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Abstract The effect of different contents of nano-fillers:

carbon black (CB), bentonites [original (Bent) and modi-

fied with phosphonium salt (B-TBHP)] and commercial

modified montmorillonite (C30B) on the thermal degra-

dation of phenolic resin was studied by thermogravimetric

analysis (TG). The obtained results strongly suggest that

CB was the most effective filler in improving the thermal

stability of the resol-type phenolic matrix. The previous

results were associated with the thermal stability of each

filler but also with the compatibility between the matrix

and the filler and the effect of filler incorporation on the

cross-linking degree of the neat matrix. The profile of the

apparent activation energy with the conversion of the

thermal degradation process for the resol and the

nanocomposites was obtained using three isoconversional

methods: Friedman, KAS and Vyazovkin. The curves were

correlated with the degradation steps of the phenolic resin

observed by TG, showing a similar degradation mechanism

for all the systems. By means of the method of invariant

kinetic parameters, it was possible to estimate the preex-

ponential factor and the activation energy to describe the

degradation process of the resol and the nanocomposites in

the thermal fragmentation zone, between 350 and 600 �C.

It was determined that the Sestak–Berggren model was the

one that best describes the thermal degradation experi-

mental data. Then, a comparison between the experimen-

tally obtained and the simulated differential degradation

curves shows that the resulting model was certainly accu-

rate to predict the thermal degradation process of the resol

and the nanocomposites.

Keywords Phenolic resin � Nano-filler � Composites �
Thermal degradation � Kinetic models

Introduction

Phenolic resins are among the first thermosetting resins

synthesized and are still one of the most used in several

applications such as matrix of high performance composite

materials, coatings and adhesives. They are widely used

due to their high flame resistance in addition to their

excellent thermal and chemical stability [1].

Numerous studies have shown that the incorporation of

nano-fillers, such as layered silicate clays, into polymers

often improves their mechanical, thermal, barrier and

physicochemical properties when compared with either the

pure polymer or their conventional microcomposites, even at

a very low filler concentration which leads to the nano-level

interactions with the polymer matrix [2–10]. Furthermore,

improvement of the physical properties of the final product

of the nanocomposites is strongly dependent on the clay

mineral–polymer compatibility, as well as on processing

conditions. Two different morphological structures are
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mainly achievable: nanocomposites with either intercalated

or exfoliated clay mineral particles. Both structures coexist

in nanocomposites, and it suggested that the improvement

was ascribed to the dispersion efficiency and the degree of

exfoliation of the clay as well as its compatibility with the

polymer matrix. In addition to the clays, carbon black also

proved to be a suitable filler to produce high thermal stability

materials [11]. Consequently, the addition of proper

nanoparticles to phenolic resins could increase their thermal

stability and mechanical properties to be used in critical

applications such matrices of ablative composites [12, 13].

However, since resol-type phenolics have complex 3D

structures even prior to cure [14], intercalation of nanopar-

ticles is rather difficult. This limits the number of studies on

these resins, compared to other thermosetting resins such as

epoxy and unsaturated polyester.

Choi et al. [15] carried out the first study on organoclay

reinforced phenolic resin nanocomposites, using novalac-

type phenolic resins. They have observed that intercalation

of the polymer into the clay galleries occurs during mixing,

but there is always the possibility of de-intercalation, and

to avoid it, the clay modifier material should always be

chosen so that it is either an initiator of the polymerization

reaction or some material that reacts with the polymer

itself. The structural affinities between the modifier and the

polymer, such as benzene rings, have also proven to have a

good effect on the intercalation. They also published [16]

the mechanical properties and thermal stabilities of the

nanocomposites they produced earlier. Byun et al. [17]

carried out the first study concentrating on producing

nanocomposites from resol-type phenolic resins. They have

seen that exfoliation is more difficult with resol than

novalac-type phenolic resins, since these resins have a

more 3D structure even prior to curing. They have also

observed that with increasing amount of clay the

enhancement of the properties is lost, mainly due to the

defects of stacked silicates and dangling chain formations.

Wang et al. [18, 19] synthesized novalac and resol/layered

silicate nanocomposites by condensation polymerization of

phenol and formaldehyde catalyzed by H-montmorillonite.

They found out that the reactants entered the interlayer

galleries easily when the condensation polymerization of

phenol and formaldehyde is carried out in the presence of

montmorillonite. H-montmorillonite, which is actually

hydrochloric acid modified montmorillonite, worked as the

catalyst for the reaction. Moreover, Bahramian and Kokabi

[20] found that the addition of clay Cloisite 15A improves

the thermal stability of a resol resin/asbestos composite.

This was attributed to the clay platelets which restricted

polymer chain motion raising the energy necessary to ini-

tiate chain scission and decreased the permeability of the

decomposed volatile products. Manfredi et al. [21, 22] and

Rivero et al. [23] synthesized resol-based nanocomposites

varying the curing and processing conditions, type of clay

and organic modifiers. They found that the organically

modified montmorillonites showed a better dispersion in

the phenolic prepolymer than in the unmodified ones.

