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Abstract. This article reports a study on the structural characterization and evaluation of thermal degradation kinetics of urea–formaldehyde resin modiﬁed with cellulose, known as UFC resin. Structural characterization of UFC undertaken by scanning electron microscopy, Fourier transform infrared and X-ray diffraction
analyses reveals that the resin is fairly homogenous, and it constitutes of partly crystalline structure including urea–
formaldehyde/cellulose interface morphology different from UFC precursors. Measurement of inherent thermal
stability, probing reaction complexity and the thermal degradation kinetic analysis of UFC have been carried out by
thermogravimetric/differential thermal analyses (TGA/DTA) under non-isothermal conditions. The integral procedure decomposition temperature elucidates signiﬁcant thermal stability of UFC. TGA/DTA analyses suggest highly
complicated reaction proﬁle for thermal degradation of UFC, comprising various parallel/consecutive reactions.
Different differential and integral isoconversional methods have been employed to determine the thermal degradation activation energy of UFC. Substantial variation in activation energy with the advancement of reaction veriﬁes
multi-step reaction pathway of UFC. A plausible interpretation of the obtained kinetic parameters of UFC thermal
degradation with regard to their physical meanings is given and discussed in this study.
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Introduction

Urea–formaldehyde resin belongs to the class of synthetic
thermosetting resins. It is formed by permanent interlinking
of urea and formaldehyde in aqueous state by following condensation reaction. The obtained colourless, syrupy solution
is mixed with cellulose ﬁller to produce powders for moulding into solid objects, known as urea–formaldehyde cellulose
or simply UFC [1,2]. UFC thus formed is an environment
friendly and cheap resin with good thermal, electrical and
chemical resistance, dimensional stability and excellent
adhesion. It therefore ﬁnds numerous industrial applications
including decorative laminates, textiles, paper, foundry and
moulds, wrinkle-resistant fabrics, cotton blends, wood gluing
and electrical appliance casings [3–7]. It is capable of serving
as a polymer matrix in UFC/metal composites, which shows
interesting electrical/dielectric properties with a number of
worldwide applications [8–11].
Kinetic analysis of thermally activated condensed phase
processes is capable of determining their activation parameters, i.e., activation energies and pre-exponential factors in
order to analyse their transition states, and eventually their
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process mechanisms. Kinetic parameters are practically useful in predicting thermal stability/life of materials outside
the experimental conditions. One must, however, take into
consideration the fact that the complexity of thermal degradation reactions is well known and even an outwardly simple reaction might constitute several reactions with variable
energies of activation and multi-step reaction pathways [12–
15]. Isoconversional kinetic analysis provides an appropriate
way to probe these processes. This type of kinetic analysis
deals with the variation in mechanism as a result of variation in activation energy with the advancement of reaction.
Accordingly, isoconversional kinetic analysis is particularly
valuable in the case of processes obeying complicated reaction pathways [12–15]. For that reason, this approach has
been frequently and effectively employed in various emerging research domains including fuel processing and technology [16], valorization of waste and biomass [17–19], high
energy materials [20] and organic photovoltaics [21]. The
reliability/reproducibility of isoconversional methods regarding to the evaluation of reaction mechanisms and kinetic
predictions has already been elaborated [12].
This research work focuses on the structural characterization and evaluation of thermal degradation kinetics of UFC
resin by employing isoconversional kinetic analysis. The
light will also be shed on the complex reaction proﬁle of UFC
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resulting from the combination of individual thermal degradation pathways of urea–formaldehyde and cellulose, and
their mutual interactions. Some invaluable structural parameters will be calculated to obtain the insights into UFC morphology, and an account of kinetic predictions on the basis of
isoconversional kinetic analysis will be given and discussed.
2. Kinetic analysis of thermally stimulated solid-state
processes
The extent of solid-state processes is effectively described by
a term degree of conversion ‘α’ and is deﬁned as following:
α=

m0 − mt
,
m0 − m∞

(1)

where m0 is the initial mass of reactant, ‘mt ’ its mass at certain time during the reaction and ‘m∞ ’ its mass at the end of
reaction. In these processes, the reaction rate dα/dt being the
function of ‘α’ can be represented as
dα
= kf (α) .
dt

