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Abstract
A series of polyethylene terephthalate-co-[(6-oxido-6H-dibenz[c,e][1,2]oxaphos-
phorin-6-yl)methyl] butanedioate (PET-co-PEDDP) copolyesters were prepared 
through the reaction among ethylene glycol (EG), terephthalic acid, and [(6-oxido-
6H-dibenz[c,e] oxaphosphorin-6-yl)methyl]butanedioic acid (DDP) through the 
direct esterification and polycondensation processes. Structure study of the prepared 
copolyesters using Fourier transform infrared spectroscopy and nuclear magnetic 
resonance (NMR) indicates polyester production. It is concluded that DDP comono-
mer incorporated into the polymer chain. Examination of the thermal treatment of 
all samples detected no phase separation. Melting point linearly decreases with DDP 
content; the Baur’s equation could describe the melting point. Melt crystallization 
kinetics of all synthesized samples in a wide range of cooling rates were investigated 
by various kinetics models. Due to secondary crystallization, some simple models 
such as the Avrami equation could not fit the data very well. The best crystallization 
kinetics model was the Hay model by taking into consideration the secondary crys-
tallization, which is the main achievement of this research. Furthermore, the effects 
of comonomer on the thermal degradation of copolyesters were also analyzed using 
thermal gravimetry analysis. The Coats–Redfern equation was applied to examine 
the influence of comonomer on thermal degradation.
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Introduction

Polyethylene terephthalate (PET) is the most significant and generated member of 
polyesters that are a type of polymer containing ester functional groups in their 
backbone chain. The superior chemical and mechanical features of PET have 
made it applicable in various industrial applications such as fiber, textile, film, 
and packaging [1, 2]. The global PET production in 2024 will be approximately 
35 million metric tons [3]. Nevertheless, there are still several drawbacks for PET 
utilization, such as its poor processability, crystallinity, and flame behavior. PET 
could be categorized in oxygen-containing polymers [4]. Various approaches 
could overcome the mentioned shortages, including adding fillers and additives, 
polymer blending, and copolymerization. However, such manipulations affect 
crystallization behavior which is important from practical point of view in final 
article production.

Ibbotson and Sheldon studied the effect of various additives on the crystalliza-
tion behavior of PET [5]. They used DSC under dynamic and isothermal modes. 
Phang et al. prepared polyester and nanoclay composites via melt compounding 
[6]. They study was based on PET and its copolyetser, supplied by Eastman Co., 
nanocomposites. Mohsen-Nia and Memarzadeh prepared poly(ethylene seba-
cate) (PESeb) and PESeb/silica nanocomposites by in  situ polymerization [7]. 
They studied non-isothermal crystallization behavior of PESeb/SiO2 nanocom-
posites and applied various theoretical equations such as Avrami, Ozawa, and 
combined Avrami and Ozawa. It was reported that nanoparticles of SiO2 influ-
enced the mechanism of nucleation and the growth of crystallites. Kahkesh and 
Rafizadeh prepared poly(butylene succinate)/nano-boehmite composites with an 
in situ polymerization to examine their crystallization, thermal degradation, and 
flame retardancy behaviors [8]. Agrawal et  al. presented non-isothermal kinet-
ics of PET-titanium dioxide (TiO2) nanocomposites [9]. They explained this 
kinetics through Avrami–Ozawa combined theory. Lin et  al. investigated kinet-
ics of pure PET, PET/mica, and PET/TiO2-coated mica composites using DSC 
[10]. They examined modified Avrami, Ozawa, and Mo methods. Moreover, they 
calculated activation energies of non-isothermal crystallization by Kissinger and 
Flynn–Wall–Ozawa methods. Gao et  al. introduced PET/hydrophobic BaSO4 
nanocomposites via in situ polymerization [11]. Their observations exhibited an 
improvement in the PET stability caused by BaSO4 addition and an increment of 
crystallization rate. Valapa et  al. prepared poly(lactic acid) (PLA)/sucrose pal-
mitate (SP) nanocomposites by solution casting method [12]. They evaluated 
Avrami model parameters for cold crystallization kinetics. Wang et al. used DSC 
and POM analyses to evaluate the isothermal crystallization of neat PET and its 
nanocomposites with NaMMT, prepared by solid-state mechanochemical and 
conventional methods [13].