However, even if the modified montmorillonites showed an

interlayer contraction after curing, they were better dis-

persed when added by mixing with the prepolymer than by

in situ polymerization. The nanocomposites with the

addition of the unmodified clay showed similar properties

independent of the way of synthesis used, which presented

the highest cross-linked network. It was stated that inde-

pendently of the way of synthesis, the type of clay added to

the polymer greatly influenced the chemical structure and

the final properties of the resol resin.

On the other hand, Natali et al. [24] found that highly

loaded carbon black phenolic composites showed superior

thermal and dimensional stability than the pristine polymer.

More recently, Koo et al. [25] published a review con-

cerning the development of polymer nanocomposites used

as thermal protection systems (TPS) analyzing the effect of

the addition of different nanoparticles such as organoclays,

polyhedral oligomeric silsesquioxanes, carbon black, car-

bon nano-fibers and nanotubes among others, on the poly-

meric matrices properties. Furthermore, it was reported [26]

that the thermal conductivity and the ablation rate of phe-

nolic composites were reduced with the addition of a variety

of nano-materials like nano-silica, montmorillonite.

In spite of the previous works regarding phenolic

nanocomposites, no studies concerning the influence of

nano-fillers on the kinetics of thermal degradation of the

resols were made. So, the aim of the work is to do a

comparative study of the effect of different type of

nanoparticles on the thermal degradation process of a resol

resin, determining the activation energy and the parameters

that describe the mentioned process. The accuracy of dif-

ferent kinetics models was analyzed. It is important to

know the performance of these nanocomposites because

according to the results obtained, some of the systems will

be used as matrix in ablative composite materials in a

future work.

Experimental

Materials

Phenol crystals and formaldehyde water solution (37 mass%)

used for the resol synthesis were supplied by Cicarelli S.A.

(Argentina). The reinforcements used were: carbon black

(CB) MONARCH 570 supplied by Cabot Argentina SAIC,

bentonite (Bent) kindly provided by Minarmco S.A. (Ar-

gentina), tributylhexadecylphosphonium bromide modified
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bentonite (B-TBHP) according to the conditions detailed in

the work [27] and commercial clay Cloisite 30B (C30B)

(Southern Clay Products, TX).

Methods

Phenolic resin synthesis

Resol-type phenolic resin was prepared using a formalde-

hyde to phenol molar ratio equal to 1.3 under basic con-

ditions [28], as follows. Phenol and formaldehyde water

solution was placed in a 1 L stainless steel reactor with a

low-velocity stirrer, a thermometer and a reflux condenser.

The pH was kept at 9.0 with a 40 mass% solution of

sodium hydroxide (NaOH), and the mixture was allowed to

react for 2 h at 90 �C. After that, the mixture was neu-

tralized with a 7 mass% solution of boric acid until the pH

reached a value of 6.8–7.0. The resol was dehydrated in a

rotary evaporator by vacuum at 70 �C. The resin obtained

was kept at -10 �C until it was used.

Nanocomposites synthesis

Materials were obtained by adding 5 or 20 mass% of dif-

ferent fillers to the original synthesized resol. The addition

was performed gradually with continuous stirring and after

obtaining homogeneous mixtures, and the mixture was

sonicated for 30 min in an ultrasonic bath at room tem-

perature to ensure a good dispersion of the fillers on the

resin.

As an alternative to the addition of the nano-clay to the

phenolic resin, in order to improve their dispersion, in situ

polymerizations were carried out. The procedure was the

same as that performed for the synthesis of the neat resol,

explained above, with the addition of a sonicated stage at

60 �C during 30 min (the melted phenol with the nano-clay)

prior to the addition of the formaldehyde. Then, the mixture

obtained was dehydrated in a rotary evaporator by vacuum

at 70 �C. Two in situ polymerizations were performed, with

modified TBHP bentonite and Cloisite� 30B.

Curing cycle

The nanocomposites obtained by both methods were

placed in horizontal molds and cured in electric furnace

with an extended cycle in order to obtain materials with

low porosity. This cycle is described below and has a

similar duration to other chemical systems used in aero-

space: 3 h at 40, 60, 80, 100, 130 and 150 �C, and 4 h at

190 �C; the heating rate was 1 �C min-1 between each

step.

Thermogravimetry

Thermal degradation of the materials was studied by

thermogravimetry (TG). Measurements were taken in a

Q500 TA Instrument thermogravimetric analyzer. Tests

were carried out at heating rates of 5, 10, 15, 20 and

25 �C min-1 from 30 to 900 �C, under nitrogen atmo-

sphere. Samples were approximately 10 mg in all cases.

Degradation kinetics: theoretical background

Any solid-state decomposition kinetic can be expresses as a

single step kinetic equation:

da
dt

¼ kðTÞf ðaÞ ð1Þ

where t is time, T is temperature, k is rate constant, f(a) is a

differential form of the kinetic model and a is the con-

version defined as:

aT ¼ m0 � mðTÞ
m0 � mf

ð2Þ

where m0 and mf denote the initial and residual mass,

respectively, and m(T) refers to the actual mass of the

sample. In general, the Arrhenius equation expresses the

explicit temperature dependence of the rate constant;

therefore, Eq. (1) results in:

da
dt

¼ A exp
�E

RT

� �
f ðaÞ ð3Þ

where A is a preexponential factor, R is the gas constant

and E is the activation energy.

