５ 

2.2. Experimental 

 

Materials 

 

The PK (intrinsic viscosity ~1.42 dL g-1) used in this study was a 

terpolymer comprising ethylene, propylene, and carbon monoxide (4 mol% 

ethylene was replaced by propylene) and was supplied by the Hyosung 

Corporation. Phenylphosphonic dichloride (PPDC), 4-aminophenol, and m-

cresol were purchased from Sigma-Aldrich. Allyl alcohol and triethylamine 

were obtained from the Samchun Chemical Corporation. Tetrahydrofuran 

(THF) and ethyl acetate (EA) were purchased from Daejung Chemicals and 

Metals Corporation and were used without purification. 

 

Synthesis of PNFR 

 

 The synthesis of PNFR is illustrated in Figure 2.1a. First, 4-aminophenol 

(0.0846 mol) and triethylamine (TEA) (0.2115 mol) were dissolved in THF 

(200 mL) in a round-bottom flask. Then, PPDC (0.0705 mol) was slowly 

dropwise added to the flask under reflux. Afterward, allyl alcohol (0.0846 
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mol) was immediately added to the flask. Then, the mixture continued to 

react under reflux for 24 h. When the reaction was completed, all the TEA 

salt was removed by filtering. The resulting mixture was then extracted with 

EA and deionized water, and the organic solution obtained after extraction 

was dried in vacuum. A dark brown viscous product was obtained, and the 

yield was ~78%. 

 

Preparation of neat and flame-retarding PKs 

 

 Samples of neat and flame-retarding PKs were prepared using the solution 

casting method because PNFR has lower thermal stability than PK (Figure 

2.1b). First, 12 g PK was dissolved in 80 g m-cresol. Then, different 

amounts of PNFR were added to the PK solution to generate PK-PNFR 

systems containing 3, 5, and 7 wt% PNFR (Table 2.1). After the solutions 

had been mixed, they were poured into Teflon molds and were dried at 

~100 °C overnight. All samples were subsequently placed in a vacuum oven 

and were heated at 200 °C overnight. The PK-PNFR samples containing 0, 3, 

5, and 7 wt% PNFR were denoted PK-0, PK-3, PK-5, and PK-7, 

respectively. 
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Characterization 

 

All 1H NMR tests were performed on a Bruker 400 MHz spectrometer at 

room temperature in chloroform-d. The FTIR spectra were recorded on a 

Bruker Alpha-Platinum attenuated total reflectance (ATR)-FTIR 

spectrometer over the range of 4,000-450 cm-1. Flame retardancy was 

confirmed by conducting thin material vertical burning tests (UL 94 VTM), 

and the test results were interpreted according to the ASTM D 4804 

standard using samples having dimensions 125 mm × 50 mm × 0.6 mm. In 

addition, the LOIs of samples were measured using a FT-LOI-404 

(FESTEC) tester according to the ASTM D2863 standard. All samples were 

120 mm × 15 mm × 0.6 mm, as well. The TGA experiments were performed 

from room temperature to 800 °C at the heating rate of 10 °C min-1 under 

nitrogen or air atmosphere using a TGA 4000 (Perkin Elmer) instrument. 

The flame-retarding mechanism was evaluated using the TGA and FTIR 

results. After elevating the temperature to the required temperature during 

TGA in air, the chemical structures of the samples were analyzed using 

FTIR. The morphology of the residual char was recorded using a field 

emission (FE)-SEM JSM-7610F Plus (JEOL) utilizing platinum-coated 
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samples. In addition, the phosphorus contents of the char surfaces were 

investigated using SEM-energy dispersive X-ray spectroscopy (SEM-EDS). 

All DSC experiments were carried out in nitrogen atmosphere using a 

Discovery DSC 25 (TA Instruments-Waters LLC) calorimeter. The samples 

were heated from -20 °C to 250 °C at the rate of 10 °C min-1 and were held 

at 250 °C for 3 min to remove their thermal history. The samples were then 

cooled to -20 °C at the rate of 10 °C min-1. This process was repeated twice 

for the same temperature range and at the same rates. The XRD patterns 

were measured using a Rigaku Mode 1 SmartLab apparatus utilizing Cu Kα 

radiation at 40 kV and 30 mA at room temperature. 
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2.3. Results and discussion 

 

Chemical structure of PNFR 

 

 The structural information of the PNFR was recorded using 1H NMR (in 

CDCl3), and the results are illustrated in Figure 2.2. Specific peaks at δ = 4.6, 

5.2-5.3, 6.5-6.8, and 7.5-7.8 ppm can be observed in the spectrum. The 

absorption peaks located at 7.5-7.8 ppm were attributed to the protons of the 

phenyl group of the PNFR, which originated from PPDC. The peaks at 6.5-

6.8 ppm were assigned to the protons of the aromatic group of the PNFR, 

which originated from 4-aminophenol. In addition, the other peaks at 4.6 

and 5.2-5.3 ppm were attributed to the chemical shifts of the -CH2-O- and 

=CH2 groups, respectively, which indicated that the PNFR was successfully 

synthesized. Comparing the integral regions of the proton of the aromatic 

(6.5-6.8 ppm) groups with that of the -CH2-O- (4.6 ppm) groups, the 

number of repeating units in the PNFR obtained from the reaction between 

PPDC and 4-aminophenol was two. 
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Thermal degradation behavior of PNFR 

 

The TGA curves of the PNFR in nitrogen and air atmosphere are illustrated 

in Figure 2.3. In air, the initial degradation of the PNFR (5 wt% loss) started 

at 300 °C. Then, sharp decomposition occurred from 300 to 450 °C, which 

suggested that flame-retarding effect could be imparted to polymers in this 

temperature region. When phosphorus-containing flame retardants generally 

decomposed at 300-450 °C, they form phosphorus-rich barriers on polymer 

surfaces and can prevent the heat and mass transfer from the polymer 

surface [35]. Above 600 °C in air, the additional decomposition of the PNFR 

via the subsequent oxidation of residual char occurred, owing to the 

presence of oxygen. The decomposition behavior of PNFR in nitrogen 

atmosphere was different from that in air. In nitrogen atmosphere, rapid 

degradation occurred at 300-450 °C after the initial decomposition at 293 °C, 

which was similar to the process observed in air. However, the percentage of 

residual char at 600 °C was 32 wt%, which was much lower than that 

obtained in air, 52.8%. Unlike the TGA experiment in air, no further 

degradation of the PNFR was observed at higher temperature in nitrogen 

atmosphere. As indicated by these results, the char formation by the 
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decomposition of the phosphorus-containing group of the PNFR should be 

catalyzed by the oxygen in air. 

 The thermal degradation behavior of PNFR was further confirmed using 

FTIR analyses. Using the thermal degradation stages of the PNFR during 

the TGA investigation, FTIR experiments were performed in the 

temperature range from room temperature to 500 °C, in air, as depicted in 

Figure 2.4. The decrease in the characteristic peak intensities at 

approximately 935 cm-1 (P-N-C stretching) and 1,020 cm-1 (P-O-C 

stretching) were observed above 300 °C. This suggested that the PNFR 

began to decompose at that temperature [36]. Also, the peak at 1,045 cm-1, 

which corresponded to the stretching vibration of P-N-C completely 

disappeared above 375 °C. On the other hand, a new band at 982 cm-1 could 

be observed as the temperature reached 400 °C and beyond. Considering 

that this band could be assigned to the P-O-P stretching vibration, 

phosphorus oxides, such as P2O5, P4O10 appeared to be generated during the 

thermal decomposition of the PNFR [37]. 

 The flame-retarding mechanism of PNFRs is generally divided into gas- 

and condensed-phases. During the condensed-phase [24, 38-40], the thermal 

degradation of the flame retardant induces the generation of phosphoric acid, 

which promotes dehydration and liberates water during pyrolysis. Protective 
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char is then formed on the polymer surface during the decomposition of the 

flame retardant. This char could prevent the heat and mass transfer and 

further combustion. On the other hand, during the gas-phase, the active 

radicals (PO·, PO2·, and HPO·) generated by the decomposition of the flame 

retardant act as scavengers of hydrogen and hydroxyl radicals, which are 

required for combustion. In addition, gases, including H2O and CO2, could 

be generated during the gas-phase. Inert gases, such as N2, could also be 

produced by the decomposition of nitrogen compounds. These generated 

gases could lead to the reduction in the O2 concentration around the polymer. 

 After the combustion of the PNFR at 500 °C, expandable residual char was 

obtained, as illustrated in the inset of Figure 2.5a. The generation of volatile 

material, such as inert gas, from the nitrogen groups of the PNFR was 

thought to induce this bubble-shaped residual char during the combustion 

process. In addition, traces of many dense and coherent bubbles were 

observed in the SEM image of the char surface, which indicated that volatile 

gases were released during combustion (Figure 2.5a). As illustrated in the 

SEM-EDS spectrum, phosphorus-rich char surface was formed after 

combustion. While the phosphorus content of the PNFR calculated based on 

its chemical structure was 12.55 wt%, the phosphorus content of the char 

surface at 500 °C obtained from the SEM-EDS spectrum was 13.38 wt% 
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(Figure 2.5b). Therefore, this could indicate that the PNFR contributed to 

the condensed flame retardant mechanism of phosphorus, which formed 

phosphorus-rich char on the surface of the polymer as well as the gas flame 

retardant mechanism of nitrogen, which produced inert gases during 

decomposition. This synergistic effect of phosphorus and nitrogen in the 

PNFR should enhance the flame retarding ability of the PNFR. 

 

Thermal degradation behaviors of neat and flame-retarding 

PKs 

 

TGA was used to evaluate the thermal stability and degradation processes 

of neat and flame-retarding PKs. The TGA curves in nitrogen and air 

atmosphere are illustrated in Figure 2.6. All decomposition temperatures 

obtained from the TGA experiments are summarized in Table 2.2. Here the 

temperature at 5% weight loss is taken as the initial decomposition 

temperature. In nitrogen atmosphere, PK-0 was decomposed in one step, 

and Tinitial and Tmax were 386 and 416 °C, respectively. The decrease in the 

initial decomposition temperature for the flame-retarding PKs was 

compared with that of PK-0. The Tinitial of PK-7 decreased to 289 °C 
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compared with that of PK-3, which was 298 °C. These results were due to 

the low thermal stability of the phosphorus compound, as mentioned above 

[41-43]. Meanwhile, two characteristic decomposition stages were observed 

for all flame-retarding PKs at 250-350 °C and 350-500 °C. The first 

decomposition temperature (Tmax1) was attributed to the phosphorus-

containing groups, which decomposed at relatively low temperature, as 

already discussed when we analyzed the TGA results of the PNFR [44]. 

During the second decomposition stage (Tmax2), the main degradation 

occurred. Although Tmax2 of PK-7 was lower than that of PK-0, PK-7 

generated a considerable amount of residual char compared to that of PK-0. 

This indicated that the decomposed phosphorus-containing groups could 

form a protective char layer on the surface of PK. 

 In air, an additional thermal oxidative decomposition process occurred 

above 500 °C. For example, PK-0 presented a two-step decomposition 

process, while the flame-retarding PKs exhibited three-step decomposition 

processes. These results were similar with the TGA results of the PNFR 

which were caused by the presence of oxygen in air. As illustrated in Table 

2.2, the third decomposition temperature (Tmax3) values of the PK samples 

relatively increased with the addition of the PNFR, suggesting that the 

PNFR delayed the combustion process in air by acting as excellent barrier 
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on the PK surface. Therefore, the PNFR was expected to prevent the spread 

of a large fire in air atmosphere. 