(2)

Equation (2) is the basic kinetic equation of solid-state mass
loss processes. In the case of thermally stimulated solid-state
processes, the value of rate constant ‘k’ is often substituted
in equation (2) by Arrhenius equation, which then takes the
following form:
dα
= A exp(−Eα /RT)f (α) .
dt

(3)

In equation (3), A is pre-exponential factor, Eα the energy
of activation and f (α) a function of degree of conversion,
called reaction model. Physically, A describes the collision
frequency of particles involved in the formation of activated complex, Eα the activation energy barrier of reaction and f (α) furnishes information about the mechanism of
reaction(s) [22].
2.1 Estimation of activation energy by isoconversional
kinetic analysis
Isoconversional methods are employed to examine the variation in activation energy with degree of conversion and to
estimate the effective values of activation energies for the
processes. They are categorized in the following sections.
2.1a Differential isoconversional methods:
2.1a1 Freidman’s linear differential method: Taking logarithm of equation (3) and rearranging it, gives the following
differential isoconversional method, known as Friedman’s
method [23].
ln(dα/dt)α,β = −Eα /RTα,β + ln Af (α).

(4)

The Eα values can be determined by plotting ln(dα/dt)
against 1/T at certain values of α, which preliminarily

requires numerical differentiation of thermoanalytical data.
The resulting Eα values might therefore be signiﬁcantly
irregular. A data-smoothening ﬁlter is recommended in this
case in order to reduce the noise in data.

2.1a2 Non-linear differential method: In recent approaches
to the mechanisms of solid-state processes, it has been
pointed out that the pre-exponential factor and activation
energy do not remain constant during the course of the solidstate processes; instead, they are the functions of degree of
conversion and temperature [24]. The pre-exponential factor
varies with temperature by following the given relationship:
 n
T
,
(5)
A = A0
T0
where A0 is the value of pre-exponential factor at initial
temperature T0 and n a numerical constant. It is a known
fact that the inﬂuence of temperature on pre-exponential factor is less signiﬁcant in comparison with the temperature
dependence of exp(–Eα /RT) term in equation (3) to simulate
the reaction rates [25]. However, kinetic equations including temperature-dependent pre-exponential factors are supposed to determine the activation energies in a relatively
more precise way. Putting the value of A from equation (5)
into equation (3) generates the following equation.
dα
= A0 (T /T0 )n exp(−Eα /RT)f (α) .
dt

(6)

Equation (6) obtained by slightly modifying equation (3)
might be highly useful in the kinetic modelling of solid-state
processes as
• The errors in the activation energy values can be significantly larger if the dependence of the pre-exponential
factor on the temperature is neglected [26].
• The parameter ‘n’ in equation (6) is helpful in extracting
rather detailed mechanistic information complementary to
f (α) as shown in table 1.
• The advanced reaction model determination methodology
[24] demands the determination of parameter ‘n’ in order
to evaluate relatively more accurate values of reaction
models especially when Eα /RT attains lower values, as
described in equations (7) and (8):


dE/dα
β
f  (α)
Eα
d2 α/dt 2
=
−
,
n+
+
f (α)
RT
T (dα/dt)
RT
(dα/dt)2
(7)


 2

1
β(dE/dT ) β
f  (α)
Eα
d α/dt 2
=
− n+
+
.
f (α) (dα/dt)
RT
T
RT
dα/dt
(8)
Under invariant conditions of α, equation (6) can be transformed into the following equation:
y = a(x)b exp(−c/x),

(9)
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Table 1. Different values of parameter n in equation (6) with their probable physical
meanings [27–30].
Parameter, n
1
1/2
0 − 5/2
−3/2 to 0