One of the simplest methods to use to determine the

activation energies is Kissinger model [29] which is rep-

resented by the following Eq. (4):

ln
b

T2
m;i

 !
¼ ln

�AR

E
f
0 ðamÞ

� �
� E

RT2
m;i

ð4Þ

where f0(a) = df(a)/da, b is the heating rate, the subscript

m denotes the values related to the rate maximum and the

index i is introduced to denote various temperature

programs.

Isoconversional methods are frequently called ‘model-

free methods’ because of the absence of any assumptions

regarding the mechanisms that take place during the

degradation of the samples. These methods give informa-

tion about of the variation of the apparent activation energy

(Ea) as a function of the degree of conversion (a) [30, 31].

In this work, isoconversional methods were employed in

order to obtain the Ea. Friedman is the most common dif-

ferential isoconversional method [32], which can be

expressed as:
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ln
da
dt

� �
a

¼ C � Ea

RTa
ð5Þ

where (da/dt) is the instantaneous degradation rate as a

function of time at a given conversion a, C is a constant

and, Ea and Ta are the effective activation energy and the

temperature at a certain conversion degree, respectively. At

each selected a, the value of Ea can be determined from the

slope of a plot of ln(da/dt) versus 1/T.

There are a number of integral isoconversional methods

which differ in approximations of the temperature integral.

The Kissinger–Akahira–Sunose (KAS) [33] equation

can be written as:

ln
b
T2

� �
a

¼ ln
AR

gðaÞEa

� �
� Ea

RTa
ð6Þ

where g(a) is the integral conversion function and b is the

linear constant heating rate.

Flynn and Wall propose the following approximation:

lnðbiÞ ¼ Const � 1:052
Ea

RTa
ð7Þ

Vyazovkin developed an advanced integral isoconver-

sional method [34] where the Ea value can be determined

by minimizing the function expressed by Eq. 8. The tem-

perature integral (Eq. 9) is numerically solved.

fðEaÞ ¼
Xn
i¼1

Xn
i6¼j

J½Ea; TiðtaÞ�
J½Ea; TjðtaÞ�

ð8Þ

J Ea; TiðtaÞ½ � ¼
Zta

ta�Da

exp
�Ea

RTiðtÞ

� �
dt ð9Þ

where i and j denote the different thermal experiments, Da
is the conversion increment and J[Ea,Ti(ta)] is the tem-

perature integral which can be well approximated with a

numeric integral. Subsequently, these data are used to

minimize Eq. (8) by seeking an appropriate Ea value.

Repeating this minimization procedure for each a of

interest, Ea as a function of a will be established.

Estimation of the reaction model and preexponential fac-

tor A pair of kinetic parameters (A, E) can be estimated by

applying the method of the invariant kinetic parameters (IKP)

[35]. Accordingly, sets of ln(Ai) and Ei are obtained at dif-

ferent heating rates arranging Eq. (3) and replacing f(a) for

the most frequently used mechanisms that appear in Table 1:

ln
da
dT

bi

f ðaÞ

� �
¼ ln Aið Þ � Ei

RT
ð10Þ

From the slope and the intercept of plots ln[(da/dT)bi/

f(a)] versus 1/T, for each theoretical kinetic model, f(a),

and at each heating rate, b, the parameters ln(Ai) and Ei can

be evaluated. Although the parameters vary widely with

f(a), generally they all demonstrate a strong correlation

known as a compensation effect:

ln Aið Þ ¼ a þ bEi ð11Þ

The parameters a and b are the compensation constants

that depend on the heating rate. These lines should

intersect in a point that corresponds to the values of E and

ln A for the kinetic model, which were called by Les-

nikovich and Levchik the invariant kinetic parameters,

Einv and Ainv that are independent of the conversion, the

model and the heating rate [35]. It could be possible that

certain variations of the experimental conditions deter-

mine regions of intersection. Therefore, the intersection is

only approximated. Hence, in order to eliminate the

influence of experimental conditions on the determination

of Ainv and Einv, these two parameters are determined

from the slope and intersect, respectively, in the so-called

supercorrelation relation:

a� ¼ ln Ainvð Þ � b�Einv ð12Þ

The IKP method can be used only if E does not depend

on a. This fact should be previously checked by isocon-

versional methods. Once the invariant parameters are

obtained, they can be used to estimate the f(a) that best fit

the degradation process.

Fourier transform infrared spectroscopy (FTIR)

The degree of cross-linking of the resol in the different

materials was analyzed by FTIR. Tests were carried out in

a Nicolet 6700 spectrophotometer in the mode of

Table 1 Algebraic expressions for g(a) and f(a) for the most frequently used mechanisms

Mechanism Symbol g(a) f(a)

1D diffusion D1 a2 1/2a

2D diffusion D2 (1 - a)ln(1 - a) ? a 1/[-ln(1 - a)]

3D diffusion D3 [1 - (1 - a)1/3]2 (3(1 - a)2/3)/{2[1 - (1 - a)1/3]}

4D diffusion D4 (1 - 2a/3) - (1 - a)2/3 3/{2[(1 - a)-1/3 - 1]}

Avrami–Erofeev, JMA model Am (0.5 B m B 4) [-ln(1 - a)]1/m m(1 - a)[- ln(1 - a)](1-1/m)

Sestak–Berggren SB(n,m) an (1 - a)m
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Attenuated Total Reflectance (ATR), with 4 cm-1 of res-

olution and 32 scans.