Polymer’s molecular weight and structure, like branching, have significant 
influences on its properties. Mohammadi et  al. surveyed the impact of initial 
crystallization conditions on solid-state polymerization of PET and molecular 
weight of products [14]. They also checked out the effect of molecular weight 
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on PET crystallization. Papageorgiou et  al. studied the crystallization kinetics 
of branched and partially crosslinked PET using Wide-Angle X-ray Diffraction 
(WAXD) and DSC analyses [15]. Their samples were produced by trimethyl tri-
mellitate as a branching agent. The content of the branching agent enhances the 
isothermal crystallization half-times. Saeed et  al. produced blends of recycled 
PET and hyperbranched polyester (HBPET) [16]. They analyzed kinetics of non-
isothermal crystallization with modified Avrami and Ozawa equations and Mo 
method. Then, the Kissinger method was applied to determine activation energy 
of crystallization of RPET. Ravari et al. studied effect of L-lactide dimer on the 
crystallization of poly(L-lactide) (PLLA) [17]. They conducted the non-isother-
mal crystallization kinetics using Avrami, Jeziorny, Ozawa, and Mo. Wang et al. 
synthesized a copolymer of PET and bis 4-carboxyphenyl phenyl phosphine oxide 
(BCPPO), illustrating an improved flame retarding behavior [18]. By determining 
the transition points of Tg and Tm by DSC analysis, they detected a decrease in 
Tm and an increase in Tg. Wang et al. investigated the thermal performance of a 
series of copolyesters containing phosphorus using DSC and Thermal Gravimet-
ric (TGA) analyses [19]. They fabricated the samples with the direct esterifica-
tion of [(6-oxido-6H-dibenz (c,e) [1,2] oxaphosphorin-6-yl) methyl]-butanedioic 
acid (ODOP-BDA) and bis (hydrocyethyl) terephthalate (BHET) or bis (hydroxy-
ethyl) naphthalate (BHEN). They deduced that both Tg and Tm are reduced by 
increasing the comonomer content. Cheng and Cheng synthesized a PET-co-
poly(ethylene DDP)s copolyester and exhibited that higher phosphorus content 
causes a reduction in the crystallinity and melting temperature [20]. Avarzman 
et  al. synthesized branched polyester with terephthalic acid (TPA), isophthalic 
acid (IPA), and trimellitic anhydride (TMA) as comonomers [21]. They reported 
structure and crystallization behavior. Zhou et al. synthesized poly(butylene suc-
cinate) (PBS)/9,10-dihydro-10-[2,3-di(hydroxycarbonyl)propyl]-10-phospha-
phenanthrene-10-oxide (DDP) copolyesters containing phosphorus pendent group 
[22]. They explored the composition, crystallization behavior, multiple melting 
behavior, and spherulitic morphology of the copolyesters. Naghavi et al. synthe-
sized short-segmented block copolymers of poly(butylene succinate-co-butylene 
fumarate) (PBS-BF) and computed the Avrami equation parameters using non-
linear Levenberg–Marquardt algorithm [23]. Al-Mulla presented DSC results of 
non-isothermal cooling of polytrimethylene terephthalate (PTT)/polybutylene 
terephthalate (PBT)/and polycarbonate (PC) blend [24]. He evaluated the kinetic 
parameters of crystallization based on the Kissinger and Matusita models. Kint 
and Muñoz‐Guerra reviewed publications that had been related to the thermally 
induced crystallization of PET and its copolyesters [25]. They included some 
illustrative data for isothermal and non-isothermal crystallization. Chen et  al. 
produced poly[(trimethylene terephthalate)-co-(38 mol% ethylene terephthalate)] 
copolyester [26]. Then, crystallization kinetics and melting behavior of copolyes-
ters were presented.

Based on the literature review, there have been many published data on crystal-
lization kinetics for various polymers and polyesters. Moreover, the performance 
of polymers, especially PET, could be manipulated by their thermal behav-
ior, degree of crystallinity, and other features. In the current work, a series of 
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copolyesters consisting of ethylene glycol, terephthalic acid, and [(6-oxido-6H-
dibenz[c,e][1,2] oxaphosphorin-6-yl) methyl] butanedioic acid (DDP), as a phos-
phorous-containing comonomer, are synthesized. The samples have been char-
acterized by various analyses such as Fourier Transform Infrared Spectroscopy 
(FTIR), proton nuclear magnetic resonance (HNMR, and TGA. Furthermore, 
the thermal behavior and crystallization are examined by non-isothermal DSC 
analysis in various cooling rates (melt crystallization) and one heating rate (cold 
crystallization).

Materials and methods

Materials

Ethylene glycol (EG) and terephthalic acid (TPA) as main monomers were sup-
plied by Shahid Tondgooyan Petrochemical Company (STPC). [(6-oxido-6H-
dibenz[c,e] oxaphosphorin-6-yl)methyl]butanedioic acid (DDP), as comonomers, 
was purchased from Phrmicell Chemical Business Unit, South Korea. Antimony 
oxide, as the polycondensation catalyst, was prepared by Polychem Industrial Co., 
Ltd., China. Di chloroacetic acid, as the solvent in the intrinsic viscosity meas-
urement, orthocresol and chloroform, as the solvents in acid end group measure-
ment, and potassium hydroxide, as the agent in potentiometry, were bought from 
Merck Co., Germany.

Fig. 1   Schematic view of experimental setup for synthesizing PET
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Synthesis of polyethylene terephthalate and its copolyesters

A homemade laboratory-scale reactor was employed to generate all samples. Fig-
ure 1 displays the scheme of the used experimental setup. As can be observed, it 
consists of a one-liter stainless steel reactor, EG condenser, water separator, heat-
ing system, and vacuum pump as main constituents of the system.

Table 1 exhibits the compositions of the produced samples, DDP, and phospho-
rus element contents at different analyses. Some preliminary runs were carried 
out to specify the proper process variables for getting the appropriate intrinsic 
viscosity as an implication of the molecular weight. Every batch was conducted 
in such a way as to obtain about 550  g of polyester. Afterward, the amount of 
0.19 g Sb2O3 was added to the system. The OH to COOH mole ratio was assumed 
fixed at 1.4 in all runs.

The weight percent of DDP in the final polymer was selected to be up to 11. 
This range of DDP content is in such a way that be economical in the copoly-
ester production from the commercial point of view. Moreover, this amount of 
comonomer may affect some properties such as flame retardancy, while keep-
ing PET properties. The weighted raw materials were agitated for 20 min under 
standard laboratory conditions to get a uniform paste. Afterward, the paste was 
poured into the reactor and completely sealed. The EG condenser temperature 
was set to 160 °C during the course of the esterification step. The mixture tem-
perature was reached above 195 °C under 2 bar pressure using a heating system 
and then mixed for about 10  min. Subsequently, the mixture temperature and 
pressure were increased to 255 °C and 5 bar, respectively. The water production 
testified as to the start of the esterification step. The distilled water gathered every 
15 min as an indication of the esterification reaction progress. The termination of 
water production determines the end of the esterification step. Accordingly, the 
mixture temperature increased to 275 °C, and a vacuum was applied to ease EG 
removal and polycondensation progress. After 120 min, the synthesized polyester 
was evacuated from the reactor. Besides that, the mixing rate is 100 rpm over the 
whole course of synthesis.