Physical signiﬁcance
Thermal decomposition of a single reactive solid
Reaction between gas and surface of a solid
Desorption of gases from solid surfaces
Shrinkage processes depending on sintering mechanism

where x = T , y = dα/dt; a = ϕ(α) = {A0 /(T0 )n }f (α),
b = n, c = Eα /R.
Equation (9) provides basis for non-linear differential isoconversional method. As the reaction rate varies exponentially with temperature, the variation in reaction rate with
temperature at constant values of α can be ﬁtted by a userdeﬁned ﬁtting function, based on equation (9), employing
Levenberg-Marquardt algorithm (LMA) for 2D curves [31]
which results in the generation of parameters a, b and c.
2.1b Linear integral isoconversional methods: Numerical
differentiation can be avoided by using integral methods. In
this way, integration of equation (3) results in the following:
α

2.1c Non-linear integral method: An advanced isoconversional method: A numerically accurate non-linear integral
method, called advanced isoconversional method, has been
suggested by solving equation (10) using numerical integration within the inﬁnitesimally small intervals of extent of
conversion [36]. The general expression for the advanced
isoconversional method is given in equation (13):
n

0

= (A/β)I (E, T ),

n

(Eα ) =

T
dα/f (α) =A/β

g(α) =

α can be directly determined by employing equation (12),
provided that the values of the constants a and b are known
and the values of dlnβ/d(1/Tα ) and dlnTα /d(1/Tα ) at the
relevant values of α are known.

i=1 j 1 i

exp(−E/RT)dT
0

(10)

where g(α) is called the integrated reaction model in
equation (10). Equation (10) contains temperature integral
I (E, T ), which has no analytical solution [32]. A number of
approximations was applied to numerically solve the temperature integral yield, see the following generalized expression
[15]:


 
aEα
β
=
Const.
−
(11)
ln
Tαb
RTα
In equation (11), a and b are constants that arise from different approximations of temperature integral. For instance,
(a, b) = (1.052, 0) for Ozawa-Flynn-Wall (OFW) method
[33], (a, b) = (1, 2) in the case of Kissinger-Akahira-Sunose
(KAS) method [34] and (a, b) = (1.0008, 1.92) in the case
of Starink’s method [35], etc.
2.1b1 Generalized linear integral isoconversional method:
A generalized linear integral isoconversional method has
been recently put forward by mathematically treating equation (11), which results in equation (12) [24]:


d ln β
d ln Tα
R
−b
,
(12)
Eα = −
a d(1/Tα )
d(1/Tα )
where dlnβ/d(1/Tα ) and dlnTα /d(1/Tα ) are the slopes of
straight lines drawn between lnβ and 1/Tα , and lnTα and
1/Tα at each value of α, respectively. The activation energy
of any linear integral isoconversional method at any value of

J [Eα , Ti (tα )]
,
J Eα , Tj (tα )

(13)

where J [Eα , T (tα )] is the notation in equation (13) for integration with respect to time over an inﬁnitesimally small
interval [α, α + α]α→0 , and is deﬁned as following:
 α+α
exp (−Eα /RT(t))dt,
(14)
J [Eα , T (tα )] =
α

According to this method, the activation energy at each value
of α is the value that minimizes (Eα ) function.
3.