X-ray diffraction (XRD)

The characterization of the dispersion of the reinforce-

ments in the matrix was carried out by X-ray diffraction.

Spectra were obtained with a Panalytical X́PERT PRO

diffractometer, with CuKa radiation (k = 1.54 Å).

Results and discussion

Nano-fillers characterization

Table 2 summarizes the nanoparticles used as fillers of the

resol matrix. Regarding clays, it is possible to observe that

the unmodified one (Bent) is highly hydrophilic (the

absorption of water is higher than 20% after 24 h of

exposure), whereas the modified ones (B-TBHP and C30B)

became less hydrophilic or more organophilic due to the

incorporation of organic cations in the interlaminar space.

That modification in the polarity of clays produces changes

in their compatibility and the polymeric matrix. The clay

C30B was selected because it showed a good dispersion in

the phenolic prepolymer [22]. The surfactant based on

phosphonium cations to synthesized the B-TBHP was

chosen due to its capability as flame retardant [36], taking

into account the possible application of the material.

Moreover, an increment on the basal or interlaminar

spacing which makes room (d001) for the polymeric chains

can be achieved by the use of surfactants.

The thermal degradation process of each nano-filler is

shown in Fig. 1 (residual mass, TG) and (derivative of mass

loss, DTG). It can be observed that the thermal stability of

unmodified clay is clearly higher than that of the modified

ones, which is related to the degradation of organic modifiers

at lower temperatures (between 200 and 500 �C). In the case

of clays, one interesting result from TG experiments is that

the water content (obtained from residual mass curve until

130 �C) undoubtedly decreased in both modifications. This,

in turn, indicates an enhancement on the hydrophobicity

which is in accordance with water absorption results

(Table 2). In addition, it can be observed that the thermal

stability of phosphonium modified clays is higher than that

of the ammonium modified ones and both are lower than the

unmodified bentonite. Several authors [37, 38] have sug-

gested different steps on the degradation mechanism of

bentonites and montmorillonites modified with quaternary

ammonium salts. In the case of carbon black, there are no

evident peaks which, in turn, are associated with the high

thermal stability of that filler.

All previous description will affect the results of the

thermal degradation process of resol/nano-filler composites

that will be described in the following section.

Effect of nanoparticles on the thermal degradation

of the resol resin

To study the overall degradation process of the materials,

thermogravimetric curves obtained at 10 �C min-1 were

analyzed. For that, curves of residual mass as a function of

temperature, and its derivative (DTG) as a function of

temperature were plotted for each nanocomposite and

compared with that of the neat resol. In order to determine

the influence of the filler content on the thermal behavior of

the neat resol, two different nanoparticles contents (5 and

20 mass%) were studied.

Thermal degradation of phenolic resin shows three main

regions: (a) from 250 to 400 �C where the postcuring and

oxidative degradation with the evolution of formaldehyde,

water and carbon dioxide, (b) from 400 to 600 �C where

the thermal fragmentation releasing phenol, cresol, xylenol

and (c) from 500 to 750 �C where the carbon char is

formed producing H2, CO and CH4 (Fig. 2). The involved

reactions are numerous, and they are well known [39].

Table 2 Characteristics of the fillers used in the nanocomposites

Filler Organic modifier Abs. water 24 h at 90% RHb/% d001/nm Mass loss on ignition/% Tp TG/�C

Bent None 21.22 1.17 11 625

B-TBHP
CH

3
(CH

2
)
3

(CH
2
)
3
CH

3

(CH
2
)
3
CH

3

(CH
2
)
15

CH
3

P
+

2.73 2.51 25 396

C30B CH2CH2OH

N+

CH2CH2OH

H3C T

a

3.72 1.85 30 275

CB None – 300 (size) 2.4 –

a T tallow (65% C18; 30% C16; 5% C14)
b RH relative humidity
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Regarding the nanocomposites, it can be observed from

Fig. 2 that the addition of carbon black to the resol matrix

generates an improvement on its thermal stability, evi-

denced by the displacement of the mass loss stages to

higher temperatures and also by an increase in the residual

mass (10% average) at the end of the test. This behavior

was more evident with the increase in the carbon black

content (5–20 mass%), and it could be associated with the

fact that the carbon black promotes the char formation,

creating a protective layer which acts as a barrier between

the material and the heat source. It was reported that the

presence of carbon black substantially lower yields of

volatile products [40]. Thermogravimetric curves exhibit

the same profile, and the decomposition takes place via

similar stages, suggesting that the resol and its nanocom-

posites with CB follow a similar degradation mechanism.
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The results of the thermogravimetric analyses of the

composites containing bentonite, bentonite modified with

TBHP and C30B are shown in Figs. 3–5, respectively. It can

be observed that the addition of all used clays did not

appreciably modify the thermal degradation process of the

resin. However, the addition of bentonite with TBHP (Fig. 4)

slightly delays the beginning of the thermal degradation

process, but reduces the thermal stability of the resol at

temperatures higher than 450 �C when the clay content was

raised to 20 mass%. In general, nanocomposites with clay

showed lower residual mass than the resol probably due to a

lower cross-linking caused by the filler addition [22, 41],

which was analyzed by FTIR and discussed later. Table 3

shows a summary of the results from the thermogravimetric

analyses of the materials studied, where the increase in the

residual mass due to the carbon black addition is evidenced.
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However, no significant enhancement in the thermal stability

of the nanocomposites was observed by increasing the filler

content. Furthermore, the nanocomposites with 20% of the

modified clays showed a slight detriment in the overall

thermal performance compared with the ones with lower

nanoparticle content. This could be related to differences in

the cross-linking density of the resol and with the dispersion

of the particles in the polymer.