Table 1   Compositions of samples raw materials

No Sample code EG (g) TPA (g) DDP (g) DDP (wt% to 
polymer)

DDP (mol% 
to acid)

p (wt%)

1 PET 248.71 475.48 0.00 0.00 0.00 0.00
2 PET-DDP01 247.20 469.70 6.23 1.13 0.63 0.10
3 PET-DDP03 244.37 458.30 18.70 3.40 1.92 0.30
4 PET-DDP05 241.48 446.90 31.18 5.66 3.24 0.51
5 PET-DDP07 238.60 435.50 43.66 7.93 4.59 0.71
6 PET-DDP08 236.42 426.94 53.02 9.62 5.62 0.86
7 PET-DDP10 234.25 418.37 62.30 11.31 6.67 1.01
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Characterization of samples

The intrinsic viscosity (IV) of samples was measured by the solution viscometry 
based on the ISO-1628-5 standard. The sample dissolved in the dichloroacetic acid 
with a concentration of 10 mg/mL under a temperature range of 85–100 °C. The IV 
was determined by a Lauda–Konigshofen viscometer at 25 ± 0.1 °C. The acid end 
groups were specified using the gravimetric approach. 1  g of sample poured in a 
70:30 mixture of orthocresol: chloroform under heating and reflux. Then, the solu-
tion was titrated with 0.5 M KOH solution in the ethanol with a model 798 MPT 
Titrino Metrrohm titrator with Solvotrode model electrode. The end of titration is 
designated by the potentiometry and Tiamo 2.4 software. The acid group concentra-
tion at the end of the esterification step is called acid number AN.

To measure diethylene glycol (DEG), sample was gone under transesterification 
in methanol. The amount of 1–1.5 g sample was poured into 30 mL of transesterifi-
cation solution, consisting of 2.0 g tetraethylene glycol dimethyl ether, 300 mg zinc 
acetate, and methanol, heated to 220 °C, and then kept for two hours to measure the 
content of DEG. Consequently, the final solution cooled to room temperature, and 
dimethyl terephthalate crystals were filtered. The remained solution was injected 
into gas chromatography, GC3800 model of Varian Co., to determine the DEG 
content.

The parameters of L, i.e., transparency, and b, i.e., yellowness, as color indices, 
have been measured by a BYK spectrophotometer. Amorphous samples have been 
crystallized for 30  min at 150  °C before performing the test. FTIR spectra were 
yielded with a Bruker FTIR spectrometer at room temperature. The amount of 
5–10 mg sample was powdered and mixed with KBr to form a pellet. HNMR spec-
trometry performed using a Bruker 400 MHz UltraShield branded instrument. The 
sample dissolved into trifluoroacetic acid, and a little amount of CDCl3 was added 
for locking the detector.

A Swiss-made Metller Toledo, 822e model, was used to conduct DSC analysis. 
The synthesized samples were heated to 300 °C and kept fixed for 3–5 min to elimi-
nate their history and then cooled as fast as possible to have an amorphous substance 
using a heating rate of 10 °C/min to evaluate Tg, Tm, cold crystallization, and thermal 
behavior. On the other hand, to analyze the melt (hot) crystallization, the samples 
were cooled with the specified cooling rate (Ф) after 5 min at 300 °C, and the quan-
tities of heat flow and temperature were recorded. The thermal gravimetry analysis 
(TGA) of samples was performed using the STARe SW 9.10 Mettler Toledo instru-
ment. Heating rate of samples was 10 °C/min.

Results and discussion

All samples were prepared based on the procedure explained in the experimental sec-
tion. Table 2 gives the measured values regarding the characteristics of the synthe-
sized samples. The samples are polyethylene terephthalate- co-ethylene [(6-Oxido-
6H-dibenz[c, e][1,2]oxaphosphorin-6-yl) methyl] butanedioate (PET-co-PEDDP). 
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For the sake of simplicity, the samples coded as PET-co-DDPnm, in which nm dem-
onstrates the weight percent of phosphorus element in the polymer.

Number-average molecular weight was approximated using the intrinsic viscosity 
based on the following equation [27]:

All samples have enough high IV, molecular weight, and melting point, which 
are the indications of polymer formation. Based on the data reported in Table 2, all 
samples have AN less than 35 mg KOH/g, DEG less than 3 wt%, and COOH less 
than 25, which means acceptable polyester samples produced from the commercial 
point of view.

FTIR spectra

Figure 2 represents the FTIR spectra of samples with different phosphorus contents. 
The presented spectra report all peaks, which their assignment is given in Table 3 
[28]. The detected bonds reported in Table 3 corroborated the synthesis of the poly-
ethylene terephthalate-based copolyesters.

As well known, DDP has two fingerprint peaks around 760 and 1615 cm−1 that 
belong to the vibration of carbon–carbon double bond (C=C) [29] shown in Fig. 3. 
As can be seen, the size of the peak is growing by adding more DDP. Therefore, 
higher DDP amounts are incorporated in the chain with increasing DDP content.

HNMR analysis

Figure  4 manifests the chemical structure of PET-co-DDP copolyester with illus-
trating the corresponding protons. The shifts related to this copolyester are reported 
in Table  4 [20]. Figure  5 also depicts the HNMR spectrum of PET-co-DDP07 
copolyester.