Experimental

3.1 Materials
Commercial grade urea–formaldehyde resin ﬁlled with αcellulose, having 1.38 g cm−3 density, was supplied by Aicar
S.A (Cerdanyola del Vallès, Spain). The total contents of
α-cellulose contained by UFC resin were 30% by weight.
3.2 Structural characterization by SEM, FTIR
and XRD analyses
The internal morphology of UFC, the phase distribution of
α-cellulose and urea–formaldehyde in UFC and the homogeneity of UFC were analysed by cross-sectional scanning
electron microscopy (SEM). The scanning electron microscope SEM-Philips XL30 with an accelerating voltage up to
20 kV was employed for the said purpose.
Fourier transform infrared (FTIR) analysis of UFC resin
was carried out by employing attenuated total reﬂection
technique in a Vertex 70 spectrometer equipped with a
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Digitec detector. The resin was scanned in transmission
mode with 4 cm−1 resolution in the wavenumber range of
4000–400 cm−1 .
X-ray diffraction (XRD) analysis was carried out by
X’pert Pro diffractometer for determining the number and
types of internal phases present inside UFC. Fairly thick
disk-shaped sample of UFC was introduced into diffractometer containing copper anode (λ = 1.54 Å) within the Bragg’s
angle 2θ (3◦ , 90◦ ).
3.3 Thermogravimetric/differential thermal analyses
In order to carry out the thermogravimetric/differential thermal analyses (TGA/DTA) measurements, different UFC
samples of nearly similar geometries with masses ranging
from 10 to 15 mg were used. The analyses were performed
by SHIMADZU TA-60WS thermal analyzer containing an
aluminium pan, employing non-isothermal experiment mode
with β = 5, 10, 15, 20◦ C min−1 from 25 to 500◦ C under
50 cm3 min−1 of nitrogen ﬂow.
4.

Results and discussion

4.1 Structural characterization by SEM
The results obtained by performing cross-sectional SEM
analysis under the conditions described in Experimental section have been shown in ﬁgure 1. Figure 1a and b represent, respectively, the morphologies of UFC by magnifying
500 and 1000 times the original image size. Different phases
present in a SEM micrograph are identiﬁed by their differences in colours, contrasts and the geometries of particles.
The SEM micrograph in ﬁgure 1 broadly depicts two different phases in UFC due to their colour contrast; although the
distribution of these phases is fairly homogeneous throughout the resin. These results reveal the homogeneity of UFC
resin, and suggest that the resin can be subjected to further
structural analysis and thermoanalytical studies.

4.2 FTIR analysis
The individual molecular structures of cellulose and urea–
formaldehyde as well as the FTIR-ATR spectrum of UFC
resin are shown in ﬁgure 2. Apparently, the infrared spectrum of UFC seems highly complicated due to the structural
complexities of its precursors. The FTIR spectra of the individual components of UFC are therefore helpful in explaining its morphology. A signiﬁcantly broadband around 3650–
3000 cm−1 is a convoluted band as both urea–formaldehyde
and cellulose absorb in this region. It comprises a peak
around 3350–3450 cm−1 that can be attributed to the hydrogen bonded O–H and N–H, and its broadness might be due
to the monomers such as water and formaldehyde. The O–H
groups of water and formaldehyde of UFC may form hydrogen bonds with reactive functional groups such as CH2 OH,
NH2 and NH [37]. This convoluted band also includes a peak
at 3337 cm−1 corresponding to OH stretching, related to the
intramolecular hydrogen bonds of cellulose [38]. However,
there is a difference in the broadness and the position of
the peak at the area of 3350 cm−1 , which is shifted to the
lower wavenumbers due to the interactions between urea–
formaldehyde and cellulose and probably resulting in the
formation of hydrogen bonds between them. The two small
bands in the region of 2920 and 2850 cm−1 are typical of
the C–H and O–H stretching vibrations of cellulose/hemicellulose and lignin, respectively [39].
The overlapped peaks at the area 1500–1600 cm−1 are
attributed to –N–H bending vibrations of amide II (secondary). Relatively small peaks at the area of 1320–
1450 cm−1 can be assigned to the stretching C–N vibrations
of amide I and II (primary and secondary), while it has
also been assigned to C–H stretching and –O–H bending
vibrations of alcohol [40]. The intense and broad peak at
1230 cm−1 is assigned to C–N stretching vibrations of amide
II [41]. The peak at 1159 cm−1 is attributed to both the asymmetric stretches of N–CH2 –N and –C–O–C– of ether linkages [42]. The strong peak at 1017 cm−1 is due to C–C–O

Figure 1. Scanning electron micrographs of UFC resin.
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Figure 2. Individual molecular structures of urea–formaldehyde and cellulose, and FTIR spectrum of UFC resin.