 The experimental and calculated amounts of residual char, according to the 

temperature (700 and 800 °C) in nitrogen and air atmosphere are 

summarized in Table 2.3. The data in Figure 2.6 and Table 2.3 indicate that 

the amount of residual char of the flame-retarding PKs was considerable at 

high temperature. This implied that the PNFR generated stable char layers o 

the surfaces of the PK samples. The amount of residual char of the flame-

retarding PKs increased as the amount of PNFR increased. The theoretical 

amount of residual char for the flame-retarding PKs could be calculated 

using the amounts of residual char of PK-0 and PNFR obtained from the 

TGA experiments [45, 46]. The residual char amounts for the flame-

retarding PKs were obtained using the following Equation (1): 

(FR residue × FR ratio) + (PK residue × PK ratio) = calculated residual char 

of flame-retarding PKs                                        (1) 

 

Where FRresidue is the experimental PNFR residue, FRratio is the PNFR ratio 

of the flame-retarding PK, PKresidue is the experimental PK-0 residue, and 

PKratio is the PK ratio of the flame-retarding PK. The Equation was used at 

two temperatures: 700 ad 800 °C. 
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 The data in Table 2.3 indicate that the experimental char residue quantities 

of all flame-retarding PKs were larger than the calculated ones at both 

temperatures regardless of the atmosphere. For example, in nitrogen, the 

measured residual char of PK-5 was 43.0 and 41.8 wt% at 700 and 800 °C, 

respectively. These values were 150-170% higher than the theoretical values. 

The measured residual char of PK-5 in air was also 150 and 15% higher 

than the theoretical values at 700 and 800 °C, respectively. While PNFR 

itself exhibited high residual char yields, it was found that PNFR can induce 

the formation of a relatively larger amount of char when it is applied to PK. 

Considering that one of key factors for the efficiency of flame retardants is 

its degree of interaction with polymer matrix, the PNFR in these results 

shows higher flame-retardant efficiency for PK. Therefore, it could be 

considered that the PNFR could act as char-forming agent for PK via the 

superior condensed-phase flame-retardant mechanism of phosphorus. 

 

Flame retarding ability of neat and flame-retarding PKs 

 

Both UL 94 VTM and LOI test are commonly conducted to demonstrate 

the flammability of polymers [47, 48]. For UL 94 VTM testing, all samples 



 ２７ 

were evaluated according to the ASTM D 4804 standard. The UL 94 VTM 

rating, dripping behavior, and time to self-extinguishing after ignition results 

were summarized in Table 2.1, and indicated that the introduction of the 

PNFR into PK delayed and further inhibited the combustion of PK. PK-0 

was highly flammable and continued to burn up to the holding clamp. 

Moreover, PK-0 also exhibited heavy drips occurring ignition of cotton. 

Therefore, no rating was obtained for PK-0 during the vertical burning test. 

Similarly to PK-0, PK-3 was also not classified because it presented heavy 

drips and did not feature self-extinguishable properties. The self-

extinguishable properties of PK-5 were observed within 10 s after the first 

and second ignition. Furthermore, no drips were noticed. Consequently, PK-

5 achieved the VTM-0 rating. In addition, PK-7 was also completely self-

extinguishable. For the LOI tests, all samples were investigated according to 

the ASTM D 2863 standard. The LOI values increased as the amount of 

added PNFR increased. For example, while the LOI value of PK-0 was 

20.2%, that of PK-5 was increased to 23.8%. For PK-7, the LOI value was 

significantly increased to 25.9%. As indicated by these results, even 

relatively small amounts of PNFR imparted powerful flame-retarding ability 

to PK. 
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Morphology of residual char 

 

To further demonstrate their char-forming capacities, the residual char of 

the neat and flame-retarding PKs was obtained via combustion at 600 °C in 

a furnace in air. The morphology of the residue was recorded using SEM ad 

the results were illustrated in Figure 2.7. As presented in Figure 2.7a, the 

char layer of PK-0 was brittle, incompact, and presented many holes, which 

indicated that PK-0 was flammable. PK-3 also featured some holes and 

flaws which could allow the transfer of heat and mass. While inert gas 

bubble traces that were generated during the decomposition of PNFR were 

observed on the surface of the char layer, PK-3 was not perfectly flame-

retarding owing to brittleness of the char layer. This was consistent with the 

results of the UL 94 VTM test, where PK-3 did not receive any rating. 

Compact and dense char layers were observed for the PK-5 and PK-7 

samples, indicating that the flame-retardant effect occurred when the content 

of PNFR in the PNFR-PK systems exceeded 5 wt%. From these results, it 

was concluded that the PNFR formed stable char layers on the surface of PK 

during combustion. The formed char layer could inhibit heat and mass 

transfer, which suggested that could also prevent the spreading of fire. 
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Flame retarding mechanism of flame-retarding PKs 

 

The mechanism responsible for the PNFR imparting flame retardancy to 

PK was evaluated using TGA and FTIR. After elevating the temperature to 

the required temperature using TGA in air, the chemical structures of the 

samples were characterized using FTIR. The FTIR spectra of PK-0 and PK-

7 are illustrated in Figure 2.8. Distinct absorptions peaks were observed at 

1,690, 1,410, 1,333, 1,504, 804, and 600 cm-1 in the FTIR spectrum of PK-0. 

The band at 1,690 cm-1 was attributed to the C=O bond stretching vibration. 

The stretching, wagging, and rocking modes of CH2 were detected at 1,410, 

1,333, 1,054, 804, and 600 cm-1 [49]. Moreover, the relative intensities of 

the above-mentioned peaks decreased above 325 °C, which suggested that 

PK began to decompose. As illustrated in Figure 2.8a, PK-0 was completely 

decomposed above 400 °C. The characteristic peak at 1,282 cm-1 in the 

FTIR spectra of PK-7 (Figure 2.8b) was ascribed to the stretching vibration 

of the P=O bond. The bands at 929 and 778 cm-1 were attributed to the P-N-

C and P-O-C bond stretching vibrations, respectively. The distinct peaks 

decreased and disappeared above 275 °C, which indicated that the PNFR 

presented low thermal stability and began to decompose. New bands were 
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observed above 275 °C, and the band at 1,265 cm-1 was attributed to the 

poly-phosphonate structure. These results indicated that the PNFR in the 

PK-PNFR systems was initially decomposed and formed phosphorus-rich 

char. Above 350 °C, characteristic absorption peaks were observed at 866 

and 746 cm-1. The band at 746 cm-1 was ascribed to the poly-aromatic 

structure, and the peak at 866 cm-1 was attributed to the P-N structure, which 

implied that a P-N structure was incorporated in the char layer [50, 51]. 

 

Melting behaviors and crystallizations of neat and flame-

retarding PKs 

 

 To investigate the effects of the PNFR on the physical properties of PK, the 

melting behaviors of PK-0 and flame-retarding PKs were evaluated using 

DSC. The thermograms and DSC results are illustrated in Figure 2.9 and 

Table 2.4. Figure 2.9 depicts the second heating step. The crystallinity (Xc) 

values of the samples were calculated using the enthalpy of fusion (∆Hf) of 

100% crystalline PK, which was 227 J g-1 [52, 53]. The melting temperature 

(Tm) and ∆Hf of PK-0 were 207.2 °C and 48.0 J g-1, respectively. As PNFR 

was added to PK, the Tm and ∆Hf of the flame-retarding PKs decreased. The 
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decrease in Tm of the flame-retarding PKs with the addition of PNFR was 

attributed to PNFR acting as plasticizer in the PK matrix. The PNFR in the 

PK matrix could interfere with the intra- and/or inter-actions between the 

main chains of PK. Therefore, the degrees of intra- and/or inter-action 

between PK chains in the flame-retarding PKs system became relatively 

weak compared to that of PK-0. In addition, the decrease in Xc indicated 

that the PNFR could have destroyed the molecular arrangement of PK by 

disturbing the regular folding of the main chain of PK. 

 To further investigate the effect of the PNFR on the crystallization of PK, 

XRD analysis was conducted (Figure 2.10.) The PK-0 sample presented 

characteristic peaks at 2θ = 22°, 26°, and 31°, which correspond to the 

reflections of the (100), (200), and (210) planes, respectively [54]. The XRD 

pattern of PK-0 presented three planes, which suggested that PK was a 

crystalline polymer. As the PNFR contents of the PK-PNFR samples 

increased, however, the characteristic peaks became increasingly weak. For 

PK-7, the (100) and (210) planes were even more difficult to observe, which 

indicated that the PNFR disturbed the crystallization of the PK chains and 

acted as plasticizer [53, 54]. 
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2.4. Conclusion 

 

A novel PNFR was synthesized and incorporated into PK. Prior to analyzing 

the neat and flame-retarding PKs, the decomposition process of the PNFR 

was investigated using TGA and FTIR. Above 375 °C, the decomposition of 

the P-O-C and P-N-C bonds and the appearance of the P-O-P bond were 

observed, which indicated that PNFR generated phosphorus complexes, 

such as P2O5, P4O10, which catalyzed the formation of char. The required 

VTM-0 rating was obtained for the PK-7 sample because it was self-

extinguishable within 10 s after ignition and presented no drips. The LOI 

value also increased from 20.2% for PK-0 to 25.9% for PK-7. As the PNFR 

contents of the PK-PNFR samples increased, the decrease in the Tinitial 

values was observed. However, the amount of residual char was 

significantly improved. The measured amount of residual char was also 

larger than the theoretical amount in both nitrogen and air atmosphere. 

When the residual char was investigated using SEM, the results indicated 

that PNFR imparted flame retarding ability to PK via an excellent 

condensed-phase flame-retarding mechanism. While the residual char of the 

PK-PNFR samples containing less than 3 wt% PNFR presented many holes, 
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which allowed the heat and mass transfer to continue, that of the samples 

containing more than 5 wt% PNFR was compact and dense. From 

evaluating the melting behaviors of the samples, the decrease in the Tm, ∆Hf, 

and Xc values was observed after incorporating PNFR into PK. Using these 

results, it was concluded that PNFR could act as a flame retardant and 

plasticizer for PK even at relatively low contents. 
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Table 2.1. Composition and flame-retarding properties of neat polyketone 

(PK) and flame-retarding PKs featuring different phosphorus-nitrogen flame 

retardant (PNFR) contents 

 

Samples 
PK 

(wt%) 

PNFR 

(wt%) 
UL 94 rating 

After flame 

time (s) 

Ignition of 

cotton 

LOI 

(%) 

PK-0 100 - N.C. - Y 20.2 

PK-3 97 3 N.C. - Y 22.1 

PK-5 95 5 VTM-0 ≤10 (3s) N 23.8 

PK-7 93 7 VTM-0 ≤10 (3s) N 25.9 

Note: Here UL 94 VTM is the thin material vertical burning test and LOI is the limiting oxygen index. 

Abbreviation: N.C., not classified. 
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Table 2.2. Thermogravimetric analysis data of neat and flame-retarding 

polyketones (PKs) in nitrogen and air atmosphere; here, PK-0, PK-3, PK-5, 

and PK-7 represent PK-phosphorus-nitrogen flame retardant (PNFR) 

systems that contain 0, 3, 5, and 7 wt% PNFR, respectively, while Tinitial, 

Tmax1, Tmax2, and Tmax3 are the initial, first, second, and third decomposing 

temperatures, respectively 

 

Samples 

N2 Air 

Tinitial 

(°C) 

Tmax1 

(°C) 

Tmax2 

(°C) 

Tinitial 

(°C) 

Tmax1 

(°C) 

Tmax2 

(°C) 

Tmax3 

(°C) 

PK-0 386 - 416 350 - 416 553 

PK-3 298 317 418 297 313 413 645 

PK-5 295 309 418 293 304 409 650 

PK-7 289 305 412 292 301 399 676 
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Table 2.3. Experimental (thermogravimetric analysis-determined) and 

calculated residual char of neat and flame-retarding polyketones (PKs) in 

nitrogen and air atmosphere; here, PK-0, PK-3, PK-5, and PK-7 represent 

PK-phosphorus-nitrogen flame retardant (PNFR) systems that contain 0, 3, 

5, and 7 wt% PNFR, respectively 

 

Samples 

N2 Air 

700 °C 800 °C 700 °C 800 °C 

Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. 