(1)[�] = KM
a

n
= 67 × 10−4 M

0.47

n

Table 2   Some major properties of the prepared samples

*COOH concentration at the end of esterification step
**COOH concentration of the final sample

No Sample code IV, dL/g M
n
 , g AN*, mg KOH/g COOH** 

mg 
KOH/g

DEG, wt% MP °C L b

1 PET 0.50 9650 30.0 30.0 1.54 251.69 89.7 6.8
2 PET-co-DDP01 0.48 8850 32.0 18.0 1.84 248.61 89.5 5.0
3 PET-co-DDP03 0.44 7350 34.0 18.0 2.20 245.52 88.0 3.4
4 PET-co-DDP05 0.47 8450 23.0 18.0 2.50 242.48 85.0 4.4
5 PET-co-DDP07 0.42 6700 22.0 19.0 2.40 238.89 84.0 5.0
6 PET-co-DDP08 0.47 8450 23.0 17.5 2.40 235.22 78.0 2.9
7 PET-co-DDP10 0.50 9650 30.6 19.0 2.40 231.13 78.0 5.9
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Fig. 2   FTIR spectra of all prepared samples at different contents of phosphorus element

Table 3   Locations of FTIR peaks for PET samples presented in Fig. 2

Location, cm−1 Bond

3430 O–H stretching
3070 C–H asymmetric stretching/C–H aromatic stretching
2970 C–H symmetric stretching
2920 CH2 asymmetric stretching
2810 CH2 symmetric stretching
1720 C–C ring stretching/C=O stretching
1510 CH2 scissoring
1340 CH2 wagging
1250 CCH asymmetric bending/C–O–C asymmetric stretching
1170 C–O–C symmetric stretching/CH2 twisting/CCH symmetric bending
1100 C–O stretching
1020 C–C stretching
800 OCH asymmetric bending
725 OCH symmetric bending
635 CH2 rocking
505 C–C bending/CCO asymmetric bending
435 C–O–C deformation/CCO symmetric bending
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Fig. 3   Magnified images of FTIR peaks associated with DDP content

Fig. 4   Chemical structure of PET-co-DDP copolyester with corresponding protons
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From the stochiometric view, each diacid requires one dialcohol to form polyes-
ter. Hence, the area of diacids peaks should be equal to the area of dialcohols. To 
prove this claim, the following mathematical calculations are done:

(2)
Aa + Ab = Ac + Ae + Af + Ai

⇒ 17.599 + 1.369 = 16.862 + 2.001 + 0.184 + 0.186

⇒ 18.968 ≅ 19.232

Table 4   Detailed data of protons 
and chemical shifts for PET-co-
DDP copolyester

Proton Chemical shift (ppm) A, area

a 8.22 18.599
b 7.25–7.99 1.669
c 4.91 16.862
d 4.73 0.997
e 4.53, 4.65 2.001
f 3.48 0.184
g 4.22 1.000
h 2.92, 3.07 0.992
s 2.59–2.79 0.186

Fig. 5   HNMR Spectrum of PET-co-DDP07 copolymer
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As can be observed, these two values are close enough. Moreover, the area of d 
and g protons should be equal, too:

It is possible to calculate the number-average molecular weight based on the fol-
lowing computations:

The comparison of this quantity with the given value in Table 2 suggests that the 
parameter of Mn in Table 2 could be utilized qualitatively.

Thermal behavior

Table 5 gives results of thermal features of the samples heated from the glassy state 
(amorphous) and, consequently, can measure the cold crystallization. To calcu-
late the relative crystallinity, the heat of fusion for 100% crystalline ( ΔH0

m
 ), e.g., 

135.8 J/g, was presumed [30].
Figure 6 manifests the heating of all samples from the amorphous state (quenched 

samples). Each specimen presents a unique Tg that is related to the sample composi-
tion. In other words, there is no phase separation between ethylene terephthalate and 
ethylene [(6-oxido-6H-dibenz[c,e] [1,2] oxaphosphorin -6-yl)methyl] butanedioate 
(DDP) segments.

In Table  5, there is no sensible and strong change in Tg versus DDP weight 
fraction. Qualitatively speaking, the glass transition temperature reduces with an 
increase in the DDP content [31, 32].

(3)
Ad

Ag

=
0.997

1.000
= 0.997 ≅ 1

(4)Xn = 2
Aa + Ab

Ad

= 2
17.599 + 1.369

1
= 37.86

(5)

Mn ≅ 2
Aa

Ag

M1 + 2
Ab

Ag

M2 = 2
17.599

1
192 + 2

1.369

1
370 = 7163.50 + 1238.78 = 7700

g

mol

Table 5   Calorimetric data of all prepared samples*

*Temperatures are in °C, heats are in J and crystallinity in %

No Sample code Tg On set T Tcc ∆HCC Tm ∆Hm χcc

1 PET 77.39 111.06 131.10 366.70 251.59 597.75 62.80
2 PET-co-DDP01 77.02 116.40 134.57 250.17 248.62 384.37 56.53
3 PET-co-DDP03 76.43 115.05 133.70 272.83 245.53 474.55 49.85
4 PET-co-DDP05 75.01 121.06 135.05 191.14 242.49 270.44 39.77
5 PET-co-DDP07 76.02 125.74 141.18 187.41 238.92 233.28 34.31
6 PET-co-DDP08 74.89 119.91 140.25 257.20 235.19 310.65 32.64
7 PET-co-DDP10 75.62 126.59 145.53 170.93 231.12 180.71 26.58
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However, dissimilar to Tg (even inverse of Tg), the cold crystallization tempera-
ture, Tcc, and the melting point, Tm, of all samples exhibited a linear change. Fig-
ure  7 shows the remarkable linear change with excellent regression coefficients 
for the melting temperature. As it was reported [32, 33] and expected, melting 
temperature decreases with comonomer content due to chain disorder.