stretching mode of CH2 OH and the small peak at 770 cm−1
is due to –N–H bending and wagging vibrations of amide I
and II [40].
4.3 XRD analysis of UFC
The results obtained by performing the XRD of UFC, under
the conditions discussed in the Experimental section, are presented in ﬁgure 3 with 2θ (10◦ , 60◦ ). The diffractogram
in ﬁgure 3 shows clearly that the internal structure of UFC
is highly complicated due to the structural complexities of
individual components and the interactions between them.
Nine different peaks are observed in ﬁgure 3 and labelled
as numbers. Peaks 1–2 existing at 14.17◦ and 15.35◦ are
the overlapped geminal peaks, which are the characteristics
of crystalline phases present in the cellulose [43]. Partially
overlapped peaks 3–4 available at 20.56◦ and 21.96◦ can be
attributed, respectively, to the crystalline phase present in
urea–formaldehyde [44,45], and the amorphicity of cellulose
[43]. Peaks 5–6 existing near 26◦ and 30◦ are also typical
peaks of urea–formaldehyde [44,45]. It is worth noticing
that the two characteristic peaks of cellulose and urea–
formaldehyde around 35◦ and 41◦ , respectively [43,45], are
absent and instead, three new sharp peaks 7–9 at 47.34◦ ,
51.54◦ and 56.19◦ with relatively lower intensities appear.
Similar peaks were observed in the case of interpenetrating
urea–formaldehyde/SiO2 composites [45]. These peaks have
been attributed to the presence of new crystalline morphologies due to the interactions between urea–formaldehyde and
SiO2 , which result in the formation of hydrogen bonds
between urea–formaldehyde and silanol groups of SiO2
[44]. It can be said that the interactions between urea–
formaldehyde and cellulose in UFC resin might be analogous
to those present in urea–formaldehyde/SiO2 , giving rise to
the existence of certain new phases in UFC.
4.3a Evaluation of CI of UFC: An interesting and
important parameter extracted from XRD analysis is the

Figure 3. X-ray diffractograms of UFC and representation of the
XRD peak deconvolution procedure to determine the crystallinity
index (CI).

crystallinity index denoted by CI and describes the percentage crystallinity of amorphous materials. Several methods
are available to calculate CI; yet, XRD peak deconvolution
is considered comparatively more efﬁcacious [43]. A representation of this method has been given in ﬁgure 2 by
the individual deconvoluted peaks and peak sum. The CI is
calculated by the following formula:
CI =

Total crystalline area in X-ray diffractogram
× 100.
Total area of X-ray diffractogram
(15)

The CI calculated by the method discussed above and by
employing equation (15) has been found to be 23.13 for UFC.
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It shows that roughly one-fourth of the total UFC consists of
crystalline phases.
4.4 Thermal degradation of UFC
The percentage mass loss values, DTA data and normalized thermal degradation rates of UFC, at different heating
rates as functions of temperature, generated by SHIMADZU
TA-60WS thermal analyzer under the experimental conditions described in Experimental section are represented in
ﬁgure 4a and b.
The complexity of degradation process is determined by
the shape and position of TGA/DTA curve and it strongly
depends on the components contained by the material.
Therefore, in order to understand the thermal degradation
behaviour of UFC, it is necessary to recall the individual thermal degradation behaviours of both the urea–
formaldehyde and cellulose. Urea–formaldehyde is known to
degrade in four successive but sparingly overlapping steps.
The ﬁrst two steps range between 50 and 200◦ C, which
are attributed to the dehydration of polymer, weak linkages like hydrogen bonding and particularly to the transformation of methyl ether bridges into methylene bridges
following branching and crosslinking reactions [42,44,46].
The third step takes place above 200–300◦ C, in which the
radicals formed by chain scission participate in the formation
of polymeric cyclic structures [47]. The fourth step above
400◦ C is attributed to extensive fragmentation or char formation [48]. On the other hand, thermal degradation of cellulose follows three steps [49,50]. The ﬁrst step is assigned
to the cellulose dehydration, ranges usually between 50 and
150◦ C. The second step at 250–420◦ C is in fact a combination of two steps; i.e., the formation of active cellulose
that is associated with the scission of glycosidic bonds and
the dehydration of pyranose rings, producing hydrocellulose,
CO2 , volatile gases and unsaturated cyclic compounds [51].
The last degradation step above 420◦ C is related to the formation of char, which normally occurs in all the polymeric
materials.