Considering the addition of higher percentages of

nanoparticles did not significantly improved the thermal

stability of the nanocomposites. The following work con-

cerning the kind of processing, chemical characterization

and thermal degradation kinetics of the polymer was done

considering only the nanocomposites with the lower con-

tent of nanoparticles.

Effect of processing on the thermal degradation

of resol nanocomposites

In order to analyze the influence of the processing method

on the thermal behavior of the clay-based nanocomposites,

in situ polymerization was performed for the preparation of

composites containing C30B and bentonite modified with

TBHP.

XRD profiles of the nanocomposites, showed in Fig. 6,

revealed that the in situ addition of the clay did not

improve their dispersion in the polymer compared with the

mixed ones. No peaks at low angles were distinguished for

the latest which in turn indicates an increase on the inter-

laminar spacing of the clay that can be associated with the

intercalation of polymeric chains into the clay galleries

Table 3 Characteristic temperatures obtained by thermogravimetry for the materials studied

Material T5%/�C T10%/�C Tdmax/�C Residue at 800 �C/%

Resol 466 496 500 66.5

Resol ? 5% CB 467 505 513 69

Resol ? 20% CB 492 525 525 74

Resol ? 5% Bent 467 496 488 67

Resol ? 5% C30B 450 485 485 64

Resol ? 20% C30B 434 459 467 60

Resol ? 5% C30B (in situ) 459 492 504 65

Resol ? 5% B-TBHP 465 505 530 65

Resol ? 20% B-TBHP 459 475 479 64

Resol ? 5% B-TBHP (in situ) 463 500 504 65
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[42]. However, the composites obtained by in situ poly-

merization showed broader peaks which represent an

inhomogeneous interlaminar spacing of the clay platelets,

i.e., the coexistence of regions where the clay is better

distributed together with more agglomerated zones.

Moreover, a displacement of the peak to higher angles was

also observed for these composites which are an indication

of a contraction of part of the clay galleries. This could be

attributed to the loss of surfactant during curing or to a

different rate of resol curing inside and outside the galleries

[23]. In spite of the differences in the clay dispersion, the

thermal degradation analysis of the composites obtained by

in situ polymerizations (Figs. 4, 5) reveals similar results to

those discussed above, no significant improvements were

found in the mass loss areas and the residual mass of the

samples at the end of the test. These results are also

included in Table 3.

Figure 7 shows the DTG curves of the resol-based

nanocomposites together containing 5 mass% of the dif-

ferent nanoparticles in order to compare their thermal

degradation performance. It was observed that the carbon

black was the most efficient nano-reinforcement increasing

the onset temperature and the quantity of char residue. In

addition, the bentonite modified with TBHP showed a

better behavior than the C30B on the resol thermal

degradation. This was attributed to the high thermal sta-

bility of the phosphonium modifier compared to the

ammonium-based one, as it was observed in Fig. 1.

FTIR tests were carried out to analyze the influence of

the nanoparticles on the cross-linking density of the orig-

inal phenolic resin. For this, the chemical structure of the

polymer was analyzed taking into account the typical

groups of the phenolic resin as the methylene bridges,

which are formed during the cross-linking reactions.

Methylene bridge bands are situated at wavelengths of

1450 and 1473 cm-1, for para–para0 and ortho-para0

bridges, respectively [28]. The obtained spectra were nor-

malized with the peak situated at 1600 cm-1 that corre-

sponds to the stretching of the aromatic ethylene bond C=C

in the aromatic ring which seems to be constant during all

the tests [28]. The cross-linking density of the resol in the

different materials was estimated as the height of the peak

at 1473 cm-1 and compared among them. The results are

shown in Table 4. It can be observed that in all the cases,

the fillers reduced the cross-linking density of the resin, and

this was associated to the fact that the particles acts as a

physical impediment during polymerization, modifying the

polymerization rate as it was explained previously.

100

95

90

85

80

75

70

65

R
es

id
ua

l m
as

s/
%

Resol

Resol + 5% Bent

Resol + 5% C30B

Resol + 5% B-TBHP

Resol + 5% CB

Resol + 5% B-TBHP (in situ)

Resol + 5% C30B (in situ)

200 400 600 800

Temperature/°C
100 300 500 700 900

Resol
Resol + 5% Bent
Resol + 5% C30B

Resol + 5% B-TBHP
Resol + 5% CB

Resol + 5% B-TBHP (in situ)
Resol + 5% C30B (in situ)

200 400 600 800

Temperature/°C
100 300 500 700 900

0.20

0.15

0.10

0.05

0.00

D
T

G
/%

  °
C

–1

0.25

0.30
(a) (b)

Fig. 7 a TG and b DTG for resol and phenolic resin nanocomposite with 5 mass% of the different nanoparticles in nitrogen atmosphere

6000

5000

4000

3000

2000

1000

0
10

B-TBHP

C30B
Resol + 5% C30B (in situ)
Resol + 5% B-TBHP (in situ)
Resol + 5% C30B

Resol + 5% B-TBHP
Resol + 20% C30B

2  /°θ

In
te

ns
ity

/a
.u

.