Baur proposed the following equation to get the melting point for a copolymer 
with an ideal random structure:

where Tm, Tm
0, xPET, Hf and R are melting point and equilibrium melting point tem-

peratures, dominant monomer mole fraction, fusion enthalpy, and the universal gas 
constant, respectively. Figure 8 depicts 1/Tm against ln xPET plot which indicates an 
excellent fitting. Using data fitting method, the calculated values of Tm

0 and Hf are 
251.29 °C and 7.868 kJ/mol, respectively.

Also, Fig.  9 illustrates a reduction in the degree of crystallinity with an 
enhancement in the DDP wt%. The cold crystallization temperature, Tcc, is a 
measure of the polymer chains ability to be able to place in crystal structure [32]. 
The cold crystallization temperature in Fig.  10 shows that higher DDP content 
in the copolyester results in less crystallization ability of the sample caused by 

(7)
1

Tm
=

1

T0
m

−
R

ΔHf

ln xPET

Fig. 6   Heating thermograms from amorphous state
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an increase in chain irregularity. Hence, cold crystallization happens in higher 
temperature.

Non‑isothermal melt (hot) crystallization kinetics, Hay model

The non-isothermal crystallization from the melt state has got practical inter-
est in polymer processing and final articles manufacturing. Hence, a deep study 
of non-isothermal crystallization kinetics was performed. Various models and 
approaches have been introduced to study the kinetics of crystallization of poly-
mers with emphasis on polyesters [34]. Modified Avrami, Velisaris and Seferis 
and Hay are some of the suggested models in the literature. Specially, it is well 
known that polyesters have primary as well as secondary crystallization. Fig-
ure 11 compares crystallization trend of various samples from the melt state at 
cooling rate equal to 10 °C. This figure was plotted in 3-dimensional form to pre-
sent changes in a glance. Most of changes are due to secondary crystallization of 
samples. Some samples show bimodal curves which are contributed to the sec-
ondary crystallization.

It is essential to calculate the relative crystallinity ( �t ) to analyze the non-
isothermal crystallization kinetics. This parameter can be computed using DSC 
results, based on the following equation:

Fig. 7   Melting point of all samples at different DDP weight fractions
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where dH/dt is the heat flow rate, and Ф is the cooling rate.
Various models have been introduced for describing the non-isothermal kinetics 

of crystallization. The Avrami model has been applied widely. The detailed exami-
nation of kinetic study for various models is given in supplementary materials. Other 
models mostly try to improve the Avrami model. Moreover, it is known that polyes-
ters go under the primary as well as secondary crystallization. Improvement, cor-
rection, presentation, and application of new models is an ongoing research activity. 
The Hay model was selected as the best mode to analyze the crystallization kinetics 
in the present study [35]:

where n and Zp are the composite power index and the rate constant for diffusion-
controlled growth of the secondary process, respectively. Also, the parameters of Zp 
and ks are pre-coefficients. Inspection of Eq. 9 reveals that the Hay model consists 
of two terms. The first term is the Avrami model and the second term is the square 

(8)�t =
∫ t

0
(dH∕dt)dt

∫ ∞

0
(dH∕dt)dt

, t =
T0 − T

Φ

(9)�t = xp
�

1 − exp
�

−Zp ⋅ t
n
� �

�

1 + ks

√

t
�

Fig. 8   Melting point of all synthesized samples calculated by Baur’s equation
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root of time weighted of the first term which takes into account the secondary crys-
tallization. As a result, the Hay model has the ability to contemplate the secondary 
crystallization. Due to the complex form of the model, the nonlinear regression was 
employed with suggesting a new approach based on the regression coefficient (R2).

Table 6 gives the parameters of the Hay model and the corresponding regression 
coefficient. Based on the obtained data, all fitted parameters lead to a very acceptable 
R2 value close to 1. Hence, it means that this model is good enough to contemplate 
both primary and secondary crystallization. In the literature, for the exponent, n, a 
wide range has been reported. The range of 2.5–6.5 suggests that thermal nucleation 
occurs in the primary crystallization step, producing a three-dimensional spherical 
structure growth. Most of the crystallization happens in this step. The change in n 
could indicate the differences in crystal growth geometry and the type of nuclea-
tion, since it is known that an n value of 3 indicates the spherulitic growth from 
instantaneous nuclei, whereas a value of 4 represents the spherulitic growth from 
sporadic nuclei. A higher value of n means more three-dimensional structures than 
two-dimensional ones [36]. The extensive change in n is a sign of the asymmetry 
in crystallization behavior; therefore, different rate parameters would be calculated 
that are not comparable directly. It is observed that for all samples exponent n starts 
from a large number in Ф = 5 °C/min that describes production of a 3-D structure. n 
decreases with cooling rate increase up to Ф = 40 °C/min. In the course of non-iso-
thermal DSC, there are variations in nucleation and rate with respect to temperature 

Fig. 9   Degree of crystallinity versus DDP weight fraction
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Fig. 10   Cold crystallization temperature versus DDP weight fraction

Fig. 11   Comparison between the crystallization behavior of all synthesized samples at Ф = 10 °C
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Table 6   Calculated parameters of Hay model for all synthesized samples