The individual thermal degradation behaviours of urea–
formaldehyde and cellulose suggest that the thermal degradation behaviour of UFC could be highly complicated. It
is evident in ﬁgure 4a and b that the reaction proﬁle of
UFC consists of a number of complex processes. The thermal degradation behaviour of UFC resin, as represented by
ﬁgure 4a and b, could possibly be explained on the basis
of individual thermal degradation behaviours of UFC precursors and its structural characterization results. TGA/DTA
curves in ﬁgure 4a show that the thermal degradation of
UFC resin goes to completion by following not less than
four steps. The ﬁrst step ranges between 50 and 230◦ C,
which may comprise the dehydration of resin, the scission of
weaker intermolecular/intramolecular linkages like hydrogen
bonding, polymer–polymer interactions, etc. The total mass
loss of resin is 11% at this stage. The second step ranges
between 230 and 270◦ C with a total mass loss of 22%. The
dominant reaction here could be the conversion of methyl
ether functional groups into methylene functional groups
[46], which would probably be shifted to somewhat higher
temperatures due to the presence of interactions between
urea–formaldehyde and cellulose. The existence of interactions between urea–formaldehyde and cellulose has already
been evidenced by FTIR and XRD results of UFC. The third
step can be found between 270 and 350◦ C with more than
50% mass loss. In this step, at least two competitive reactions
might take place due to the possibility of their occurrence in
the similar temperature ranges. More predominantly, these
reactions constitute of the principle degradation reactions
of urea–formaldehyde and cellulose [47,51]. At this stage,
the reaction rates of these parallel reactions may convolute
to generate a twist in reaction rate peak as can be seen in
ﬁgure 3b. The ﬁnal step is the formation of residue, which
takes place above 350◦ C and noticeable in DTA/reaction rate
peaks.
4.4a Inherent thermal stability of UFC: Thermal stability of materials can be investigated using TGA by a number
of ways including, initial decomposition temperature (IDT),

Figure 4. (a) Mass loss curves of UFC along with DTA at different heating rates and (b) reaction rate of UFC at different heating rates.
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ﬁnal decomposition temperature (FDT) and the temperature
corresponding to maximum rate of mass loss (Tmax ) [52,53].
Besides this, Doyle suggested an efﬁcacious parameter to
estimate the inherent thermal stability of polymeric materials, called integral procedure decomposition temperature
(IPDT) [54]. IPDT correlates the volatile parts of polymers
and it might be helpful in obtaining the useful information
about the structures of polymers and polymer composites.
IPDT is deﬁned by the following relations [55]:
IPDT (◦ C) = Ti + A∗ K ∗ (Tf − Ti ),

(16)

whereas
A∗ =

Sb + Sc
Sa + Sb + Sc

(17)

Sc
.
Sb

(18)