PNFR 30.4 - 27.8 - 42.3 - 13.2 - 

PK-0 16.5 - 14.8 - 2.8 - 2.8 - 

PK-3 39.0 16.9 37.8 15.2 8.1 4.0 2.9 3.1 

PK-5 43.0 17.2 41.8 15.4 12.2 4.8 3.8 3.3 

PK-7 44.3 17.5 43.3 15.7 22.8 5.6 3.8 3.5 
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Table 2.4. Differential scanning calorimetry results of neat and flame-

retarding polyketones (PKs), where PK-0, PK-3, PK-5, and PK-7 represent 

PK-phosphorus-nitrogen flame retardant (PNFR) systems that contain 0, 3, 

5, and 7 wt% PNFR, respectively, while Tm, ∆Hf, and Xc are the melting 

temperature, enthalpy of fusion, and crystallinity, respectively (∆Hf100% is 

100% crystalline of polyketone, 227 J g-1) 

 

Samples Tm (°C) ∆Hf (J g-1) Xc (%) 

PK-0 207.2 (± 3.8) 48.0 (± 3.4) 20.4 

PK-3 182.3 (± 1.4) 20.9 (± 0.8) 9.8 

PK-5 163.2 (± 0.9) 16.4 (± 1.5) 8.9 

PK-7 148.1 (± 2.3) 8.9 (±0.7) 6.0 
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Figure 2.1. Schematics for (a) synthesis of phosphorus-nitrogen flame 

retardant (PNFR) and (b) preparation of neat and flame-retarding 

polyketones (PKs) via solution casting. Here TEA and THF are 

triethylamine and tetrahydrofuran, respectively, while PK-0 and PK-7 are 

pure PK and PK-PNFR containing 93 wt% PK and 7 wt% PNFR, 

respectively
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Figure 2.2. 1H nuclear magnetic resonance spectrum of phosphorus-

nitrogen flame retardant 
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Figure 2.3. Thermogravimetric analysis curves of phosphorus-nitrogen 

flame retardant in nitrogen and air atmosphere 
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Figure 2.4. Fourier-transform infrared spectra of phosphorus-nitrogen flame 

retardant in the 25-500 °C temperature range in air atmosphere 
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Figure 2.5. (a) Scanning electron microscopy (SEM) image and (b) SEM-

energy dispersive X-ray spectroscopy results of residual char after 

combustion of phosphorus-nitrogen flame retardant. Inset in (a) is a digital 

photograph of residual char 
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Figure 2.6. Thermogravimetric analysis curves of neat and flame-retarding 

polyketones (PKs) in (a) nitrogen and (b) air atmosphere; where PK-0, PK-3, 

PK-5, and PK-7 represent PK-phosphorus-nitrogen flame retardant (PNFR) 

systems that contain 0, 3, 5, and 7 wt% PNFR, respectively
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Figure 2.7. Scanning electron microscopy images of residual char from (a) 

PK-0, (b) PK-3, (c) PK-5, and (d) PK-7, where PK-0, PK-3, PK-5, and PK-7 

represent PK-phosphorus-nitrogen flame retardant (PNFR) systems that 

contain 0, 3, 5, and 7 wt% PNFR, respectively 
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Figure 2.8. Fourier-transform infrared spectra of (a) PK-0 and (b) PK-7 in 

the 25-500 °C temperature range in air 
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Figure 2.9. Differential scanning calorimetry thermograms of neat and 

flame-retarding polyketones (PKs), where PK-0, PK-3, PK-5, and PK-7 

represent PK-phosphorus-nitrogen flame retardant (PNFR) systems that 

contain 0, 3, 5, and 7 wt% PNFR, respectively 
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Figure 2.10. X-ray diffraction patterns of neat and flame-retarding PKs, 

where PK-0, PK-3, PK-5, and PK-7 represent PK-phosphorus-nitrogen 

flame retardant (PNFR) systems that contain 0, 3, 5, and 7 wt% PNFR, 

respectively 
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Chapter 3 

 

Enhancement of flame retardancy and 

physical property for poly(vinyl chloride) 

having renewable cardanol-based self-

polymerizable phosphonate under heat 

treatment process 
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3.1. Introduction 

 

 Poly(vinyl chloride) (PVC) is one of the most common thermoplastic 

polymers used in a wide range of applications such as pipes, food packaging, 

wire, and cables [1, 2]. Neat PVC is a rigid and brittle polymer with high 

glass transition temperature and low thermal stability attributing to the 

presence of chlorine atoms [3]. To overcome these disadvantages of neat 

PVC, plasticizers are generally used to enhance its flexibility, softness, and 

processability [4, 5]. The commonly used plasticizers for PVC are the 

diesters of phthalic acid, phthalates, e.g. dibutyl phthalate, and dioctyl 

phthalate [6, 7]. While phthalate-type plasticizers impart superior 

plasticizing effect to PVC, they are toxic and harmful to the environment [8]. 

Accordingly, plasticizers derived from renewable resources have gained 

significant scientific attention because of their non-toxicity, renewable raw 

materials, and environmental friendliness [9, 10]. However, as these bio-

based plasticizers as well as phthalate-type plasticizers are vulnerable to 

heat or flame and can lead to the spreading of fire [11], their flame 

retardancy applications are restricted to plasticized PVCs. Therefore, to 

ameliorate the flammability of plasticized PVCs, it is essential to develop 
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environmentally friendly additives with flame retardancy. 

 To impart flame retardancy to polymers, one of the conventional methods 

is to add flame retardants with halogen, phosphorus, or inorganic 

compounds to their matrices [12-15]. However, flame retardants such as 

brominated-flame retardants, which are mainly used for fire safety, are 

regulated and banned in many countries as they generate substances toxic to 

both humans and the environment during the combustion process [16-19]. 

Because of these drawbacks of halogen flame retardants, other flame 

retardants containing phosphorus have been investigated [20]. Recently, 

various studies on phosphorus-containing flame retardants prepared from 

renewable resources such as eugenol [21, 22], vanillin [23], and cardanol 

[24, 25] have been reported. Among these renewable resources, functional 

additives using cardanol which is extracted from cashew nut shell liquid 

have been extensively investigated because of their unique chemical 

structure with a hydroxyl group and long alkyl chain including double bonds. 

This structure can be used to design structurally diverse molecules [24, 26]. 

However, only a few reports are available on cardanol-based additives that 

impart flame retardancy and plasticizing effect into PVCs.  

Herein, we described a bio-based flame-retardant plasticizer, 

bis(cardanyl) phenylphosphonate (CP), which simultaneously acts as a 
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flame retardant and plasticizer for PVC. It was demonstrated that the 

phosphonate groups and long alkyl chains of CP enhanced the flame 

retardancy and flexibility of PVC, respectively. In contrast to the previously 

reported flame retardants, the PVC-CP system in this study exhibited self-

polymerization by heat treatment and showed remarkable abilities for 

suppressing melt-drips and forming stable graphitized char, improving the 

flame retardancy of PVC without significantly reducing its flexibility. 
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3.2. Experimental 

 

Materials 

 

 Cardanol was provided by Biochempia (Korea) and was used as received. 

PVC (Mw ~43,000 g mol-1, Mn ~22,000 g mol-1, inherent viscosity 0.51 dL 

g-1), phenylphosphonic acid, and N,N’-dicyclohexylcarbodiimide (DCC) 

were purchased from Sigma-Aldrich. 4-Dimethylaminopyridine (DMAP) 

was purchased from TCI. Tetrahydrofuran (THF), ethyl acetate (EA), N,N-

dimethylformamide (DMF), n-hexane, and magnesium sulfate (MgSO4) 

were purchased from Daejung chemical & metals. All the other reagents and 

solvents were used without further purification. 

 

Synthesis of bis(cardanyl) phenylphosphonate (CP) 

 

CP was synthesized as follows: In a round-bottomed flask, cardanol (0.189 

mol) was dissolved in DMF with magnetic stirring. Then, a mixture of 

phenylphosphonic acid (0.063 mol) and DMAP (9.45 mmol) dissolved in 

DMF was added dropwise into the flask over 1.5 h. After that, DCC was 



 ６１ 

immediately added dropwise into the flask. The reaction was carried out in 

an ice bath. The ice bath was removed after the addition of DCC, and the 

reaction was carried out for another 4 h at room temperature. After the 

completion of the reaction, the solution was washed with distilled water for 

2–3 times. At this time, EA was used to extract the organic solution layer. 

The organic solution was then dried with anhydrous MgSO4. After removing 

the EA using a rotary evaporator, the crude product was dried under vacuum. 

The crude product was purified on silica gel using n-hexane/EA (10/1) as 

the eluent to yield CP as a yellow liquid (45%). 

 

Preparation of flame-retarded PVCs (PVC films, X-PVC 

films) 

 

The neat and flame-retarded PVCs were prepared as follows. PVC films 

were prepared via a solution casting method as follows: 20 g PVC was 

dissolved in 80 g THF. Then, to prepare the PVC films containing 0, 5, 7, 

and 10 wt% CP, different amounts of CP were added to the PVC solution 

(Table 3.1). After mixing for 1 h, the solutions were poured into glass molds 

and dried at room temperature overnight. Thereafter, the samples were dried 
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at 40 °C in vacuum to remove the solvent completely. The PVC films 

containing 0, 5, 7, and 10 wt% CP were labeled as PVC-0, PVC-5, PVC-7, 

and PVC-10, respectively. 

To confirm whether the crosslinking network has an effect on the flame 

retardancy of PVC, cross-linked PVC (X-PVC) films were prepared. The X-

PVC films were obtained via the thermo-crosslinking of CP in the PVC film 

as follows: each PVC film in a mold was heated at 120 °C for 1 h using a 

hot plate. The heat-treated PVC films were denoted as X-PVC-#, where # 

represents the amount of CP. 

 

Characterization 

 

The Fourier transform infrared (FTIR) spectra were obtained using a 

Bruker Alpha-Platinum attenuated total reflectance (ATR)-FTIR 

spectrometer over the wavenumber range of 4000–400 cm-1. 1H Nuclear 

magnetic resonance (1H NMR) analysis was performed on a Bruker 

AVANCE-400MHz NMR spectrometer using CDCl3 as the solvent. 31P 

Nuclear magnetic resonance (31P NMR) analysis was conducted using a 

Bruker AVANCE-500MHz NMR spectrometer. The transmittance of the 
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films was measured using a MECASYS Optizen UV-Vis spectrometer over 

the wavelength range of 400–700 nm. The samples had the dimensions of 

20 mm × 8 mm × 1 mm. Thermogravimetric analysis (TGA) was carried out 

on a Perkin Elmer TGA 4000 instrument. The TGA experiment was 

performed from room temperature to 700 °C at a heating rate of 10 °C min-1 

under N2. The morphology of the residual char was observed using a JEOL 

JSM-7601F PLUS field emission scanning electron microscope (FE-SEM). 

All the samples were coated with platinum. The phosphorus content of the 

residual char surface and dispersion of the additives were measured using a 

SEM-energy dispersive X-ray spectrometer (SEM-EDS). The chemical 

structure of the films was analyzed using TGA and FTIR. The samples were 

heated to the required temperature by TGA under an air atmosphere. Then, 

the chemical structure of the samples was recorded using an FTIR 

spectrometer. The limiting oxygen index (LOI) of the samples was 

determined using an FESTEC FT-LOI-404 LOI tester according to ASTM 

D2863 standard. The sample size was 120 mm × 15 mm × 3 mm. To 

perform the additional flame retardant test, a vertical burning test (UL-94 V 

test) was conducted according to ASTM D3801. Raman spectroscopy 

measurements were performed on Thermo Fisher DXR2xi at room 

temperature using a 532 nm laser line. The melting behavior of the films 



 ６４ 

was evaluated via differential scanning calorimetry (DSC). All the DSC 

experiments were carried out under a N2 atmosphere using a Discovery DSC 

25. The samples were heated from -20 to 150 °C at a heating rate of 10 °C 

min-1. In addition, the crosslinking reaction of the samples was also 

investigated using DSC. The samples were heated to the required 

temperature at a heating rate of 10 °C min-1. The X-ray diffraction (XRD) 

patterns were recorded on a Malvern Panalytical Empyrean diffractometer 

utilizing Cu Kα radiation. The tensile test was performed using a QM100S 

universal testing machine (UTM) with a crosshead speed of 10 mm min-1. 