Sample Cooling rate 
(°C)

xp Zp n ks R2

PET 5 1.30 × 10−2 2.35 × 10−9 9.33 18.8 0.9952
10 1.82 × 10−4 2.22 × 10−4 5.83 1779.6 0.9847
15 1.06 × 10−4 5.27 × 10−2 2.48 3540.7 0.9817
20 1.35 × 10−4 5.52 × 10−2 4.14 3271.9 0.9766
30 6.53 × 10−6 2.69 × 10−1 4.24 86,556.0 0.9911
40 5.65 × 10−6 8.32 × 10−1 3.97 123,780.0 0.9970

PET-co-DDP01 5 4.56 × 10−5 4.86 × 10−5 5.41 4911.2 0.9384
10 7.65 × 10−6 3.04 × 10−4 6.22 35,978.0 0.9458
15 5.05 × 10−6 2.70 × 10−3 5.96 73,491.0 0.9951
20 9.60 × 10−6 2.59 × 10−2 5.54 52,152.0 0.9949
30 7.61 × 10−6 1.71 × 10−1 5.30 84,351.0 0.9976
40 4.29 × 10−6 5.75 × 10−1 4.77 170,700.0 0.9975

PET-co-DDP03 5 4.50 × 10−2 9.89 × 10−6 7.82 6.00 0.9906
10 9.66 × 10−6 2.70 × 10−3 6.18 36,229.0 0.9998
15 8.94 × 10−5 1.13 × 10−2 6.36 5443.7 0.9874
20 1.40 × 10−5 1.60 × 10−1 5.26 41,786.0 0.9918
30 3.46 × 10−6 7.95 × 10−1 4.40 194,170.0 0.9940
40 4.29 × 10−6 2.03 × 100 4.05 179,990.0 0.9966

PET-co-DDP05 5 1.07 × 10−2 3.34 × 10−7 8.36 26.3 0.9862
10 1.01 × 10−5 1.80 × 10−3 5.87 39,201.0 0.9963
15 9.41 × 10−5 2.80 × 10−2 4.68 5020.1 0.9946
20 1.18 × 10−5 3.28 × 10−2 5.02 43,763.0 0.9961
30 6.73 × 10−6 1.42 × 10−1 4.71 90,912.0 0.9971
40 3.85 × 10−6 1.92 × 100 2.59 241,940.0 0.9995

PET-co-DDP07 5 1.80 × 10−2 1.77 × 10−7 9.09 16.9 0.9857
10 8.49 × 10−6 2.92 × 10−6 8.68 40,305.0 0.9840
15 2.43 × 10−4 4.18 × 10−5 7.56 1546.9 0.9908
20 7.41 × 10−6 1.90 × 10−3 6.02 59,309.0 0.9920
30 1.75 × 10−6 4.53 × 10−1 3.49 376,960.0 0.9999
40 9.66 × 10−6 5.33 × 100 1.58 135,370.0 0.9993

PET-co-DDP08 5 1.70 × 10−2 4.15 × 10−7 8.92 18.5 0.9852
10 9.28 × 10−6 7.32 × 10−5 7.16 37,872.0 0.9825
15 1.76 × 10−5 7.20 × 10−3 5.51 25,712.0 0.9923
20 1.02 × 10−5 2.29 × 10−1 3.66 55,250.0 0.9967
30 6.25 × 10−6 1.06 × 100 2.67 121,170.0 0.9990
40 2.53 × 10−6 2.25 × 100 2.93 361,360.0 0.9999



8168	 Polymer Bulletin (2023) 80:8151–8180

1 3

which could be contributed to the secondary crystallization. The inspection of the 
curves shows that there is a roll-off of around 60% relative crystallinity. This roll-
off is contributed to the secondary crystallization that causes the deviation from the 
Avrami plots, as shown in Fig. 12. Therefore, the Avrami model is not a good pre-
dictor for crystallization kinetics. In this way, nucleation seems to become time and 
cooling rate dependent. ks is the square root of time coefficient. It is detected that for 
all samples with certain amount of DDP, ks increases with cooling rate. Hence, it is 
concluded that secondary crystallization gets dominant with cooling rate increase. 
Some variations are realized among data. It could be contributed to the secondary 
crystallization and change in behavior that is observed in Fig. 11.

Figure  12 exhibits the double logarithm curves of all produced samples. The 
deviation of log

(

− ln
(

1 − �t

))

 versus log t from the line is the indication of hav-
ing the secondary crystallization. As shown, an increase in the DDP wt% up to 5% 
causes a deviation from the line, especially in lower cooling rates. However, there 
is less deviation from the line by increasing DDP wt% higher than 5%. Hence, The 
Hay model has ability to take into consideration the change in crystallization behav-
ior and polymorphism.

The relative crystallization rate can be compared by the crystallization rate 
parameter (CRP) suggested by Zhang et  al. [37]. The slope of t1/2 inverse versus 
Ф gives CRP that are reported in Table 7 for all samples and plotted in Fig. 13. A 
greater slope indicates a faster crystallization rate. Although there are some varia-
tions in CRP values among samples, there is no drastic change in it. In other words, 
effect of DDP incorporation in polymer chain is small on relative rate. Relative crys-
tallinity plots, in supplementary material, reveal their similarities. Despite close 
CRP, t1∕2 increases with DDP content in all cooling rates. Therefore, it is concluded 
adding a big side group such as DDP to PET chain more or less increases non-iso-
thermal crystallization half-time.