K∗ = 1 +

In equation (16), Ti is the IDT of polymer (usually corresponds to 5% mass loss), Tf the FDT and A* and K*
are constants that can be calculated by equations (17) and
(18). In equations (17) and (18), Sa and Sb are the areas
above and below the TG thermogram, respectively, while
Sc is the complementary area of oblong rectangle, as represented in ﬁgure 5a. By employing equations (16–18), following the procedure discussed above, the IPDT values of
UFC at each heating rate has been calculated and shown in
ﬁgure 5b. The IPDT data show that the intrinsic thermal stability of UFC is independent of heating rate with an average IPDT value of 445◦ C. Under the similar experimental
conditions, the IPDT value of UFC is found comparable to
epoxy (464◦ C) [56], which is a highly crosslinked 3D network forming thermosetting resin. The IPDT results show
that the UFC resin is signiﬁcantly stable.
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4.5 Thermal degradation kinetics of UFC
The complicated thermal behaviour of UFC could be fairly
explained on the basis of isoconversional kinetics. Isoconversional kinetics may guide to the useful clues about the
degradation pathway of UFC in terms of variation in its
activation energy with the advancement of reaction. It is
familiar that each and every isoconversional method has a
certain error associated with it arising from numerical differentiation/integration of thermoanalytical data. Therefore,
a set of linear/non-linear differential/integral isoconversional
methods is used to verify and compare the variance of E
with α, also called E-α dependency. The differential method
of Friedman, non-linear differential method, linear integral
methods of OFW, KAS and Starink by generalized linear
integral isoconversional method, and advanced isoconversional method of Vyazovkin have been utilized within the
α-domain [0.05, 1] with α = 0.05.
Figure 6a and b shows the results obtained by applying the
Friedman’s differential method and non-linear differential
method, respectively; while ﬁgure 6c and d shows the application of generalized linear integral isoconversional method
to calculate the E-α dependency by OFW, KAS and Starink’s
methods. At extreme values of α, the straight lines in
ﬁgure 5b and c intensively deviate from the linearity. The
activation energies at those regimes are not reliable and therefore neglected [53]. The reliable energies are obtained in the
interval [0.1, 0.85] in all isoconversional methods. Figure 7a
shows the results obtained by non-linear differential method.
The comparison between the Eα values obtained by different
isoconversional methods vs. α for UFC including error bars is
represented in ﬁgure 7b. Figure 7b shows that the activation
energy values of UFC obtained by KAS, OFW and Starink
methods are almost the same. A similar fact has been pointed
out in a recent thermal degradation kinetic study of tin-ﬁlled
epoxy composites [55]. Nevertheless, the variation in Eα

Figure 5. (a) A representation of the method to evaluate the inherent thermal stability of UFC at β = 10◦ C min−1 and (b) plot of
IPDT of UFC vs. heating rate.
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Figure 6. Evaluation of E-α dependency of UFC by (a) Friedman’s method, (b) non-linear differential method and (c, d) generalized
linear integral isoconversional method.

Figure 7. (a) Variation of the degradation activation energy of UFC, parameter n and regression factor r 2 with the degree of conversion
determined by non-linear differential method and (b) E-α dependencies of UFC derived by different isoconversional methods.
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Table 2. Effective activation energies of the individual reactions in multi-step thermal degradation of
UFC determined by isoconversional methods.

Isoconversional method

E1
(kJ mol−1 )

E2
(kJ mol−1 )

E3
(kJ mol−1 )

E4
(kJ mol−1 )

Friedman
Non-linear differential method
Ozawa-Flynn-Wall
Kissinger-Akahira-Sunose
Starink
Vyazovkin
Average