Fig. 6 XRD profiles of the C30B, B-TBHP and the 5 mass% clay-

based nanocomposites obtained by mixing and in situ polymerization

Impact of different nanoparticles on the thermal degradation kinetics of phenolic resin…

123

Author's personal copy



Additionally, the lower cross-linking density obtained with

the modified clays could be attributed to the presence of the

long carbon chains of the surfactants producing more free

volume [23].

Kinetic analysis and modeling of the thermal

degradation process

The kinetic degradation analysis was performed taking

into account the two peaks that appears in the DTG

curves in the range between 350 and 600 �C, where the

most significant structural changes take place, as it was

previously explained. So, these peaks were deconvoluted

by a Lorentzian multi-peak curve, and the whole degra-

dation process was divided in two parts (P1 and P2), each

one associated to one of the degradation peak where the

conversion degree values vary between 0 and 1. Only the

second peak was considered for the nanocomposite with

B-TBHP because the first one only appears as a shoulder

in the DTG curves and did not fit the model (Fig. 7b).

Figure 8 displayed the application of the Kissinger model

to the resol resin, as an example. An acceptable linearity

of the curves was observed for the first and second peak,

and the apparent activation energies are reported in

Table 5.

The results obtained from the application of Flynn and

Wall method to the dynamic DTG data for both peaks of

the resol are reported in Fig. 9a (P1) and b (P2), as an

example. It was observed that no good linearly fit was

reached from the experimental values calculated for the

samples at the different conversions. Moreover, an incre-

ment in the activation energy with the conversion was

found, because of the occurrence of more cross-linking

reactions that take place during the degradation process.

Table 4 Relative peak heights obtained by FTIR

Material H1473 cm�1=H1600 cm�1

Resol 2.60

Resol ? 5% C30B 1.83

Resol ? 5% CB 1.64

Resol ? 5% B-TBHP 0.79

Resol ? 5% Bent 0.78

–9.8

–10.0

–10.2

–10.4

–10.6

–10.8

–11.0

–11.2

–11.4

–11.6

–11.8

1.2 × 10–3 1.3 × 10–3 1.3 × 10–3 1.3 × 10–3 1.4 × 10–3 1.4 × 10–3 1.5 × 10–3 1.5 × 10–3

First peak

Second peak

(1/Tm)/K–1

Ln
( 

  /
T

m
2 )

β 

Fig. 8 Results of Kissinger

method to resol resin, both

peaks

Table 5 Apparent activation energies calculated from Kissinger

method

Material Apparent activation energy, Ea/kJ mol-1

First peak Second peak

Resol 266.1 283.9

Resol ? 5% Bent 264.3 339.2

Resol ? 5% B-TBHP – 311.4

Resol ? 5% C30B 268.9 289.0

Resol ? 5% CB 270.2 288.0

L. Asaro et al.

123

Author's personal copy



1.5

1.2

0.9

0.6

Lo
g(

   
) β 

1.4 × 10–3 1.4 × 10–3 1.5 × 10–3 1.5 × 10–3 1.5 × 10–3 1.5 × 10–3 1.5 × 10–3 1.6 × 10–3

1.5

1.2

0.9

0.6

Lo
g(

   
) β 

1.2 × 10–3 1.2 × 10–3 1.3 × 10–3 1.3 × 10–3 1.3 × 10–3 1.4 × 10–3 1.4 × 10–3

(1/T )/K–1

= 0.7α = 0.5α = 0.3α = 0.7α = 0.5α = 0.3α

= 0.8α = 0.6α = 0.4α = 0.2α = 0.8α = 0.6α = 0.4α

= 0.2α

(1/T )/K–1

(a) (b)

Fig. 9 Application of Flynn and Wall method to resol: a P1; b P2

800

600

400

200

0

A
ct

iv
at

io
n 

en
er

gy
/k

J 
m

ol
–1

900

700

500

300

100

400

200

0

A
ct

iv
at

io
n 

en
er

gy
/k

J 
m

ol
–1

500

300

100

400

200

0

A
ct

iv
at

io
n 

en
er

gy
/k

J 
m

ol
–1

500

300

100

400

200

0

A
ct

iv
at

io
n 

en
er

gy
/k

J 
m

ol
–1

500

300

100

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Degree of conversion (  )α 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Degree of conversion (  )α 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Degree of conversion (  )α 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Degree of conversion (  )α 

Resol Resol + 5% C30B

Resol + 5% B-TBHP Resol + 5% CB

KAS
Vyazovkin
Friedman

KAS
Vyazovkin
Friedman

KAS
Vyazovkin
Friedman

KAS
Vyazovkin
Friedman

(a) (b)

(c) (d)

Fig. 10 Apparent activation energy versus degree of conversion applying KAS, Vyazovkin and Friedman methods for: a resol, b resol ? 5%

C30B, c resol ? 5% B-TBHP, d resol ? 5%CB

Impact of different nanoparticles on the thermal degradation kinetics of phenolic resin…

123

Author's personal copy



So, it can be concluded that those models are not suitable to

calculate the kinetic parameters of the studied system. The

calculated activation energies have too much error and do

not allow a comparative analysis among the materials.