Ozawa model

Ozawa suggested the following equation to analyze the non-isothermal 
crystallization:

Table 6   (continued)

Sample Cooling rate 
(°C)

xp Zp n ks R2

PET-co-DDP10 5 4.48 × 10−4 4.75 × 10−5 5.42 621.7 0.9933

10 7.80 × 10−6 2.86 × 10−4 5.42 43,269.0 0.9946

15 7.26 × 10−6 1.10 × 10−3 5.10 52,774.0 0.9969

20 7.08 × 10−6 1.21 × 10−2 4.40 66,377.0 0.9984

30 3.48 × 10−6 3.67 × 10−2 4.78 166,490.0 0.9995

40 2.48 × 10−6 4.44 × 10−1 2.35 246,350.0 0.9995
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where �T is the relative crystallinity at a specific temperature, K(T) relates to the 
overall crystallization rate, m is the Ozawa’s exponent, associated with the crystal 
growth dimension. The parameters of this model could be calculated through the 
following logarithmic form:

(10)�T = 1 − exp

(

−
K(T)

Φm

)

Fig. 12   Double logarithmic curves of all synthesized samples predicted by Hay model



8170	 Polymer Bulletin (2023) 80:8151–8180

1 3

Table 8 gives the calculated parameters of the Ozawa model for all studied sam-
ples. The details of the extra data are represented in the supplementary materials.

The inspection of regression coefficient shows that not all of them are acceptable, 
and in comparison with the Hay model, they are not that close to 1.0. With respect 
to Ozawa interpretation [38], his model is derived based on the thermoanalytical 
data and applied to small and close cooling rates for homopolymer, successfully. 
However, polymer goes under large cooling rates during the processing. Moreover, 

(11)log
[

− ln
(

1 − �T

)]

= logK(T) − m logΦ

Table 7   CRP quantities of all 
synthesized samples

Sample CRP

PET 0.0235
PET-co-DDP01 0.0218
PET-co-DDP03 0.0270
PET-co-DDP05 0.0292
PET-co-DDP07 0.0305
PET-co-DDP08 0.0340
PET-co-DDP10 0.0270

Fig. 13   t1/2 inverse versus Ф for all synthesized samples
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as it is observed in Fig.  12 secondary crystallization takes place for synthesized 
samples. Therefore, having the secondary crystallization causes the deviation from 
the Ozawa model.

Mo model

Mo et al. combined the Avrami and the Ozawa models to introduce the following 
kinetic equation [39]:

This model gives the cooling rate and crystallization time correlation. Table  9 
lists the parameters of the Mo model calculated at different relative crystallinities of 
0.2, 0.5, and 0.8.

Non‑isothermal cold crystallization kinetics, Hay model

The cold crystallization analysis, which is the crystallization from the amor-
phous and glassy state, could furnish applicable information, particularly in heat 

(12)
logΦ = logF(T) − a log t

where F(T) =
[

K(T)
/

Zt
]1∕m

Table 8   Calculated parameters 
of Ozawa model for all 
synthesized samples and related 
R2 values

Sample T °C m K(T) R2

PET 170 1.399 42.177 0.9526
180 2.143 138.302 0.9442
190 3.010 345.620 0.9668

PET-co-DDP01 170 0.973 13.598 0.7550
180 1.823 55.376 0.7935
190 3.001 326.344 0.8942

PET-co-DDP03 170 0.799 19.374 0.7258
180 1.167 26.976 0.6918
190 1.803 62.473 0.8031

PET-co-DDP05 170 2.048 234.645 0.9020
180 3.398 2333.5 0.8279
190 5.125 3.52 × 104 0.8971

PET-co-DDP07 170 1.821 175.271 0.9974
180 2.366 307.502 0.9674
190 3.298 846.568 0.9488

PET-co-DDP08 170 3.730 7094 0.9096
180 5.214 9.288 × 104 0.9240
190 5.078 6986.4 0.9618

PET-co-DDP10 170 2.006 45.577 0.9539
180 2.108 16.921 0.8342
190 1.482 0.675 0.5702
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Table 9   Calculated parameters 
of Mo model for all synthesized 
samples with related R2 values

Sample �c a F(T) R2

PET 0.2 0.935 33.404 0.9992
0.5 0.988 44.432 0.9874
0.8 1.025 61.417 0.9701

PET-co-DDP01 0.2 1.109 35.586 0.9958
0.5 1.097 45.192 0.9927
0.8 0.907 51.502 0.9761

PET-co-DDP03 0.2 1.140 25.478 0.9935
0.5 1.213 33.982 0.9943
0.8 0.983 41.894 0.9748

PET-co-DDP05 0.2 0.947 26.751 0.9341
0.5 1.064 36.540 0.9487
0.8 1.086 48.408 0.9631

PET-co-DDP07 0.2 0.539 21.855 0.7406
0.5 0.636 26.945 0.7569
0.8 0.699 33.106 0.7656

PET-co-DDP08 0.2 0.854 23.475 0.9578
0.5 0.973 31.605 0.9621
0.8 1.020 41.985 0.9516

PET-co-DDP10 0.2 1.423 61.610 0.9618
0.5 1.459 88.457 0.9630
0.8 1.401 110.114 0.9664

Fig. 14   Cold crystallization thermograms of all synthesized samples with Ф = 10 °C
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treatment processes. For the sake of comparison, cold crystallization behavior 
was studied in one heating rate. Figure 14 presents the cold crystallization trends 
for all PET samples from the glassy state using a heating rate of 10 °C/min. It is 
interesting to consider that all thermograms exhibit a symmetric behavior. There-
fore, primary crystallization is dominant in such a cold crystallization. Table 10 
gives the results of the Hay fitting model for the cold crystallization. Moreover, 
Fig.  15 reveals the double logarithmic plots, which showing an approximately 
straight line for all samples.

