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Abstract—2,5-Furandicarboxylic acid (FDCA) was synthesized by KMnO, oxidation of 2,5-dihydroxymethylfuran
(DHMF) derived from biomass. The poly(butylene 2,5-furandicarboxylate)/Cloisite 30B (PBF30B) composites were
prepared by esterification and polycondensation of FDCA with 1,4-butane diol. PBF30B composites containing 1, 2,
and 4 phrs Cloisite 30B were prepared. The FDCA and PBF30B composites were characterized by Fourier transform
infrared spectroscopy (FT-IR), and X-ray diffractometry (XRD). The thermal decomposition kinetics of PBF 30B com-
posites were studied by thermogravimetric analysis (TGA) under conditions of 1, 2, 4, 6, and 8 °C/min. The activation
energies of PBF30B composites were investigated by Arrhenius regression, the Flynn-Wall-Ozawa method, original
Vyazovkin method and advanced iso-conversion method. From the standpoint of activation energy for the decomposi-
tion of PBF 30B composites, the different kinetic methods shared the same tendency. The Vyazovkin method yielded
the maximum activation energies of PBF30B composites containing 1, 2, and 4 phrs Cloisite 30B which were 190, 140,
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and 160 kJ/mol, respectively.
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INTRODUCTION

Approximately 95% of all manufactured chemicals currently orig-
inate from fossil resources. However, due to dwindling of these re-
sources, surging energy demand and global warming, there has
been an increasing focus on the development of technologies that
facilitate the conversion of bio-renewable energy source into trans-
portation fuels [1]. 5-Hydroxymethyl-2-furaldehyde (HMF) and
2-furaldehyde convert to form by-products under similar condi-
tions for use in polymer materials [2-5]. We demonstrate that the
esterification of platform molecules such as 2,5-furandicarboxylic
acid (FDCA) can be effective for the conversion of platform mole-
cules into renewable base chemicals by the simplest reagents, which
can be used as polymer building blocks. FDCA has been proposed
as a replacement for terephthalic acid used as a monomer in poly-
ethylene terephthalate (PET) plastics that are widely used in bever-
age packaging [6,7].

Polymer nanocomposites have attracted great attention world-
wide due to properties such as modulus, strength, toughness and
barrier, which are far superior to those of conventional microcom-
posites and comparable to those of metal. A broad spectrum of
polymer properties can be improved by nanocomposite technol-
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ogy such as mechanical, thermal barrier, durability, chemical sta-
bility, flame retardancy; scratch/wear resistance, biodegradability as
well as optical, magnetic and electrical properties [8-11]. The ther-
mal degradation of polymer nanocomposites is an important phe-
nomenon. Kinetic analyses provide information on energy barriers
of the degradation process and are used to explain the mechanism
of degradation. Degradation kinetic parameters can be obtained from
dynamic experiments by means of different methods [12-15].

We synthesized FDCA and poly(butylene 2,5-furandicarboxyl-
ate)/Cloisite 30B (PBF30B) composites. The PBF30B composites
were synthesized by esterification and polycondensation of FDCA
with 1,4-butanediol. PBF30B composites containing 1, 2, and 4
phr Cloisite 30B were prepared. The FDCA and PBF 30B com-
posites were characterized by the Fourier transform infrared spec-
troscopy (FI-IR), and X-ray diffractometry (XRD). The thermal
decomposition kinetics of PBF30B composites were studied by
thermogravimetric analysis (TGA) under conditions of 1, 2, 4, 6,
and 8 °C/min. The Arrhenius integration, the Flynn-Wall-Ozawa
method, the advanced isoconversion method, and the Vyazovkin
methods were used to evaluate the kinetic parameters of PBF30B
composites.

EXPERIMENTAL

1. Materials
2,5-Dihydroxymethylfurfural [DHMF; Pennakem; 97%], 14-
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buthanediol [BDO; Aldrich; 99%)], titanium(IV) (triethanolami-
nato) isopropoxide [Tyzor; Aldrich], sodium hydroxide [Samchun
Chemical Co.; 99%], hydrochloric acid [Samchun Chemical Co,;
35-37%], and potassium permanganate [Samchun Chemical Co;
99%] were used as received.

2. Synthesis

2-1. Synthesis of 2,5-Furandicarboxylic Acid (FDCA)

DHMEF (5.12 g, 0.04 mol) was reacted with potassium perman-
ganate (22.12 g, 0.14 mol) as a oxidation reagent in a 10% aqueous
solution of sodium hydroxide at 25 °C for 10 min. After the man-
ganese oxide was filtered through a celite filter, the filtrate was stirred
by adding hydrochloric acid until the pH fell to below 1 and the
temperature to room temperature. While hydrochloric acid was
added, the temperature of the solution rose, gas bubbles formed,
and the products precipitated to the bottom of the flask. The pre-
cipitate was filtered and washed with distilled water, then dried in
vacuum oven to give pure FDCA.