The test was performed according to ASTM D638 standard at room 

temperature. Five samples (thickness: 0.3 mm) were analyzed for each film. 

The migration stability of the samples was measured in n-hexane or distilled 

water at room temperature. The samples (15 mm × 15 mm × 1 mm) were 

immersed in 20 mL n-hexane or distilled water and shaken occasionally. At 

various time intervals, 0.5 mL of the solvent was withdrawn and diluted in 

2.5 mL n-hexane or distilled water. The migration behavior of the samples 

was analyzed by using an ultraviolet-visible (UV-Vis) spectrometer at 265 

nm. Each type of sample was tested three times. Gel permeation 

chromatography (GPC) was performed on an Agilent Technologies 1260 

infinity GPC system equipped with a 1260 refractive index detector. 
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Calibration was conducted using monodispersed polystyrene standards. THF 

was used as the solvent. The dispersion of chlorine or phosphorus atom was 

investigated using Tecnai G2 F30 S-Twin transmission electron microscope-

energy dispersive X-ray spectroscopy (TEM-EDS). Samples were 

embedded in epoxy resin at 60 °C for 48 h, and then cut with Leica EM 

UC7 ultramicrotome. The sections with 150 nm in thickness were deposited 

on Cu grids for TEM-EDS. 
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3.3. Results and discussion 

 

 The bis(cardanyl) phenylphosphonate (CP) designed and synthesized in 

this study consisted of a phosphonate group and long alkyl chain, which are 

anticipated to improve the flame retardancy and flexibility of PVC, 

respectively (Figure 3.1). To verify the chemical structure of CP, FTIR 

measurements were conducted (Figure 3.2a and Table 3.2). Common 

specific vibrations corresponding to =C-H stretching of unsaturated 

hydrocarbons (3010 cm-1), C-H stretching of aliphatic chains (2923 and 

2854 cm-1), and C=C stretching of aromatic groups (1590 and 1456 cm-1) 

were observed in the spectra of both cardanol and CP. In the case of CP, the 

peaks at 3350 and 1348 cm-1 ascribed to the vibration of O-H disappeared. 

In addition, the vibration attributing to P-O-C stretching (960 cm-1) and P=O 

stretching (1132 and 522 cm-1) of aryl phosphonate were observed, 

indicating the successful occurrence of the condensation reaction between 

cardanol and phenylphosphonic acid. The 1H NMR spectra clearly showed 

the chemical structure of cardanol and CP, as shown in Figure 3.2b. The 

peaks located at 0.8–2.9 ppm and 4.9–5.9 ppm were observed in the 1H 

NMR spectra of both cardanol and CP. These peaks corresponded to the 
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protons of the saturated and unsaturated hydrocarbons in the alkyl chain, 

respectively. Meanwhile, the signals of aromatic protons of cardanol at 6.6–

6.8 ppm shifted to 6.9–7.0. ppm in the 1H NMR spectrum of CP. In addition, 

the peaks at 7.8–8.0 ppm, which originated from phenylphosphonic acid, 

were observed in the aromatic protons of CP. The 

cardanol:phenylphosphonic acid reaction ratio of 2:1 was obtained using the 

integral area ratio of the a  ́and e peaks. From the 31P NMR spectrum of CP, 

a new chemical shift was confirmed at 9.42 ppm, and no peaks corresponds 

to phenylphosphonic acid (Figure 3.2c and Figure 3.2d), demonstrating that 

CP was successfully synthesized. 

 Then, CP was introduced into PVC via a simple solution casting method to 

evaluate its effect on physical properties and flame retardancy of PVC. The 

resulting PVC films were labeled as PVC-#, where # represents the weight 

percentage of CP (Table 3.1). It is widely known that the degree of 

dispersion of additives in a polymer plays an important role in improving its 

flame retardancy and physical properties [27-30]. Yuan et al. reported that 

PMMA composites with relatively well-dispersed nanotubes shows lower 

heat release rate than PMMA composites with poor dispersion [31]. Thus, 

the transparency of all the PVC films was examined using a UV-Vis 

spectrometer in the visible range (400–700 nm) because the flame 
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retardancy and mechanical properties of PVC could be affected by the 

degree of dispersion of the CP in it. As shown in Figure 3.3, all the PVC 

films exhibited a high transmittance of more than 85% at 600 nm. Even the 

transmittance of PVC-10 was 88%, which is only 2% lower than that of 

PVC-0 (90%). In addition, in Figure 3.3, the text under all the PVC films is 

clearly shown, implying that the PVC-# films prepared in this study 

contained relatively well-dispersed CP. Further, SEM-EDS and TEM-EDS 

could demonstrate the degree of dispersion of the CP in PVC (Figure 3.4 

and Figure 3.5). Mapping was performed on the Cl or P atom to confirm the 

degree of dispersion of the CP. PVC-10 exhibited the well-dispersed Cl and 

P atoms without agglomerate in both SEM-EDS and TEM-EDS analyses, 

identifying CP was uniformly dispersed in PVC film. 

 To investigate the effect of CP on the thermal decomposition behavior of 

PVC, the TGA of the PVC films was carried out in a N2 atmosphere, and the 

corresponding results are summarized in Table 3.3. As can be observed from 

Figure 3.6 and Figure 3.7, PVC-0 degraded via a two-step process, which is 

known to be the general thermal decomposition behavior of conventional 

PVC [32-34]. The first decomposition stage below 380 °C could mainly be 

attributed to the loss of HCl by the dehydrochlorination of PVC [35]. In the 

second decomposition stage at around 400–500 °C, the conjugated polyene 



 ６９ 

structure in PVC, which was formed during the previous 

dehydrochlorination process, degraded into aromatic compounds and 

hydrocarbon complexes [36]. All the PVC films containing CP showed 

thermal decomposition behavior similar to that of PVC-0, while they 

showed relatively higher thermal stability than PVC-0. For example, T5% 

and T50% of PVC-0 were 224 and 318 °C, respectively, whereas those for 

PVC-10 were 273 and 345 °C, respectively, indicating that the introduction 

of CP with the phosphonate structure improved the thermal stability of the 

PVC films. 

 To confirm the effect of the phosphonate group in CP on the formation of 

the residual char, the morphology of residual char was observed using the 

SEM after the combustion of the PVC films, as shown in Figure 3.8. While 

the residual char of PVC-0 showed a fractured structure with many voids 

and holes, which could easily transfer heat during combustion, the PVC 

films containing CP showed relatively dense and compact residual char, 

which prevented the transfer of heat, oxygen, and volatiles generated by the 

decomposition of the polymer. From the additional SEM-EDS analyses, it 

was found that the remaining content of phosphorus in the residual char 

increased with an increase in the CP content in the PVC films (Table 3.3). 

When the amount of CP increased from 5 to 10 wt%, the phosphorus 
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content in the residual char increased to 2.75 wt% for PVC-10 from 1.04 

wt% for PVC-5. 

 For a more detailed study on the role of CP in PVC films during the initial 

thermal decomposition process, the chemical structures of PVC-0 and PVC-

10 at different temperatures were analyzed using TG-FTIR (Figure 3.9 and 

Table 3.4). For PVC-0, the characteristic vibrations of –CH stretching (2978 

cm-1), CH2 asymmetric stretching (2911 and 2853 cm-1), CH2 wagging 

(1426 and 1252 cm-1), and C-Cl stretching (692 cm-1) were observed (Figure 

3.9a) [37, 38]. The intensity of these characteristic peaks decreased with an 

increase in temperature. From this decrease, the decomposition processes of 

PVC could be followed. For example, the peak at around 692 cm-1 assigned 

to the C-Cl bond disappeared at 350 °C, indicating that the complete 

dehydrochlorination of PVC-0 occurred during the first thermal 

decomposition stage. PVC-10 exhibits a thermal decomposition behavior 

similar to that of PVC-0, and some differences could be observed at 

temperatures higher than 300 °C. As shown in Figure 3.9b, the peaks 

corresponding to the P=O stretching vibration (1132 cm-1) and the P-O-C 

stretching vibration (1094, and 1063 cm-1) attributing to the presence of CP 

became weak and shifted to a broad peak at around 1125 cm-1 (PO2 

asymmetric stretching vibration) at 300 °C. In addition, a P=O stretching 
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vibration peak was observed at around 1230 cm-1, indicating the formation 

of phosphoric acid, which led to the carbonization and char formation of 

PVC [39]. Meanwhile, in PVC-10, the vibrations of CH2 and C-Cl could be 

observed even at 350 °C. This indicates that the dehydrochlorination of 

PVC-10 did not occur completely. Thus, the addition of CP delayed the 

thermal decomposition process along by the dehydrochlorination of PVC. 

Consequently, the phosphonate moiety of CP induced the formation of both 

the phosphorus-containing complexes on PVC and the stable char layer at 

high temperatures, resulting in an improvement in the thermal stability of 

PVC. 

 However, considering that the decomposition of CP begins at around 

300 °C, as shown in Figure 3.10, we were doubtful about the increase in T5% 

of the PVC films with the addition of CP. The phosphonate group of CP 

induced flame retardancy in the PVC films after the decomposition at 

temperatures higher than 300 °C. Therefore, there should be another factor 

that played a key role in increasing the thermal stability of the PVC films 

below 300 °C. As unsaturated alkyl chains can trap various oxygen and 

alkyl radicals [40-42], herein, we focused on the anti-oxidant abilities of the 

unsaturated alkyl chains in CP, which suppressed the chain reaction of 

dehydrochlorination for PVC by a radical mechanism [34]. The various 
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radicals formed during the decomposition might be trapped by the 

unsaturated alkyl chain of CP and then induced inter and/or intra-

polymerization between the unsaturated alkyl chains of CP [40]. This 

suggests that the cross-linked network structure formed by the inter and/or 

intra-polymerization of CP in PVC leads to an improvement in the thermal 

stability of PVC films at temperatures below 300 °C. Accordingly, we 

carried out DSC analyses to evaluate the polymerization ability between the 

unsaturated alkyl chain for cardanol and CP by heat treatment. As illustrated 

in Figure 3.11, an exothermic peak was observed at 143–195 °C during the 

first heating process, while no peak was observed in the second heating 

process in the DSC curves of cardanol. Similarly, the DSC curves of CP also 

exhibited an exothermic peak over a wide temperature range of 143–211 °C 

in only the first heating process, indicating that both the cardanol and CP 

exhibited inter- and/or intra-self-polymerization properties after the heat-

treatment [43]. Therefore, we have focused on the effect of the cross-linked 

network structure of CP for PVC systems in the later part of this article. 

 First, we intentionally fabricated cross-linked PVC films from the PVC 

films by heat treatment. The PVC films cross-linked by the heat treatment 

were labeled as X-PVC-#, where # indicates the weight percentage of CP. 

Considering that the dehydrochlorination of PVC begins above 
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approximately 150 °C [44], the temperature for the heat treatment was set to 

120 °C in air. To demonstrate that the heat treatment at 120 °C in air is an 

appropriate condition, the effect of temperature on the chemical structure of 

the PVC film was evaluated. The C-Cl bond at around 692 cm-1 was 

observed even when the PVC films were heated at 140 °C for 1 h. However, 

the broad peak assigned to conjugated C=C stretching appeared at around 

1600 cm-1 for all the PVC films (Figure 3.12a) [45]. In addition, the color of 

the heated PVC films darkened because of PVC degradation [46]. Therefore, 

it was considered that the conjugated structures along the PVC chains were 

formed by the elimination of chlorine after the heat treatment at 140 °C. In 

contrast, after heating at 120 °C, the peak attributed to the conjugated C=C 

bonds and discoloration of PVC films were not observed, as shown in 

Figure 3.12b, indicating that the dehydrochlorination of PVC rarely occurs 

at 120 °C. DSC experiments were carried out to confirm the self-

polymerization of CP in the PVC films, as shown in Figure 3.13a. It can be 

observed that the PVC films containing CP exhibited a broad exothermic 

peak over a wide temperature range of 160–200 °C owing to the self-

polymerization of CP. This is consistent with the DSC results of CP. 