Table 10   Results of the Hay fitting model for heating rate of 10 °C/min

Sample DDP wt% xp Zp n ks R2

PET 0 1.98 × 10−4 7.70 × 10−3 7.99 2.99 × 103 0.9995
PET_DDP01 1 2.90 × 10−3 3.35 × 10−2 5.65 1.93 × 102 0.9883
PET_DDP03 3 5.30 × 10−3 8.36 × 10−2 4.00 1.16 × 102 0.9962
PET_DDP05 5 2.57 × 10−1 3.60 × 10−2 4.00 3.00 × 102 0.9997
PET_DDP07 7 9.12 × 10−1 3.80 × 10−1 4.71 1.01 × 10−7 0.9991
PET_DDP08 8 8.90 × 10−1 4.11 × 10−2 4.95 2.26 × 10−14 0.9989
PET_DDP10 10 9.44 × 10−1 3.85 × 10−2 4.79 3.26 × 10−5 0.9989

Fig. 15   Double plot for all synthesized sample using a heating rate of 10 °C/min
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Thermogravimetric analysis

The thermogravimetric analysis is applied to investigate the DDP impact on the 
thermal stability of all samples [11]. Although TGA studies in more than one 
heating rate could be informative, it could be another research objective. Fig-
ure 16 depicts the TGA and corresponding DTG curves of neat PET and copoly-
esters. It distinguished that the TGA curves are very close to each other, so there 

(a)

(b)

Fig. 16   Thermogravimetric curves of neat PET and copolyesters
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is no meaningful difference. However, the utilization of the degradation kinetics 
could reveal the influence of incorporating DDP comonomer in the PET chain.

There are various methods to analyze TGA data and calculate the activation 
energy of thermal degradation. The fractional extent of the reaction is defined as:

where wi, wt, and wf are the initial mass, the mass at the time t, and the final mass, 
respectively. The general kinetics equation for the thermal degradation is the 
following:

where A,, and R are the pre-exponential factor, fractional extent of the reaction, and 
the universal gas constant, respectively. It is possible to rearrange the derivative of 
the fractional extent of the reaction:

Hence, by integrating the above equation:

Using the approximation in the Coats–Redfern method, the following equation is 
resulted [40]:

By plotting the left-hand side versus 1/T and fitting a line, the kinetics param-
eters were calculated and are given in Table  11. It should be emphasized that 

(13)� =
wi − wt

wi − wf

&
d�

dt
= −

1

wi − wf

dwt

dt

(14)
d�

dt
= k f (�) = A ⋅ exp

(

−
E

RT

)

⋅ (1 − �)n

(15)
d�

dt
=

dT

dt
×

d�

dT
= Φ

d�

dT

(16)F(�) =

�

∫
0

d�

(1 − �)n
=

A

Φ

T

∫
T0

exp
(

−
E

RT

)

dT

(17)ln

[

1 − (1 − �)1−n

T2(1 − n)

]

= ln
AR

ΦE

[

1 −
2RT

E

]

−
E

RT

Table 11   Parameters of thermal degradation kinetics for all samples

Sample n E, cal/mol intercept (1 − 2RT∕E) A R2

PET 1.53 7.158 × 104 37.347 0.960 6.216 × 1021 0.9991
PET-co-DDP01 1.61 6.719 × 104 34.317 0.958 2.827 × 1020 0.9970
PET-co-DDP03 1.29 6.149 × 104 30.146 0.954 4.010 × 1018 0.9993
PET-co-DDP05 1.31 6.170 × 104 30.331 0.954 4.842 × 1018 0.9994
PET-co-DDP07 1.26 5.398 × 104 25.336 0.948 2.886 × 1016 0.9998
PET-co-DDP08 1.06 5.203 × 104 23.339 0.946 3.785 × 1015 0.9990
PET-co-DDP10 1.07 5.127 × 104 22.875 0.945 2.348 × 1015 0.9989
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(1 − 2RT∕E) is constant. Figure 17 illustrates a kind of these plots for neat PET. 
Therefore, Coats–Redfern method has ability to depict degradation kinetics.

Figure  18 gives the diagram of kinetics parameters. As can be detected, all 
kinetic parameters changed with DDP weight fraction.

Conclusions

This research aims at fabricating PET and phosphorous-containing copolyesters 
through a two-step procedure; esterification; and polycondensation. Ethylene gly-
col (EG) and terephthalic acid (TPA) are the principal monomers, and [(6-oxido-
6H-dibenz[c,e] [1,2] oxaphosphorin -6-yl)methyl]butanedioic acid (DDP) is a 
phosphorous-containing comonomer. The measurement of fundamental prop-
erties such as intrinsic viscosity and melting point verified the successful pro-
duction of polymer. The structure of samples was studied by various analyses of 
FTIR, HNMR, and TGA. The DDP fingerprint peaks were observed in the FTIR 
spectra of all samples. The calculated peaks area for the PET-co-DDP07 speci-
men is consistent with its structure. Melting point (Tm) and degree of crystallinity 
are reduced approximately with a linear trend by increasing DDP content. The 
secondary crystallization appeared in the crystallization trends. The improved 
Avrami, Velisaris, and Hay models were also applied to describe the kinetics of 
crystallization. Based on the prediction accuracy, the Hay model could estimate 
the kinetics very well, even in the presence of secondary crystallization. The 
Ozawa and Mo models were employed for the non-isothermal crystallization. The 
Hay model has the excellent capability of describing both hot and cold crystalli-
zation. Also, the Coats–Redfern equation was utilized to examine the influence of 
comonomer on thermal degradation. The outcomes of the current research could 
apply to polymer processing to achieve a certain degree of crystallinity.

(a) (b)

Fig. 17   Coats–Redfern equation plot for PET sample
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Fig. 18   Kinetics parameters of 
thermal degradation for all syn-
thesized samples with different 
DDP contents

(a)

(b)

(c)
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