86 ± 10
107 ± 15
83 ± 15
79 ± 15
79 ± 15
68 ± 11
83

129 ± 4
120 ± 3
124 ± 4
121 ± 3
121 ± 3
136 ± 7
125

153 ± 8
135 ± 3
143 ± 5
141 ± 5
141 ± 4
133 ± 10
141

168 ± 17
145 ± 17
145 ± 10
143 ± 11
143 ± 11
121 ± 20
144

with α has been found analogous in all the cases and the differences in the activation energies are more likely caused by
the numerical integration/differentiation of thermoanalytical
data while employing isoconversional methods.
4.5a Interpretation of E-α dependency of UFC and mechanistic predictions: The reactions shown by UFC are one of
the examples of complex solid-state reactions. Four different
regions are marked in ﬁgure 7b, which represents the E-α
dependency patterns of UFC obtained by different isoconversional methods. The effective activation energies in these
regions have been shown in table 2.
It is worth remarking that the activation energy values
obtained by non-linear differential method are in comparison
with the rest of isoconversional methods, especially at higher
degree of conversion values. This is because the Eα /RT factor attains a value in the range of 30 [20]. However, the higher
average value of parameter n, i.e., 3.45, as illustrated from
ﬁgure 7a, indicates predominantly the reaction complexity.
In E-α dependency of UFC, the ﬁrst region ranges from
50 to 230◦ C corresponding to (0, 0.15] of α, which provides
information about the initial mass loss that could predominantly be due to the dehydration of resin and/or some weaker
interactions present in the macromolecular structure of resin.
The effective Eα value in this region is 83 kJ mol−1 , which
seems reasonable as the dehydration energy remains generally between 60 and 100 kJ mol−1 . The second region ranges
from 230 to 270◦ C, which is related to (0.15, 0.35] of α. The
activation energy values are fairly stable in this region with
an average value of 125 kJ mol−1 that might be assigned to
the conversion of methyl ether functional groups into methylene functional groups. The third region starts from 270◦ C
and ends at 350◦ C and corresponds to (0.35, 0.75) of α. This
region comprises competitive principle degradation reactions
of urea–formaldehyde and cellulose and the structure formed
by blending them together. The effective energy of reactions
found in this region is 141 kJ mol−1 . The fourth and the last
region ranges from 350◦ C onward and is related to [0.75, 1]
of α. The Eα values show signiﬁcant scattering in this region,
probably due to the involvement of several reactions. As
shown earlier, the values of Eα are unstable ahead α = 0.85;
therefore, an average value of activation energy 144 kJ mol−1
in [0.75, 0.85] has been taken. In general, the activation

energy of fourth step is mainly associated with the char formation. It is worth noting here that the common temperature
ranges relevant to the degree of conversion intervals have
been chosen by taking into account all the employed heating
rates. This consideration is tacitly mentioned in section 4.4
while interpreting the probable physical signiﬁcances of
TGA/DTG and reaction rate curves of UFC (ﬁgure 4).
A somewhat analogous behaviour of the variation in activation energy with the reaction advancement has already
been pointed out in epoxy and epoxy composites [52,53,55].
Although the fundamental difference between the E-α
dependency patterns of epoxy resin and UFC resin is that the
thermal degradation of epoxy consists of relatively limited
number of reactions, therefore its thermal degradation can be
kinetically simulated by logistic function-based autocatalytic
reaction models (probably following nucleation/growth pathways) [55]. On the other hand, in UFC resin the individual
reaction complexities of urea–formaldehyde and cellulose
along with the additional reactions originating as a result of
the interactions between urea–formaldehyde and cellulose
generate a substantially intricate reaction proﬁle with various
consecutive/parallel reactions. The applicability of wellknown reaction model determination approaches thus become doubtful in the case of UFC thermal degradation [15],
making isoconversional kinetics inevitable and appropriate.
5.

Conclusions

On the basis of results and discussion, following concluding
points are made:
– The structural characterization of UFC by SEM suggests
its fair homogeneity with semi-crystalline structure. Further morphological analysis by FTIR and XRD predicts
that the interactions between urea–formaldehyde and cellulose might result in new crystalline phases that are quite
different from their individual components. CI of UFC
reveals that approximately one-fourth of the resin constitutes of crystalline phases. Inherent thermal stability
calculations show that UFC is considerably stable.
– TGA along with DTA suggest highly complicated reaction proﬁle for UFC resin. It comprises a number of parallel and consecutive reactions occurring at long range of
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temperature. The individual thermal behaviours of UFC
constituents are helpful in explaining its complicated thermal behaviour.
– Isoconversional kinetic analysis of UFC fairly elaborates
its reaction complexity. The multi-step reaction proﬁle of
UFC is dealt on the basis of variation in activation energy
with the reaction advancement arising from mechanism
alteration during the reaction. The probable physical signiﬁcance of the obtained kinetic parameters has also been
explained.
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