2-2. Preparation of Poly(butylene 2,5-furandicarboxylate)/Cloisite
30B (PBF30B) [16]

Under melt polymerization conditions, FDCA (5 g, 0.032 mol),
Cloisite 30B (1, 2, and 4 phr), and 2.3 equivalents of BDO in the
presence of 200 ppm Tyzor were stirred under nitrogen at 80 °C
for 30min and reacted in a transesterification step at 180°C for
2 hrs, after which polycondensation was carried out at 230 °C for
48 hours. To obtain polymers of high molecular weight, the poly-
mers were dissolved in phenol : 1,1,2,2-tetrachloroethane (5 : 5) mix-
ture, and then the mixtures were reprecipitated in methanol. The
product was filtered, and dried under reduced pressure at 100 °C.
3. Measurements

Fourier transform infrared spectroscopy (FI-IR) was performed
by using an Avator 360 ESP (Nicolet Instrument Corp). The FT-
IR was encased in dry nitrogen, which reduced the risk of atmo-
spheric water or carbon dioxide contamination of the spectra or
samples. All spectra were recorded at 25°C with a resolution of
4cm™ in the spectral range of 4,000-400 cm™ for a total of 128 scans
and corrected against the background spectrum of air.

XRD was performed at room temperature using a Rigaku model
D/MAX-2500H diffractometer. The X-ray beam was a K-absorp-
tion filter CuKer (41=0.154 nm) with radiation operated at 40 kW
and 30 mA. Data were obtained from 3° to 13° (20) at a rate of 1°/
min.

The results of thermogravimetric analysis (TGA) were recorded
using a TA Instrument TGA-2050 in the temperature range from
25 to 800 °C at heating rates of 1, 2, 4, 6, and 8 °C/min under a
nitrogen atmosphere with a sample weight of about 10 mg.

4. Kinetic Analysis
4-1. The Arrhenius Regression (Differential Method) [17]

For nonisothermal thermogravimetric analysis, the conversion

fraction at any temperature is

e m
where, m, is the initial sample weight, m; is the sample weight at
temperature, T, and m,, is the final sample weight. The decompo-
sition kinetics of PBF30B composites containing 1, 2, and 4 phr
Cloisite 30B can be expressed as follows:
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da
dt

g(a)=kt ©)

where f(a) is the differential reaction model and g(¢) is the inte-
gral reaction model. The temperature dependence of the rate con-
stant, k is represented by the Arrhenius equation:

k=Ae H @

Zokf(@) @

where A is the pre-exponential factor, E, is activation energy; R is
the gas constant, and T is absolute temperature. Substitution of Eq.
(4) into Egs. (2) and (3) results in the following equations for the
differential model and integral model respectively:

e ) )
g( a) Ae -E, /RT (6)

Using the Eq. (5), the activation energy is then calculated from the
slope of a plot of the natural logarithm of de/dt versus 1/T.
4-2. The Vyazovkin and Advanced Isoconversional Method [18]
The kinetic parameters of the integral isoconversional method
were based on the assumption that the reaction model in Eq. (3)
was not dependent on temperature. According to the Vyazovkin
(VYZ) method, for a set of n experiments performed at various
heating rates (), the activation energy (E,) at any specific value of
decomposition (@) can be determined by minimizing the func-
tion AE,):

n J[Baw Tit,)]

DE )= 2", )
I B g Ti(t)]
In Eq. (7), the temperature integral is represented as:
e 1= exp(- st ®

Vyazovkin developed an advanced isoconversional (AIC) method
[19] that involves integration over smaller time intervals. Therefore,
Eq. (8) can be altered to yield the following equation:

][Eaa’ Ti(ta)] :.[:‘ exXp| — RT(t))dt )

The integration is carried out the entire time interval 0~t,, in
VYZ M but the individual interval t, ,,~t,in AIC M.
4-3. Flynn-Wall-Ozawa (FWO) Method [20]

In a nonisothermal system, f(c) can be expressed in integral
form as the function g( a) as follows:

“da AT RT AE,
) ﬁj ="z P (10)

The p(x) function was described by Flynn, Wall, and Ozawa
using Doyle’s approximation as follows [21]:

g@)=[—=

p(x)=0.0048¢ 1" (11)

E E,
Ing,= ln( ()) 533110516 (12)

o

where subscripts i and « denote a given heating rate and value of
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Scheme 1. The overall reaction of FDCA and PBE

conversion, respectively. g(¢) is the integral function of conver-
sion. The activation energy is then calculated from the slope of a
plot of the natural logarithm of the heating rate In/3 versus 1/T,..