Meanwhile, after the heat treatment at 120 °C, the exothermic peak of the 

X-PVC films weakened or disappeared, confirming the occurrence of the 
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self-polymerization of CP in the PVC films (Figure 3.13b). Also, from the 

GPC analyses, the occurrence of self-polymerization of CP at 120 °C could 

be confirmed. The GPC trace of the heat-treated CP at 120 °C is shifted to a 

lower elution volume and broadened as compared to that of CP (Figure 

3.14). It was thought that the cross-linked structure formed by self-

polymerization of CP should increase the radius of gyration of the molecule 

compared to the uncross-linked structure, leading to a shift to lower elution 

volumes [47]. These results indicate that the heat treatment temperature of 

120 °C was optimum for investigating the effect of the cross-linked network 

induced by the self-polymerization of CP on flame retardancy and physical 

properties of PVC. 

 To compare the flame retardancy of the PVC and X-PVC films, LOI and 

UL-94 V tests, which are usually used to confirm the flame retardancy of 

polymers [48], were conducted. The LOI and UL-94 ratings of the films are 

shown in Figure 3.15a and listed in Table 3.5. In general, when the LOI 

value of a polymer is more than 26.0%, it is considered to be flame-

retardant [49]. From the LOI test results, it was found that the incorporation 

of CP increased the LOI value of PVC. The LOI value of PVC-0 was only 

24.0%, which is comparable to the LOI value of conventional PVC reported 

previously [50], while the LOI values for the PVC-5, PVC-7, and PVC-10 



 ７５ 

films were 24.9%, 26.1%, and 26.2%, respectively. These results could be 

explained by the TG-FTIR results (Figure 3.9) that the phosphonate group in 

CP generated phosphoric acid during the combustion and forms stable char 

on PVC. This is regarded as a typical condensed-phase flame-retardant 

mechanism [39, 51]. It is noteworthy that the cross-linked network of CP in 

PVC considerably increases the LOI value, as shown in Figure 3.15a. The 

X-PVC-5, X-PVC-7, and X-PVC-10 films exhibited increased LOI values 

compared to the PVC-5, PVC-7, and PVC-10 films, respectively. For 

example, even 5 wt % of CP in PVC increased the LOI value from 24.9% to 

28.6 % after the heat treatment. The UL-94 V test results also showed that 

the flame retardancy of PVC films containing CP increased after the heat 

treatment. The PVC films with relatively low amounts of CP burned 

continuously with no extinguishing and ignited the cotton with heavy melt-

dripping, which resulted in the failure to pass the UL-94 V test. However, 

when more CP was added (PVC-7 and PVC-10), the films showed self-

extinguishing properties within 10 s and had no melt-dripping throughout 

the test, and hence achieved the V-0 rating. The burning processes of the 

PVC-0 and PVC-10 films are shown in Figure 3.16. Meanwhile, the heat-

treated PVC film with only 5 wt% of CP, X-PVC-5, showed evidently 

improved flame-retardant performance compared to PVC-5. As mentioned 
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earlier, PVC-5 was not classified in the UL-94 V test because of its 

flammability, while X-PVC-5 showed self-extinguishing properties with 

igniter removal and exhibited anti-dripping properties by forming char on 

PVC (Figure 3.16c). Therefore, all the X-PVC films in this study achieved 

the V-0 rating in the UL-94 V test, which suggests that the cross-linked 

network of CP significantly enhanced the flame retardancy of PVC by 

inducing anti-dripping performance and the formation of intumescent char 

on the bottom of the PVC film (Figure 3.15a). 

 To corroborate the flame-retardant effect of the cross-linked CP, PVC-10 

and X-PVC-10 (20 mm × 20 mm × 1 mm) were heated in a muffle furnace 

at 350 °C in air. As shown in Figure 3.15b, although there was intumescent 

char in both the films, X-PVC-10 shows more expanded char than PVC-10, 

indicating that the cross-linked CP induced the formation of a large and 

thick char layer on PVC after the heat treatment by increasing the char 

forming efficiency. To further investigate the chemical structure of the char 

layer, Raman spectroscopy, which is a powerful tool to characterize 

carbonaceous materials [12] was performed for the PVC and X-PVC films 

after combustion (Figure 3.15c and Figure 3.17). As shown in Figure 3.15c, 

the Raman spectra for PVC-10 and X-PVC-10 showed two peaks with the 

maximum intensity at 1584 (G band) and 1380 cm-1 (D band), which 
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represents polyaromatic species. The G band corresponds to the vibration 

mode in the sp2 carbon atoms in the organized graphitic structure, and the D 

band is associated with a disordered carbon structure [52]. Herein, the 

integrated intensity ratio of the D and G bands (ID/IG) was used to 

characterize the graphitization degree of the char layer [53]. Figure 3.15d 

shows the decrease in the ID/IG value of the residual char on the PVC films 

with an increase in the CP content: PVC-5 (2.36) > PVC-7 (2.28) > PVC-10 

(1.74), suggesting that the incorporation of CP into PVC formed a more 

graphitized carbon structure. In addition, all the X-PVC films showed lower 

ID/IG values than the PVC films, which indicates that the cross-linked 

network of CP facilitated the formation of graphitized char. These results are 

consistent with the LOI and UL-94 V test results. Considering that the 

graphitized structure is more stable than a disordered carbon structure, it 

was thought that the cross-linked CP could effectively protect PVC by 

forming of a graphitic structured char layer on the surface, which in turn 

enhanced the flame retardancy of the X-PVC films [54, 55]. 

 In addition to the flame retardancy, the physical properties of the PVC and 

X-PVC films were investigated using tensile tests to evaluate the potential 

of CP as a plasticizer for PVC (Figure 3.18). With the incorporation of CP, 

the elongation at break of the PVC films increased, while the tensile 
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strength decreased, indicating that CP had a significant plasticizing effect on 

the PVC films. For example, the elongation at break of PVC-10 increased 

by about 148% (137.4% (± 8.5)) as compared to that of PVC-0 (55.4% (± 

1.9)). This can be explained by the fact that the long alkyl chain of CP 

improves the flexibility of PVC films by decreasing the cohesion force 

between the PVC chains. A similar trend was observed for the elongation at 

break in the X-PVC films, while the absolute values were smaller than those 

of each PVC film having the same amount of CP. However, in the case of 

the tensile strength, the X-PVC films showed higher values than the 

corresponding PVC film. This can be attributed to the relatively restricted 

mobility of the PVC chains due to the formation of an interpenetrating 

network from the inter/intra-polymerization of CP in the PVC film. To 

clearly investigate the effect of CP on the flexibility of PVC during the heat 

treatment, DSC measurements were carried out (Figure 3.19). As shown in 

Figure 3.19a, the glass transition temperature (Tg) of the PVC films 

decreased with an increase in the CP content: Tg of PVC-0 (79.4 °C) and Tg 

of PVC-10 (24.1 °C). Also, DSC results showed that CP does not affect the 

crystallinity of PVC, and these results are supported by XRD analysis 

(Figure 3.20). XRD pattern of PVC-0 showed a broad peak at 2θ = 24.5°, 

which demonstrates its amorphous nature [56]. All the PVC films containing 
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CP were similar to that of PVC-0, indicating that the amorphous nature of 

PVC was maintained even if CP is added. Also, even with the incorporation 

of CP, no difference in the d-spacing of PVC was observed. As can be seen 

from the DSC and XRD results, it is shown that CP occupies the space 

between the PVC chains without d-spacing change, leading to an 

improvement in the flexibility of the PVC films. Meanwhile, from Figure 

3.19b, it can be observed that the Tg of all the X-PVC films increased 

because the mobility of the PVC chains was restricted by the self-

polymerization of CP, while it was still lower than that of PVC-0, implying 

that the cross-linked network of CP induced a plasticizing effect in PVC. 

Furthermore, we directly examined the flexibility of X-PVC-10, as 

illustrated in Figure 3.21. X-PVC-10 could accommodate various 

deformations such as twisting and bending, indicating that the film 

maintained its flexibility even after the heat-treatment. Consequently, in the 

X-PVC films, the cross-linked network of CP led to an increase in Tg and a 

decrease in the elongation at break of the films. However, the flexibility of 

the X-PVC films was still higher than that of PVC-0, and the tensile 

strength of the X-PVC films improved after the heat treatment as compared 

to that of PVC-0. Therefore, in this study, PVC films with high flexibility 

and improved mechanical strength were fabricated via a simple heat-



 ８０ 

treatment process. 

 The results discussed thus far indicate that CP as a plasticizer increases the 

flexibility of PVC. However, because these small molecules often cause 

migration problems, which might be harmful to human health [57, 58], it is 

important to investigate the migration behavior of plasticizers from PVC. In 

this study, the migration behaviors of CP from the PVC and X-PVC films in 

polar distilled water and nonpolar n-hexane were monitored using UV 

absorbance at 265 nm. The cumulative amount of migration with time was 

calculated using calibration curves (Figure 3.22). As illustrated in Figure 

3.23a, for all the PVC films, migration was almost not observed in n-hexane 

for 24 h. In comparison with the migration behavior of di-(2-ethylhexyl) 

phthalate (DEHP), which is widely used as a plasticizer for PVC [59], CP 

exhibited much lower migration. When immersed in n-hexane, DEHP shows 

a migration of approximately 20% after 2 h [59], whereas CP did not show 

migration even after 12 h. The rate of migration decreased with an increase 

in the number of carbon atoms due to the increase in the hydrophobicity of 

the long alkyl chain [60]. As shown in Figure 3.23c, no migration was 

observed in n-hexane for all the X-PVC films, indicating that the migration 

was much more restricted by the cross-linked network of CP. In particular, 

Figure 3.23b and Figure 3.23d show that migration was not observed in 
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distilled water for both the PVC and X-PVC films because CP is insoluble 

in distilled water. Therefore, considering the actual application and its 

environment, we believe that CP is suitable as an additive for PVC. In 

addition, X-PVC films manifest superior transparency, as shown in Figure 

3.24. The text under all the X-PVC films is clearly shown, which means that 

the transparency of the films did not deteriorate even after the heat treatment. 

Consequently, considering the advantages of the PVC-CP system, CP, which 

shows considerably improved flame retardancy by self-polymerization, is a 

potential candidate for plasticized PVC. 

 



 ８２ 

3.4. Conclusion 

 

In summary, a renewable cardanol-based additive for PVC, CP, was 

successfully synthesized with the expectation that the phosphonate group 

and long alkyl chain of CP can enhance the flame retardancy and flexibility 

of PVC, respectively. Then, transparent PVC films with different CP 

contents were prepared via simple solution casting. The incorporation of CP 

into PVC facilitated the formation of compact and dense char, which is 

beneficial for improving the thermal stability and flame retardancy of PVC 

films. When incorporating more than 7 wt% CP into PVC, the PVC films 

showed an increase in LOI value and an achievement on V-0 rating in UL-

94 V test in comparison with PVC-0. Moreover, an enhancement in the 

flexibility of PVC with an increase in the CP content was demonstrated by 

the increased elongation and reduced Tg. Meanwhile, it was demonstrated 

that CP can self-polymerize by heat treatment. We systematically 

investigated whether the cross-linked network of CP affects the flame 

retardancy and physical properties of PVC. While the LOI value of PVC-5 

was 24.9% with no rating in the UL-94 V test, the LOI value of 28.6% and 

the UL-94 rating of V-0 were achieved for the X-PVC-5 film. It was 
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demonstrated that the cross-linked network of CP improved the flame 

retardancy of PVC more effectively, which might have contributed to the 

anti-dripping property by the formation of more expandable graphitized char. 