In order to determine realistic and accurate kinetic tri-

plet for non-isothermal degradation of the materials, iso-

conversional methods were used. These methods allow

verification of the presence or absence of the complexity of

investigated process, tested from the mechanistic point of

view. The whole thermal degradation process (without

deconvolution procedure) was evaluated by means of three

widely used isoconversional methods. The variation of the

apparent activation energy with the conversion for the

materials studied was calculated by Friedman, KAS and

Vyazovkin methods. Figure 10 shows the results obtained,

and it was observed that the Ea values calculated by

Vyazovkin and Friedman are practically identical because

the integration was done using small intervals of conver-

sion (Da = 0.01) [26]. However, differences among the Ea

calculated by Friedman method and those integral such as

Vyazovkin and KAS were reported when higher intervals

of a were employed [43, 44]. On the other hand, it was

reported [26] that the Vyazovkin method, which uses

numerical integration, shows further increase in accuracy

than the KAS one. Therefore, the apparent activation

energy for the thermal degradation calculated by the

Vyazovkin method in resol and its nanocomposites was

considered for the discussion.

It was observed in Fig. 11 that the Ea values for the resol

varied between 35 and 290 kJ mol-1 up to 0.75 degree of

conversion and then raised sharply. This behavior could be

related to the degradation steps of the phenolic resin

observed by TG, which were explained above. Ea value

showed a first increase up to a = 0.14 which could be

associated to postcuring reactions, and then, it drops up to

a = 0.25 due to the gas evolution (formaldehyde, water

and carbon dioxide). When a[ 0.25 the Ea value showed

first a steep increase and then continues with slowly

increase till a = 0.75. It was associated to the thermal

fragmentation zone, which involved fragmentation reac-

tions and the development of further cross-linking. That

shape of the curve is characteristic of a complex mecha-

nism involving competing reactions [45, 46]. After

a = 0.75, the Ea increased because the system needs more

energy for degradation due to the surface protecting layer

of char formed which restricts further degradation.

The variation of the activation energy with the conver-

sion for the resol and the different nanocomposites con-

taining 5% of nanoparticles was showed in Fig. 12. It was

observed a similar shape among the curves of the

nanocomposites and the resol, indicating a similar degra-

dation mechanism. All the materials exhibited a rise in the

activation energy at the beginning of the degradation pro-

cess due to the DTG peak corresponding to the release of

water and oligomers, as shown in Fig. 7b. At a higher than

0.75, the nanocomposites showed less Ea than the resol

because of their minor cross-linking density estimated by

FTIR. Additionally, the variation of the activation energy

for the composite with CB was displaced to the right,

consistent with its higher thermal stability.
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Estimation of the invariant kinetic parameters (IKP)

In order to determine the invariant kinetic parameters and

evaluate which kinetic model best describes the thermal

degradation process of the studied systems, the IKP method

was used. This method was applied to the two deconvo-

luted peaks (P1 and P2) representing the whole degradation

process, as explained above. The IKP method could be

applied because it was observed by an isoconversional

method (Fig. 12) that the activation energy does not

depend on a in the conversion range comprising P1 and P2.

Algebraic expressions for the kinetic models usually used

in the solid-state kinetics are shown in Table 1. Substitu-

tion of different models f(a) (type Am, with m = 0.5, 1, 2,

3, 4; SB(n,m) with n, m = 0.4, 0.3; 0.6, 0.4; 0.4, 0.4; 0.5,

0.5) in Eq. (3) and fitting it to experimental data yields

different pairs of the Arrhenius parameters, ln(A) and

E. Diffusion models were not employed in order to

improve the quality of the correlation [47]. The compen-

sation effect between E and ln (A) was checked in the

different models at all heating rates, in all the studied

systems. Figure 13 shows, as an example, the compensa-

tion relationship for the non-isothermal degradation of

resol ? 5% C30B (P1). The same compensation effect was

obtained from all the resol nanocomposites. The slopes and

intercepts of these lines give the compensation parameters

a and b at each heating rate. Since determining the inter-

section of these lines by the graphical method is uncertain,

the calculation of the invariant kinetic parameters is per-

formed using the supercorrelation relation, Eq. (12). Fig-

ure 14 exhibits the results of a* and b* for peak 2 for the

resol and its nanocomposites, showing very good straight

lines for all specimens investigated, thus proving the

existence of a supercorrelation relation. The evaluation of

Einv and Ainv was done from the slope and the intercept of

the lines in Fig. 14, respectively. Additionally, it was

corroborated that the isokinetic temperature (Tiso = 1/R b)

is within the experimental range of degradation tempera-

tures as a criterion to validate model application [48]. The

calculated Tiso values vary from 467 to 523 �C.

In the same way, the existence of the compensation

effect between E and ln(A) and the one-step process were

confirmed for P1 in all nanocomposites. The values of the

invariant parameters estimated for both peaks are shown in

Table 6. All activation energy values were similar in the

vicinity of 290 kJ mol-1, which are in very good agree-

ment with estimated values presented in the previous

section.