The activation energies of PBF 30B composites were calculated
by using the Arrhenius regression, the VYZ method, AIC method,
and FWO method with the MATLAB program.

RESULTS AND DISCUSSIONS

The overall reaction schemes to synthesize FDCA and PBF 30B
are shown in Scheme 1. The endpoint of the FDCA reaction was
characterized by FI-IR and confirmed by the disappearance of the
methylene group (-CH,-) peak for DHMF and the appearance of
a carbonyl group (-C=0) for FDCA. The IR spectra of DHMF
and FDCA are shown in Fig. 1(a)-(b). In Fig. 1(a), the stretching
vibration for the -CH,- bond of DHMF appears at approximately
2,900 cm ™ and the stretching vibrations for the -C=C group and
=C-H of furan ring are at 1,650 cm ™' and 3,050 cm™’, respectively.
However, the peak at 2,900 cm ™" disappears and the stretching vibra-
tion for the carbonyl group (-C=0-) bond of FDCA appears at ap-
proximately 1,715 cm™" as shown in Fig. 1(b). The some extra ab-
sorption peaks appear for DHMF and FDCA, furan breathing around
1,023 cm™" and furan ring bending at 956 cm ™', and 750 cm .

The diffusion of Cloisite30B was confirmed by XRD. Clay and
organoclays show characteristic peaks in XRD analysis due to their
regular layered structures, which is indicative of platelet separation

Arbitrary

2000
Wave number {cm™)

Fig. 1. FT-IR spectra of (a) DHMF and (b) FDCA.
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or d-spacing. Using the peak width at half maximum height and
peak position (26) in the XRD spectra the interlayer space can be
calculated by Bragg’s law.

sind=n\/2d

where A is the wave length of X-ray radiation used in the diffrac-
tion experiments, d is the space between layers in the clay lattice
and @is the measured diffraction angle.

Fig. 2 shows the XRD spectra of Cloisite 30B, FDCA, and PBF
30B composites. XRD was used to characterize the PBF 30B com-
posites. Cloisite 30B is the organically modified sodium in MMT
with a quaternary ammonium salt. The PBF spectrum presents
sharp peaks at 2-theta peak of 17.7, and 24.5 degree [22]. The
Cloisite 30B has a characteristic 2-theta peak of 4.9 degrees corre-
sponding to the interlayer space of 1.8 nm, and the FDCA has a
characteristic 2-theta peak of 10.6 degrees. PBF30B composites con-
taining 2 and 4 phr have a characteristic 2-theta peak of 6.5 degrees,
which indicates a collapse in the clay layered structure. TGA was
carried out on the PBF30B composites to investigate their thermal
stability, decomposition temperature, and decomposition mecha-
nism. Fig. 3 shows the weight loss-temperature (TG) curves and
the derivatives of conversion-temperature (DTG) curves obtained
from TGA curves of the PBF30B composites containing Cloisite
30B (a) 1 phr (b) 2 phr and (c) 4 phr.

In the DTG curves, the curves shifted to higher temperature as
the heating rate was increased due to the shorter time required to
reach a given temperature at a faster heating rate [23]. The TG curves
of PBF30B composites displayed distinct regions of weight loss in
all samples. The first decomposition occurred between 320 and
380 °C. The first-stage decomposition occurred due to cleavage of
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Fig. 2. XRD spectra of Cloisite30B, FDCA, and PBF30B composites.
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Fig. 3. The weight loss-temperature curves and derivatives of conversion-temperature plots obtained from TGA curves of PBF30B compos-

ites: (a) 1 phr, (b) 2 phr, and (c) 4 phr.

the PBE The purpose of these thermal decomposition experiments
was to obtain kinetic parameters including activation energy to
enable prediction of the thermal decomposition process. The degree
of conversion rate as a function of heating rate was obtained from
the experimental data. The nonisothermal method was used to
analyze TG/DTG curves and to obtain the value for the kinetic
parameters. From the result of TGA, the activation energies were
determined by various methods. The different calculation meth-
ods (Arrhenius regression, VYZ, AIC, and FWO method) were
applied in this study.

The activation energies can be calculated from the slope of the
FWO plot at different conversions for PBF30B composites as shown
in Fig. 4. The regression curve was generated by the least square
method. The calculated activation energies of PBF30B composites
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decomposition obtained by the FWO method are summarized in
Table 1.