Although the elongation at break of the PVC films decreased after the heat 

treatment, the films showed enhanced mechanical strength and flexibility 

after the heat treatment. Furthermore, because the X-PVC films exhibited 

high transparency and migration stabilities, it was anticipated that CP with 

the self-polymerization property is a potential green, flexible, and flame-

retarding additive for PVC. 
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Table 3.1. Formulations of the PVC films with different CP contents 

 

Sample PVC (wt%) CP (wt%) 

PVC-0 100 - 

PVC-5 95 5 

PVC-7 93 7 

PVC-10 90 10 
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Table 3.2. FTIR assignments for cardanol and CP 

 

Wavenumber (cm-1) Assignment 

3350, 1348 O-H stretching 

3010 =C-H stretching of unsaturated hydrocarbons 

2923, 2854 C-H stretching of aliphatic chains 

1590, 1456 C=C stretching of aromatic group 

1132, 633 P=O stretching of aryl phosphonate 

960 P-O-C stretching of aryl phosphonate 
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Table 3.3. TGA results and P content in residual char of the PVC films 

 

Sample T5% (°C) T50% (°C) 
Residual char 

(%) 

P content (wt%) 

after combustion 

PVC-0 224 318 10.1 0 

PVC-5 267 330 10.0 1.04 

PCV-7 264 336 10.1 2.07 

PVC-10 273 345 14.3 2.75 
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Table 3.4. FTIR assignments for thermal degradation behavior of PVC-0 

and PVC-10 

 

Wavenumber (cm-1) Assignment 

2978 -CH stretching 

2911, 2853 CH2 asymmetric stretching 

1426, 1252 CH2 wagging 

1230 P=O stretching of phosphoric acid 

1131 P=O stretching of aryl phosphonate 

1125 PO2 asymmetric stretching 

1094, 1063 P-O-C stretching of aryl phosphonate 

692 C-Cl stretching 
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Table 3.5. LOI and UL-94 test results of the PVC and X-PVC films 

 

Sample 
Time to self-

extinguishing (s) 
Drips 

Ignition to 

cotton 
UL 94 rating LOI (%) 

PVC-0 - Y Y N.C. 24.0 

PVC-5 - Y Y N.C. 24.9 

PVC-7 ≤ 10 N N V-0 26.1 

PVC-10 ≤ 10 N N V-0 26.2 

X-PVC-5 ≤ 10 N N V-0 28.6 

X-PVC-7 ≤ 10 N N V-0 29.3 

X-PVC-10 ≤ 10 N N V-0 29.8 
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Figure 3.1. Schematic illustration of synthesis route of CP 
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Figure 3.2. (a) FTIR spectra of cardanol and CP, (b) 1H NMR spectra of 

cardanol and CP, and 31P NMR spectra of (c) phenylphosphonic acid and (d) 

CP 
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Figure 3.3. Transmittance spectra of PVC films over the wavelength range 

of 400-700 nm (inset pictures: digital photographs of the PVC films) 
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Figure 3.4. SEM-EDS of (a) PVC-0 and (b) PVC-10 
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Figure 3.5. TEM-EDS of (a) PVC-0 and (b) PVC-10 
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Figure 3.6. TGA curves of the PVC films in N2 

 



 １０３ 

 

 

Figure 3.7. DTG curves of the PVC films 
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Figure 3.8. SEM images for the residual char of (a) PVC-0, (b) PVC-5, (c) 

PVC-7, and (d) PVC-10 
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Figure 3.9. TG-FTIR spectra of (a) PVC-0 and (b) PVC-10 
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Figure 3.10. TGA curves of cardanol and CP 
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Figure 3.11. DSC curves of cardanol and CP 
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Figure 3.12. FTIR spectra of the PVC films after heat-treatment at (a) 

140 °C for 1 h and (b) 120 °C for 1 h 
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Figure 3.13. DSC curves of the (a) PVC films and (b) X-PVC films 
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Figure 3.14. GPC results of CP of before and after the heat-treatment 

 



 １１１ 

 

 

Figure 3.15. (a) LOI values and UL-94 ratings of the PVC and X-PVC 

films, (b) digital photographs for residual char of PVC-10 and X-PVC-10, 

(c) Raman spectra for residual char of PVC-10 ad X-PVC-10, and (d) ID/IG 

values of the PVC and X-PVC films, as obtained from the Raman 

spectroscopy results 
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Figure 3.16. Digital photographs of burning process for (a) PVC-0, (b) 

PVC-10, and (c) X-PVC-5 
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Figure 3.17. Raman spectra for residual char of the (a) PVC films and the 

(b) X-PVC films 
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Figure 3.18. Tensile test results of the (a) PVC and (b) X-PVC films 
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Figure 3.19. Glass transition temperatures (Tg) of the (a) PVC films and (b) 

X-PVC films from DSC thermograms 
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Figure 3.20. XRD patterns of the PVC films 
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Figure 3.21. Digital photographs of X-PVC-10 under various deformation 

conditions 
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Figure 3.22. Calibration curve based on the UV absorption at 265 nm 

against amount of CP 
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Figure 3.23. Migration stability test of the PVC films in (a) n-hexane and 

(b) distilled water; migration stability test of the X-PVC films in (c) n-

hexane and (d) distilled water 
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Figure 3.24. Digital photographs of the X-PVC films 
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Chapter 4 

 

Controllable surface functionalization of 

boron nitride by heat treatment and its 

effect on flame retardancy of poly(lactic 

acid) 
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4.1. Introduction 

 

Since Novoselov and Geim reported that graphene could be successfully 

isolated from graphite via the Scotch tape method [1], two-dimensional (2D) 

materials have attracted tremendous research attraction owing to their 

attractive features compared to those of their bulk form [2, 3]. Among 2D 

materials, boron nitride (BN), which is a structural analogue of graphene, 

has been widely investigated for various applications [4-7]. BN consists of a 

sp2 honeycomb network with alternating boron and nitrogen atoms, and the 

B–N bond with partially ionic character endows BN with unique properties, 

such as electrical insulation, high thermal conductivity, and outstanding 

chemical and thermal stability [8-11]. Consequently, these properties have 

provided a driving force for the application of BN as a promising filler for 

high-performance nanocomposites. 

Typically, BN with functional groups, such as –OH and –NH2 (f-BN), is 

prepared by the mechanical exfoliation of bulk hexagonal boron nitride (h-

BN), such as ultrasonication, ball milling, or liquid exfoliation [12, 13]. 

Although these methods can be used to prepare f-BN with high crystallinity 

and small lateral size, certain factors, such as relatively long reaction time 
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and low yield, have limited the further application of these methods [14]. In 

contrast, the pyrolysis of boron and nitrogen precursors, which is one of the 

bottom–up synthetic strategies, has been introduced as an effective method 

for preparing f-BN owing to its simple and large-scalable process [15]. 

However, despite the various available synthetic strategies for f-BN, the low 

functionalization efficiency of f-BN, which induces an aggregation of f-BN 

in nanocomposites, has limited the further application of these methods. 

Particularly, the further surface functionalization of f-BN is imperative to 

enhance their dispersion within nanocomposites to enhance their 

performance. Although several studies have investigated the surface 

functionalization of f-BN, they focused on non-covalent surface 

functionalization, and only a considerably low functionalization degree of 

approximately 5% has been achieved to date [16-18]. 

In this study, we described a facile functionalization method of f-BN using 

L-lactic acid under heat treatment. To increase the surface functionalization 

degree, first, f-BN was synthesized via a pyrolysis process at 800 °C, after 

which the sample was subjected to further surface functionalization using L-

lactic acid under various heating conditions. The observation of the sample 

revealed that the mixing of f-BN and L-lactic acid resulted in the grafting of 

L-lactic acid on f-BN via amidation regardless of heating condition. In 
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addition, we observed that another reaction site was activated at heat 

treatment temperatures above 90 °C, which resulted in a significant increase 

in the degree of functionalization of f-BN. This report systematically 

addresses the routes involved in the functionalization of f-BN using L-lactic 

acid by heat treatment. Additionally, f-BN and L-BN were incorporated into 

poly(lactic acid), PLA, in order to evaluate the effect of functionalization of 

f-BN on flame retardancy. 
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4.2. Experimental 

 

Materials 

 

Commercially available boron nitride, boric acid, melamine, and L-lactic 

acid were purchased from Sigma-Aldrich. Ethanol, N,N-dimethylformamide, 

ethyl acetate, acetone, isopropyl alcohol, chloroform, and n-hexane were 

purchased from Daejung chemical & metals. Poly(lactic acid) (PLA, 

4023D) resin was purchased from NatureWorks. All the other reagents and 

solvents were used without further purification. 

 

Synthesis of boron nitride (f-BN) 

 

The boron nitride with functional groups (f-BN) was synthesized as 

follows: In a round-bottomed flask, boric acid was dissolved in ethanol with 

stirring. After that, melamine was added into the flask and the mixture was 

vigorously stirred for 24 h. Then, the precursor, which was a white powder 

was filtered and dried at 50 °C for 48 h. The f-BN was obtained by 

calcination in a horizontal furnace under N2 at 800 °C for 1 h. 
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Preparation of L-BN 

 

To improve the dispersity of f-BN, the further surface modification of f-BN 

was carried out using L-lactic acid as follows: In a vial, f-BN (100 mg) was 

mixed with a solution of L-lactic acid (100 mg) in N,N-dimethylformamide 

(5 mL). The mixture was stirred at 25, 50, 90, and 120 °C for 24 h. 

Subsequently, the crude product was washed using ethyl acetate and acetone 

sequentially, and dried at 50 °C for 48 h to obtain L-BN. 

 

Preparation of PLA nanocomposites 

 

The PLA nanocomposites with f-BN and L-BNs were prepared as follows: 

In a vial, f-BN or L-BNs was dispersed in chloroform under ultrasonication 

for 1 h. Then, the dispersed f-BN or L-BNs solutions were mixed with a 

solution of PLA in chloroform. The mixture was vigorously stirred for 1 h, 

and then was poured into glass mold. Next, the samples were dried at room 

temperature for 48 h and were dried 60 °C in oven to remove the solvent 

completely. As a control sample, the PLA nanocomposites with 

commercially available BN was prepared via the same preparation steps as 
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the PLA nanocomposites with f-BN or L-BNs. 

 

Characterization 

 

Fourier transform infrared (FTIR) spectra were collected using a Bruker 

Alpha-Platinum attenuated total reflectance (ATR)-FTIR spectrometer over 

the range 4000–400 cm-1. X-ray diffraction (XRD) patterns were obtained 

using a Malvern Panalytical Empyrean diffractometer using Cu Kα radiation. 

The morphology of the sample was observed using a JEOL JSM-7601F 

PLUS field emission scanning electron microscope (FE-SEM) and a Tecnai 

G2 F3 S-Twin transmission electron microscopy (TEM). Thermogravimetric 

analysis (TGA) was performed using a Perkin Elmer TGA 4000 instrument 

from room temperature to 500 °C at a heating rate of 10 °C min-1 under N2 

atmosphere. X-ray photoelectron spectrometry (XPS) was performed using 

Thermo Scientific K-alpha. 1H Nuclear magnetic resonance (1H NMR) 

spectra were recorded on a Bruker AVANCE-400 MHz NMR spectrometer 

using DMSO-d6 as the solvent. The solid-state NMR data were observed 

using 2.5 mm CPMAS probes and 500 MHz Bruker AVANCE Ⅲ HD NMR 

spectrometer. The dispersion state of fillers was observed using a scanning 
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electron microscope-energy dispersive X-ray spectrometer (SEM-EDS). The 

limiting oxygen index (LOI) was measured using an FESTEC FT-LOI-404 

LOI tester according to ASTM D2863 standard. The sample size was 100 

mm × 10 mm × 1.5 mm. The differential scanning calorimetry (DSC) 

measurements were performed under a N2 using a Discovery DSC 25. The 

samples were heated from 0 °C to 200 °C at a heating rate of 10 °C min-1. 