In order to estimate the reaction model, f(a), which best

describes the experimental data, the Avrami–Erofeev and
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Sestak–Berggren models (Table 1) were evaluated. So as

to choose among these two models, the criterion suggested

by Perez-Maqueda et al. [49] was used. They stated that

when the correct kinetic model is assumed for f(a), all

experimental data points should lie on a single straight line

by plotting ln[(da/dt)b/f(a)] versus 1/T. The slope and the

intercept of this line should provide the same values of the

activation energy and preexponential factor as the initially

assumed. It was observed that the Avrami–Erofeev model

did not result in a single straight line after applying this

procedure using several m values, for both peaks (P1 and

P2) in all the materials studied. Instead, it was possible to

obtain a straight line by applying the Sestak–Berggren

model, considering several n and m values.

Then, to estimate the best n and m exponents of the

Sestak–Berggren kinetic model, a nonlinear regression

analysis was applied for finv(a) function (Eq. 13), using the

experimental data and the invariant parameters:

finvðaÞ ¼ A�1
inv exp

Einv

RT

� �
b

da
dT

ð13Þ

The average values of n and m are listed in Table 7. The

correlation coefficient, R2, in the fitting procedure was

excellent (0.99[) in all the cases.

To verify that all experimental data points lie on a single

straight line with the average n and m values calculated,

plots of ln[(da/dt)b/f(a)] versus 1/T were constructed. Such

plots for resol ? 5% C30B and resol ? 5% TBHP at dif-

ferent heating rates for peak 1 appear in Fig. 15a.

Additionally, the experimentally obtained differential

(da/dT vs. T) was compared with the modeled one in order

to confirm the selected kinetic model (Fig. 15b). The da/

dT was simulated using the kinetic triplets, which were

calculated as follows: the preexponential factor was

Table 6 Values for the invariant kinetic parameters for resol and its nanocomposites

Material First peak rel. area Second peak rel. area Ln (Ainv)/s-1 Einv/kJ mol-1 R2

P1 P2 P1 P2 P1 P2 P1 P2

Resol 0.184 0.816 37.88 45.05 280.07 319.67 0.976 0.98

Resol ? 5% Bent 0.176 0.824 44.18 43.74 318.97 316.21 0.974 0.97

Resol ? 5% C30B 0.138 0.862 38.88 40.62 283.83 294.87 0.994 0.995

Resol ? 5% THBP 0.116 0.884 39.88 39.89 300.18 300.21 0.989 0.989

Resol ? 5% CB 0.195 0.805 35.84 35.33 271.84 268.57 0.987 0.989

Table 7 Values for n and m exponents from the Sestak–Berggren

kinetic model for resol and its nanocomposites

Material naverage maverage

P1 P2 P1 P2

Resol -0.5 -0.491 2.42 4.667

Resol ? 5% Bent -0.738 -0.727 3.107 3.042

Resol ? 5% C30B -0.763 -0.819 3.048 3.23

Resol ? 5% TBHP -0.993 -0.992 4.47 4.484

Resol ? 5% CB -0.558 -0.543 2.593 2.518
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obtained using the C values from the Friedman method

(Eq. 5) and the selected f(a). The apparent activation

energy profile, also derived from Friedman method, was

used. Figure 15b clearly shows that the experimental dif-

ferential degradation curves are successfully simulated by

means of the above calculated kinetic parameters.

Conclusions

In this work, the effect of different contents and types of

nano-fillers on the thermal degradation of phenolic resin

were studied by TG. It was found that the carbon black was

the most effective filler in improving the thermal stability

of the phenolic matrix, evidenced by the displacement of

the mass loss stages to higher temperatures and also by an

increase in the residual mass at the end of the test. This

result was associated with the fact that the carbon black

promotes the char formation and besides, it is more com-

patible with the polymer.

The kinetic degradation analysis of the resol and the

nanocomposites was performed by means of three widely

used isoconversional methods: Friedman, KAS and Vya-

zovkin. The profile of the apparent activation energy with

the conversion calculated by Vyazovkin model, the most

accurate method, was correlated with the degradation steps

of the phenolic resin observed by TG. The shape of the

curve in the thermal fragmentation zone, between 350 and

600 �C, was characteristic of a complex mechanism

involving competing reactions. Above that temperature, the

Ea increased because the system needs more energy for

degradation due to the char layer formed in the surface.

The curves of the nanocomposites exhibited a similar shape

to resol, thus indicating a comparable degradation mecha-

nism. Moreover, the activation energy profile of the com-

posite with CB was displaced to the right, consistent with

its higher thermal stability.

In order to estimate a pair of kinetic parameters (A,

Ea), the method of the invariant kinetic parameters

(IKP) was applied considering the two deconvoluted

peaks in the thermal fragmentation zone, representing

the whole degradation process. The invariant activation

energies calculated in all the samples were in accor-

dance with the ones estimated by the isoconversional

methods. Then, it was determined that the Sestak–

Berggren model best describes the thermal degradation

experimental data, and the average reaction order val-

ues (n and m) were reported in all the systems. Finally,

a comparison between the experimentally obtained and

the simulated differential degradation curves indicates

that the resulted model was certainly accurate to predict

the thermal degradation process of the resol and the

nanocomposites.
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