Based on data shown in Fig. 4 and Table 1, the activation ener-
gies of PBF30B composites containing 1, 2, and 4 phr Cloisite 30B
obtained using the FWO method are 153.9, 139.1 and 143.1 K]/
mol, respectively.

Fig. 5 shows the dependence of the activation energy on the
conversion for the decomposition of PBF30B composites. The
Arrhenius regression (Dif. method) and AIC method showed some
fluctuation of activation energy as a function of the extent of reac-
tion; it is due to the isoconversion line t,, (Dif. method) and with
integration over small time segments t, 4, to t, (AIC method).
On the other hand, the activation energy calculation of the FWO
method used the approximation function, and that of the VYZ
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Fig, 4. The plot of In(/) vs. T"' for calculating the activation ener-
gies by FWO method of producing PBF30B composites: (a)

1 phr, (b) 2 phr, and (c) 4 phr.

Table 1. The activation energies of PBF30B composites decomposi-

tion obtained by the FWO method
Degree of Activation energy (kJ/mol)
conversion (&) (a) 1 phr (b) 2 phr (a) 4 phr

0.1 1199 136.7 124.3
0.2 138.5 137.7 1334
0.3 145.5 138.2 138.3
04 150.5 138.7 141.5
0.5 154.1 139.0 144.0
0.6 157.3 139.0 146.4
0.7 160.8 139.1 148.6
0.8 165.2 139.7 151.1
0.9 193.5 143.4 160.5

Average 153.9 139.1 143.1
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Fig. 5. Dependence of activation energy on the extent of conversion
for PBF30B composites: (a) 1 phr (b) 2 phr and (c) 4 phr.

method used the accumulated time interval O~t,; then the activa-
tion energy variations were smooth. The activation energy devia-
tions were smaller since integrated data points were used to
estimate the activation energies for each given o Accordingly, we
proceeded with data analysis by the VYZ method. In Fig. 5(a), the
VYZ method curve shows the one decomposition stage for the
varying activation energies. The activation energy sharply increased
to 118 kJ/mol for the conversion of 0<a <0.1 due to the influence
of humidity or residual monomer. The activation energy slightly
increased from 118 kJ/mol to 168 kJ/mol for 0.1<a<0.8 (first de-
composition stage) and slightly increased from 168 kJ/mol to 182
kJ/mol for &>0.8. In Fig. 5(b), the activation energy sharply in-
creased to 134 kJ/mol for conversion of 0<a <0.1 due to the influ-
ence of humidity or residual monomer. The activation energy
slightly increased from 134 to 136 k]/mol for 0.1< <0.8. At r>0.8,
the activation energy increased from 136 to 140kJ/mol. In Fig.
5(c), the activation energy sharply increased to 121 kJ/mol for the

Korean J. Chem. Eng.(Vol. 33, No. 11)
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conversion of 0<ar <0.1 due to the influence of humidity or resid-
ual monomer. The activation energy slightly increased from 121 to
148 kJ/mol for 0.1<ar <0.8. At r>0.8, the activation energy increased
from 148 to 158 kJ/mol. The effect of increasing the activation en-
ergy during decomposition was amplified because the volatiliza-
tion of larger chain fragments implies higher volatilization ener-
gies. The activation energies of PBF30B composites, which were
determined by different kinetic methods, were similar im tendency.
The maximum activation energies of PBF30B composites contain-
ing 1, 2, and 4 phr Cloisite30B were 190, 140, and 160 kJ/mol, re-
spectively.

CONCLUSIONS

We synthesized FDCA by KMnO, oxidation of DHMF and
prepared PBF30B composites by esterification and polycondensa-
tion of FDCA with 14-butane diol containing 1, 2, and 4 phrs
Cloisite 30B. The FDCA and PBF30B were characterized by FT-
IR, and XRD. The thermal decomposition kinetics of PBF30B com-
posites were investigated by Arrhenius regression, the Flynn-Wall-
Ozawa method, the original Vyazovkin method and advanced iso-
conversional method. The activation energy and decomposition
behavior were calculated from TGA and DTG results by several
kinetic models. The kinetic analysis was performed with model
free methods such as Vyazovkin method, advanced iso-conver-
sional method, and Flynn-Wall-Ozawa method. Throughout all of
the methods, a similar tendency was observed regarding change of
activation energy in each conversion. From the result of activation
energy on the conversion for the decomposition of PBF30B con-
taining 1, 2, and 4 phrs Cloisite 30B, in spite of different calculation
methods, the activation energy variations are similar. The maxi-
mum activation energies of PBF30B containing 1, 2, and 4 phrs
Cloisite 30B in the Vyazovkin method were 190, 140, and 160 kJ/
mol, respectively.
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