The tensile strength and elongation at break were obtained by QM100S 

universal testing machine (UTM) with a crosshead speed of 5 mm min-1. 

The experiments were carried out according to ASTM D638 standard at 

room temperature, five times for each sample. 
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4.3. Results and discussion 

 

 In this study, f-BN was synthesized via the pyrolysis of boric acid (B 

source) and melamine (N source). Briefly, f-BN precursor was prepared by 

adding melamine into boric acid in ethanol at room temperature. 

Subsequently, the obtained precursor, which was a white powder, was 

calcinated in a horizontal furnace under N2 at 800 °C for 1h (Figure 4.1a). 

Peaks were observed in the Fourier transform infrared (FTIR) spectrum of 

the f-BN sample at 1370 and 790 cm-1, which were attributed to the typical 

stretching vibration of B–N and B–N–B bonds, respectively, demonstrating 

the successful synthesis of f-BN (Figure 4.1b). In addition, f-BN exhibited 

broad peaks at approximately 1000 and 3300 cm-1, which were ascribed to 

B–O and –OH/–NH2, respectively, indicating the presence of B–OH and B–

NH2 groups in the synthesized f-BN. Transmission electron microscopy 

(TEM) revealed that the synthesized f-BN exhibited a sheet-structured 

morphology with an interlayer distance of 0.33 nm, which was assigned to 

the (002) plane of typical BN (Figure 4.1c) [19]. Figure 4.2 shows the X-ray 

diffraction (XRD) patterns of commercially available BN and the 

synthesized f-BN. Two major peaks were observed in the XRD pattern of f-
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BN, which were contributed to the (002) and (100) planes. Compared to the 

commercially available BN, the broadening of the diffraction peaks of f-BN 

corresponded to a remarkable decrease in its crystallinity. Combined with 

the FTIR results, this result indicates that the f-BN prepared used pyrolysis 

exhibited a turbostratic structure, and contained functional groups, such as 

B–OH and B–NH2. 

 To improve the dispersion of f-BN to enhance its application in 

nanocomposites, the surface of f-BN was further functionalized using L-

lactic acid under various heating conditions: the samples were named L-BN-

x (where x is the heat treatment temperature). Typically, L-BN samples were 

prepared by simply mixing a suspension of f-BN (100 mg) with a solution 

of L-lactic acid (100 mg) in dimethylformamide (DMF; 5mL). Subsequently, 

the mixture was stirred at 25, 50, 90, and 120 °C for 24 h, after which the 

crude product was washed four times using ethyl acetate and acetone 

sequentially, to remove nongrafted L-lactic acid. To investigate the degree 

of functionalization of L-BNs, thermogravimetric analysis (TGA) was 

performed (Figure 4.3a and Figure 4.4). The TGA results revealed that the 

thermal decomposition of f-BN started at 180 °C, and the weight loss at 

500 °C was approximately 7%. In order to confirm the cause of this weight 

loss, we carried out FTIR analysis for f-BN which was heated to 500 °C via 
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TGA. As shown in Figure 4.5, the FTIR spectra of f-BN show that the broad 

peak at around 3300 cm-1 ascribed to OH and NH groups were disappeared 

after heat treatment to 500 °C. It implied that the weight loss of 7% at 

500 °C which was observed in TGA result of f-BN was attributed to the 

functional groups on the surface of f-BN, such as B–OH and B–NH2. Next, 

the degree of functionalization of L-BNs was calculated based on the 

thermal degradation behavior of f-BN. The results revealed that the heat 

treatment induced a notable increase in the functionalization degree of L-

BNs (Figure 4.3a). For example, compared to that of L-BN-25 (6.9%), the 

surface functionalization degree of L-BN-50 and L-BN-90 significantly 

increased to 13.8 and 26.4%, respectively. In addition, L-BN-90 and L-BN-

120 exhibited almost similar degree of functionalization, suggesting that the 

functionalization efficiency was saturated at temperatures above 90 °C. This 

will be further discussed later in this paper. 

 First, to investigate the covalent surface functionalization of f-BN by L-

lactic acid, we performed the 1H nuclear magnetic resonance (NMR) 

analysis of the crude product. To prepare the 1H NMR sample, a solution of 

the crude product (0.2 mL) was mixed with dimethyl sulfoxide (DMSO)-d6 

solvent (0.8 mL). At this time, both L-BNs and nongrafted L-lactic acid 

were present in the crude product. Two peaks were observed at 1.23 and 
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4.04 ppm in the 1H NMR spectrum of L-lactic acid (Figure 4.6). In the case 

of L-BN-25 and L-BN-50, the intensity of the peak at 1.23 ppm, which 

corresponded to the methyl group of L-lactic acid, decreased, and a new 

peak emerged at 1.14 ppm. This observation is consistent to that of a 

previous study that reported that when alkyl alcohol was introduced to the 

surface of boron nitride nanotube (BNNT), there is an up-field movement in 

the chemical shift of protons closer to BNNT in the 1H NMR spectrum [20]. 

Therefore, the upward chemical shift from 1.23 to 1.14 ppm corresponded 

to the covalent reaction of L-lactic acid with f-BN. Furthermore, the peak at 

1.23 ppm completely disappeared in the 1H NMR spectra of L-BN-90 and 

L-BN-120, and small peaks emerged at approximately 1.11 ppm. Moreover, 

there was a slight decrease in the intensity of the peak at 4.04 ppm, which 

was ascribed to the proton on the carbon adjacent to the –OH of L-lactic 

acid, and a new peak emerged at 3.80 ppm. This corresponded to the 

additional secondary reaction between the –OH of L-lactic acid and f-BN 

that occurred at temperatures above 90 °C in addition to the 

functionalization reaction that occurred in L-BN-25 and L-BN-50. 

 Next, to clarify the further functionalization on f-BN with L-lactic acid, 

FTIR analysis of L-BNs was performed (Figure 4.3b and Figure 4.7). All the 

L-BN samples exhibited the characteristic peaks at 1370 and 780 cm-1, 
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which were ascribed to B–N and B–N–B bonds, respectively. Also, the peak 

at 1122 cm-1 attributed to C-O bonds of L-lactic acid was appeared, 

indicating that the surface functionalization was successfully processed. In 

addition, compared to that of f-BN, a new C=O peak was observed in the 

FTIR spectra of the L-BN sample at approximately 1670 cm-1, which was 

ascribed to the amide group [21], verifying the successful further surface 

functionalization via the amidation reaction between the –COOH of L-lactic 

acid and the B–NH2 of f-BN regardless of the heating conditions. 

Furthermore, an additional peak corresponding to the C=O of carboxylic 

acid group was observed at 1720 cm-1 in the FTIR spectra of L-BN-90 and 

L-BN-120, indicating the presence of free carboxylic acid groups on the 

surface of L-BN-90 and L-BN-120. Therefore, we believed that at high 

temperatures, L-lactic acid was grafted onto f-BN via other activation sites 

in addition to the amidation reaction that occurred at low temperature, which 

is consistent with the 1H NMR results. Accordingly, X-ray photoelectron 

spectroscopy (XPS) was performed to further determine the heat treatment-

induced additional functionalization route. Compared to f-BN (Figure 4.8), 

a small peak was observed in the N1s spectrum of L-BN-25 and L-BN-50 at 

398.9 eV, which corresponded to N-C bonds, whereas there was no 

difference in the B1s spectrum (Figure 4.9a-b and Figure 4.10). This 
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indicated that the N atom of the B-NH2 groups on f-BN was the only 

reaction site at a relatively low temperature via the amidation reaction with 

–COOH of L-lactic acid. In contrast, the XPS profiles of L-BN-90 and L-

BN-120 exhibited an additional peak at 193.0 eV, which was ascribed to the 

B–O bond, suggesting that the B atom in the B–OH groups of f-BN was an 

additional reaction site at high temperatures (Figure 4.9c and Figure 4.10c). 

The B–O bonds in these samples exhibited a higher binding energy than the 

B–O bonds observed in the spectrum of f-BN. This could be attributed to the 

introduction of highly electronegative C atom on B atom by the formation 

of boronate ester between the –OH of L-lactic acid and the B–OH of f-BN at 

heat treatment temperatures above 90 °C [22], which is consistent with the 

FTIR results. Furthermore, a small peak attributed to –NH2 was observed at 

401.2 eV in the N1s spectra of L-BN-90 and L-BN-120 (Figure 4.9d and 

Figure 4.10d), which corresponded to the formation of boronate ester by the 

reaction of oxygen species with the B atom of f-BN [23, 24]. These results 

indicated that while an amidation reaction was the only reaction that 

occurred in the surface functionalization of f-BN with L-lactic acid under 

heat treatment at lower temperatures, both amidation and boronate ester 

formation reactions simultaneously occurred at higher temperatures, which 

in turn, increased the surface functionalization degree of L-BN. These 
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results were also shown in solid-state NMR analysis (Figure 4.11). In the 

case of f-BN, the one broad peak was observed at around 6.8 ppm, which 

means that B–OH and B-NH2 groups were overlapped. Compared with f-

BN, a small peak attributed to –OH of L-lactic acid appeared at around 1.1 

ppm, indicating the surface functionalization of L-lactic acid onto f-BN in 

the NMR spectra of L-BN-25 and L-BN-50. In the case of L-BN-90 and L-

BN-120, a new peak at around 2.6 ppm was additionally observed. This 

peak was ascribed to –COOH of L-lactic acid. These results were coincident 

with other results. 

 This boronate ester formation by heat treatment was further confirmed by 

the reaction between boric acid and L-lactic acid. To this end, a solution of 

boric acid (100 mg) in DMF was mixed with a solution of L-lactic acid (145 

mg) at 25 or 90 °C. Subsequently, the reaction mixture was stirred for 24 h, 

after which the mixture was washed four times using chloroform and 

acetone to remove unreacted L-lactic acid. The main difference between the 

products obtained at 25 and 90 °C is underlined in Figure 4.12. At 25 °C, the 

FTIR spectrum of the product was similar to that of boric acid, indicating 

that no reaction occurred between boric acid and L-lactic acid at 25 °C. In 

contrast, at 90 °C, characteristic absorption peaks were observed at 1720 

and 1279 cm-1, which were ascribed to the C=O of carboxylic acid group 
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and B–O–C, respectively. Considering that the C=O of L-lactic acid should 

shift a higher wavenumber when L-lactic acid participates in reactions, such 

as esterification [25], the –COOH of L-lactic acid should not react with the 

B–OH of boric acid. Therefore, this verifies that the heat treatment at 

temperatures above 90 °C resulted in a boronate ester formation reaction 

between the –OH of L-lactic acid and B–OH of boric acid, which is 

consistent with the aforementioned results. 

 Based on the aforementioned analysis, we propose the routes of the further 

functionalization of f-BN using L-lactic acid via heat treatment (Figure 

4.13). In this study, the reaction sites of f-BN were B–OH and B–NH2 

groups, and those of L-lactic acid were –COOH and –OH groups. At a 

relatively low temperature, a single functionalization occurred via the 

amidation reaction between the –COOH of L-lactic acid and the B–NH2 of 

f-BN. With an increase in the heat treatment temperature, secondary 

functionalization occurred via boronate ester formation reaction by the 

activation of additional reaction sites. Consequently, two functionalization 

mechanisms were occurred simultaneously at high temperatures, resulting in 

the high functionalization degree. In addition, the additional 

functionalization reaction had no effect on the sheet-structured morphology 

of L-BNs (Figure 4.13). This indicates that the further surface 
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functionalization by L-lactic acid had no effect on the physical structure of 

f-BN. Finally, to investigate the effect of further functionalization on 

dispersion state, we performed the dispersion test in various solvents (water, 

IPA, chloroform, and n-hexane). Each sample (5 mg) was dispersed in 

various solvents (5 mL) via ultrasonication for 1 h and observed for 1 day 

(Figure 4.14). As expected, all the samples showed aggregation and 

sedimentation in n-hexane and chloroform in just 1 hours. In contrast, in IPA 

and water, while f-BN exhibited complete sedimentation after 1 day, the 

dispersions of L-BNs remained stable over 1 day except L-BN-25. These 

results indicate that further surface functionalization of f-BN with L-lactic 

acid improves dispersion stability. In particular, L-BN functionalized with a 

relatively large amount of L-lactic acid by heat treatment enables fine 

dispersion, which is suitable for application as a nanofiller. 

 In order to analyze the effect of degree of functionalization of f-BN on 

flame retardancy, the PLA nanocomposites were prepared by incorporating 

f-BN and L-BNs into the PLA as polymer matrix. At this time, among the L-

BNs samples, L-BN-25 and L-BN-90 were chosen for comparison. The PLA 

nanocomposites were denoted as PLA-#fBN (PLA nanocomposites with f-

BN), PLA-#LBN25 (PLA nanocomposites with L-BN-25), and PLA-

#LBN90 (PLA nanocomposites with L-BN-90), and # is the weight 
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percentage of fillers. To investigate the dispersion state of fillers in the PLA 

matrix, SEM analysis and SEM-EDS mapping were used for the PLA 

nanocomposites. As seen in Figure 4.15, while the PLA showed the smooth 

surface, the PLA nanocomposites with 3.0 wt% fillers exhibited rougher 

surface, demonstrating that f-BN, L-BN-25, and L-BN-90 were uniformly 

dispersed in the PLA. From SEM-EDS, all the PLA nanocomposites showed 

the well-dispersed boron atoms without agglomerates, which reveals the 

homogeneous dispersion of f-BN, L-BN-25, and L-BN-90. 

 To evaluate the flame retardancy of the PLA nanocomposites, a limiting 

oxygen index (LOI) measurement were carried out as a tool to investigate 

the flame retardancy of polymeric materials. The LOI values of the PLA 

nanocomposites were illustrated in Figure 4.16. For comparison, the PLA 

nanocomposites with commercially available BN (PLA-#BN) was 

additionally fabricated via the same preparation steps as the PLA-#fBN. The 

LOI value of the PLA was 19.0%, which is similar to the LOI value of the 

PLA reported previously. It was found that the LOI values of PLA-BN were 

not significantly different with those of the PLA. In contrast, with 

incorporating 3 wt% f-BN into the PLA, the LOI value of the PLA was 

increased to 23.0%. It indicates that f-BN could further improve the flame 

retardancy of the PLA compared to commercially available BN. It can be 
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explained the dispersion state of fillers in PLA. As seen in Figure 4.17, 

PLA-3.0BN showed the smooth surface with some agglomerates, which 

demonstrates the poor dispersion state of commercially available BN in 

PLA. Thus, since f-BN has functional groups such as ‒OH and ‒NH2, it 

interacts with PLA via hydrogen bond, resulting in good dispersion state and 

enhanced flame retardancy. In addition, the LOI values of PLA-LBN25 

were more increased in comparison with those of PLA-fBN. For example, 

while the LOI values of PLA-1.0fBN and PLA-3.0fBN were 21.0% and 

23.0%, it increased to 23.8% and 24.2% for PLA-1.0LBN25 and PLA-

3.0LBN25, respectively. It might be contributed to further improved 

dispersion state by surface functionalization. However, although L-BN-90 

showed better dispersion state than L-BN-25, the LOI values of PLA-

LBN90 were rather decreased compared to those of PLA-LBN25. Maybe, as 

the degree of functionalization increases, the content of carbon and oxygen 

increases, which is a factor that reduces flame retardancy. Consequently, 

when L-BN-25 was introduced into PLA, it showed the best performance in 

terms of flame retardancy. 
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4.4. Conclusion 

 

In conclusion, this study introduced an efficient surface functionalization 

strategy for f-BN. f-BN was synthesized via the calcination of melamine-

boric acid complex and functionalized using L-lactic acid under various 

heating conditions. The results revealed that the functionalization of f-BN 

by L-lactic acid occurred via two distinct functionalization routes: a single 

functionalization route occurred at low temperature conditions, whereas two 

functionalization routes occurred simultaneously at high temperature 

conditions, with the sample achieving a high functionalization degree of up 

to 26%. As this study systematically revealed the surface functionalization 

routes of f-BN under various heating conditions and controlled the degree of 

functionalization, which have not been previously reported to the best of our 

knowledge, we believe that the facile and efficient strategy introduced in 

this study would be attractive for the preparation of BN for nanocomposites. 

Additionally, to confirm the effect of the functionalization degree of L-BN 

on flame retardancy, L-BN-25 and L-BN-90 were introduced into PLA as 

polymer matrix. Although L-BN-90 has higher functionalization degree than 

L-BN-25, lower flame retardancy was found compared to L-BN-25. These 
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results might be contributed to the increase in the amount of carbon and 

oxygen by high functionalization efficiency. Consequently, when L-BN-25 

was introduced into PLA, it showed the best performance in terms of flame 

retardancy. 
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Figure 4.1. (a) Schematic illustration of the synthetic process of boron 

nitride with functional groups (f-BN), (b) fourier transform infrared (FTIR) 

spectra of commercially available BN and f-BN, and (c) transmission 

electron microscopy (TEM) image of f-BN (inset: high-magnification TEM 

image) 
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Figure 4.2. X-ray diffraction (XRD) patterns of (a) commercially available 

BN and (b) f-BN 
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Figure 4.3. (a) Thermogravimetric analysis (TGA) curves of f-BN and L-

BNs (inset: the degree of functionalization depending on heating conditions), 

and (b) FTIR spectra of L-BN-25, L-BN-90, and L-lactic acid 
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Figure 4.4. Thermogravimetric analysis (TGA) curves of f-BN, L-BN-50, 

and L-BN-120 
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Figure 4.5. The Fourier transform infrared (FTIR) spectra of f-BN before 

and after heat treatment to 500 °C 
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Figure 4.6. 1H nuclear magnetic resonance (NMR) spectrum of the crude 

product after the further surface functionalization 
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Figure 4.7. The FTIR spectra of L-lactic acid, L-BN-50, and L-BN-120 
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Figure 4.8. (a) B1s and (b) N1s X-ray photoelectron spectroscopy (XPS) 

profile of f-BN 
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Figure 4.9. (a) B1s X-ray photoelectron spectroscopy (XPS) profile of L-

BN-25, (b) N1s XPS profile of L-BN-25, (c) B1s XPS profile of L-BN-90, 

and (d) N1s XPS profile of L-BN-90 
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Figure 4.10. (a) B1s XPS profile of L-BN-50, (b) N1s XPS profile of L-BN-

50, (c) B1s XPS profile of L-BN-120, and (d) N1s XPS profile of L-BN-120 
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Figure 4.11. The solid-state NMR spectra of f-BN and L-BNs 
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Figure 4.12. FTIR spectra of the product of the reaction between L-lactic 

acid and boric acid under heat treatment 
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Figure 4.13. Routes of the surface functionalization of f-BN using L-lactic 

acid under various heating conditions 
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Figure 4.14. The dispersion test for f-BN and L-BNs in (a) n-hexane, (b) 

chloroform, (c) water, and (d) isopropyl alcohol (IPA) 
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Figure 4.15. SEM images and EDS mapping of (a) PLA, (b) PLA-3.0fBN, 

(c) PLA-3.0LBN25, and (d) PLA-3.0LBN90 
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Figure 4.16. The limiting oxygen index (LOI) results (a) PLA, PLA-BN, 

and PLA-fBN, (b) PLA, PLA-LBN25, and PLA-LBN90 



 １６２ 

 

Figure 4.17. SEM image and EDS mapping of PLA-3.0BN 
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초 록 
 

본 연구에서는 기 보고된 인계 난연제의 비교적 낮은 난연 성능 

문제를 개선하기 위한 연구를 진행하였다. 첫째, 신규 인-질소계 

난연제의 구조는 인과 질소의 시너지 효과를 통해 난연성을 

극대화하도록 설계하였다. 인-질소계 난연제는 성공적으로 

합성되었으며, 엔지니어링 플라스틱 중 하나인 폴리케톤에 도입하였다. 

순수 폴리케톤은 20.2%의 한계산소지수 값을 가지며, 

수직연소시험에서 불에 완전히 연소되는 결과를 보였다, 반면, 7 중량 

퍼센트의 인-질소계 난연제가 도입된 폴리케톤은 한계산소지수 값이 

25.9%까지 증가하며, 수직연소시험에서 가장 우수한 난연등급인 

VTM-0 등급을 달성하였다. 즉, 본 연구를 통해 합성된 인-질소계 

난연제가 폴리케톤에 우수한 난연성을 부여하였다. 이때, 인과 질소의 

시너지 효과로 인한 인-질소계 난연제의 효과적인 차르(char) 형성 

능력과 함께 불활성 가스의 방출이 폴리케톤의 난연성을 크게 

향상시키는 것으로 나타났다. 

 둘째, 가교 네트워크가 인계 난연제의 난연성을 향상시킬 수 있음을 

발견하였다. 자가 중합이 가능한 포스포네이트 난연제인 비스(카다닐) 

페닐포스포네이트 (CP)가 성공적으로 합성되었으며, 이를 
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폴리염화비닐에 도입하여 성능을 평가하였다. CP 의 포스포네이트 

그룹과 긴 알킬 사슬은 각각 폴리염화비닐의 난연성 및 유연성을 

향상시켰다. 또한, CP 는 열처리에 의해 자가 중합이 될 수 있으며, 

CP 의 가교 네트워크는 안정한 차르 형성을 유도하여 폴리염화비닐의 

난연성을 더욱 향상시켰다. 따라서, 자가 중합 특성을 가지는 CP 는 

폴리염화비닐의 열안정성, 난연성, 그리고 유연성을 동시에 향상시키는 

전도유망한 물질이라고 할 수 있다. 

 마지막으로, 2 차원의 층상 무기 재료 중, 질화붕소는 전기 절연성과 

우수한 화학적 및 열적 안정성 등의 특성을 가지고 있어 고성능 

나노복합재의 충전재로써 각광받고 있다. 그러나 질화붕소의 낮은 표면 

개질 효율로 인해 발생하는 질화붕소의 심각한 응집현상은 이의 응용 

범위를 제한한다. 따라서, 고분자 나노복합재 내의 질화붕소의 분산성을 

향상시키기 위해, 본 연구에서는 질화붕소의 합성 및 기능화 방법을 

제안하였다. 멜라민-붕산 복합체의 열처리 공정을 통해 얻어진 

작용기를 가지는 질화붕소는 L-락트산을 사용하여 추가로 개질되었다. 

연구 결과, L-락트산이 열처리에 의한 두 가지 주요 개질 경로를 통해 

질화붕소에 접목되었음을 확인하였다. 본 연구에서, 질화붕소의 개질 

정도가 난연성에 미치는 영향을 조사하기 위하여, 이를 폴리락트산에 

도입하여 성능을 평가하였다. 저온에서 L-락트산으로 개질된 
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질화붕소는 표면 개질을 통해 폴리락트산과의 수소결합을 형성하여 

난연성을 더욱 향상시키는 결과를 보여주었다. 한편, 고온에서 L-

락트산으로 개질된 질화붕소는 26% 이상의 개질 정도를 보유하기 

때문에 상대적으로 가연특성을 가지는 탄소 및 산소의 양이 증가하여 

난연성을 감소시키는 것으로 나타났다. 하지만, 본 연구에서 합성 및 

개질된 질화붕소는 상용화된 질화붕소에 비해 개선된 분산성으로 인해 

적은 함량으로 폴리락트산의 난연성을 향상시켰다. 본 연구에서 

제시하는 질화붕소의 합성 및 기능화 방법은 가열 조건에 따라 

질화붕소의 개질 정도를 조절할 수 있어 향후 다양한 응용 분야에 

적용할 수 있는 효과적인 전략이다. 

주요어: 인계 난연제, 인-질소계 난연제, 폴리케톤, 폴리염화비닐, 

난연성, 질화 붕소, 표면 개질 
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