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Abstract In the present work, the thermal stabilities and

decomposition kinetics of the hydrogenated cardanol and its

derivative—alkylated hydrogenated cardanol—were investi-

gated using thermogravimetry. The chemical compounds

showed results comparable to butylated hydroxytoluene, a

commercial product that has antioxidant activity. The kinetic

parameters of activation energy (E), Arrhenius pre-exponential

factor (A), thermal endurance, and relative thermal index were

described. Different heating rates were used, and the standard

test methods—ASTM E1131-08, E1641-13, and E1877-13—

were followed. According to the results, the alkylated hydro-

genated cardanol showed the highest activation energy

83.02 9 103 J mol-1 and the higher thermal stability, fol-

lowed by hydrogenated cardanol 40.08 9 103 J mol-1

and butylated hydroxytoluene 33.48 9 103 J mol-1.
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Introduction

Additives are chemical compounds that aim to enhance

specific qualities as well as soften the defects present in

many substances, among lubricants [1]. Among various

types of additives, dispersants, detergents, anti-corrosives,

anti-caking agents, and antioxidants also have a larger

number of studies and papers published [2–4].

The phenolic antioxidants and their mono-, di-, and

polynuclear derivatives are the main types of antioxidant

additives as they are radical sequester, metal deactivators,

and hydroperoxide decomposers and still have effect

against the degradation of organic material [5–7]. In this

respect, Fig. 1 shows the structures of the hydrogenated

cardanol (HC), the alkylated hydrogenated cardanol

(AHC), and commercial antioxidant butylated hy-

droxytoluene (BHT), emphasizing the structural similarity

of these molecules.

According to Mazzetto [8], the comparative studies on

the antioxidant effect of the HC derivatives and com-

mercial products of petroleum derivatives such as BHT

have been reported in the literature. The results demon-

strate the efficiency of the antioxidant derived from

HC [1, 8].

Various thermal studies are used extensively to under-

stand the behavior of the HC derivatives. Thermo-

gravimetry (TG) is a technique that has very prominence.

Ionashiro [9] pointed that there are factors that can affect

the TG curves, and these factors may be instrumental and

even characteristic of the sample itself. In relation to ex-

perimental factors, Leiva [10] applied that the flow rates of

50 and 100 mL min-1 have a similar behavior, so the

flow of the carrier gas does not influence the degrada-

tion process. There are standards that suggest the use of

20–50 mL min-1 for gas flow [11].
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Through the data obtained from thermogravimetric

curves with different heating rates, various methods have

been created to determine the activation energy, which are

used by several authors in their studies [11–15]. The

methodologies described in ASTM E1641-13 [11] and

ASTM E1877-13 [16] use experimental data of thermo-

gravimetric curves for the calculation of the activation

energy and thermal resistance, respectively.

In this context, this paper aims to show the thermal

efficiency, using data from thermogravimetric curves, ac-

tivation energy, and the results of thermal resistance for the

derivative of HC. The samples of this study were AHC,

HC, and BHT. Standard test methods were employed with

modifications [11, 16, 17].

Experimental

Materials

The BHT was purchased from Sigma-Aldrich Co (C99 %).

Hydrogenated cardanol and alkylated hydrogenated car-

danol were obtained from Group of Technological Inno-

vations and Chemical Specialties. The HC was obtained by

catalytic hydrogenation method [18, 19] and was purified

by column chromatography (silica gel) employing hexane

as eluant [1]. After being purified, the HC was alkylated by

Friedel–Crafts mechanism using tert-butyl chloride in the

presence of zinc chloride (Lewis acid), obtaining AHC

[19]. The HC and AHC were characterized by GCMS (see

Figs. 2a, b, 3a, b). The analyses showed the molecular ions

at m/z 304 [C21H36O?] and at m/z 360 [C25H44O?],

compatible with the molecular formulas of HC and AHC,

respectively.

Instrumental

The TG curves were obtained using a thermobalance TA

Instrument, model Q 600, in nitrogen atmosphere, with a

flow of 50 mL min-1, sample mass of 5 mg, heating rates

of 2.5, 5.0, 7.5, and 10.0 �C min-1, and temperature range

of 30–800 �C.

Gas chromatography and mass spectrometry were per-

formed by the use of GCMS-QP5050-A (Shimadzu)

equipped with a OV-5 column (0.25 mm, 30 m, 0.25 lm

film), electron impact at 70 eV, and the injection and de-

tector temperatures were 250 and 280 �C, respectively;

temperature program of the oven starting at 100 �C, in-

creasing to 180 �C at a rate of 40 �C min-1 and then to

300 �C at a rate of 10 �C min-1; and helium gas flow as a

carrier and volume of sample injected of 1.0 lL.

Methods

Determination of the kinetic parameters

According to ASTM E1641-13 [11], the determination of

the kinetic parameters, activation energy, and Arrhenius

pre-exponential factor are obtained by TG, based on the

assumption that the decomposition obeys first-order ki-

netics. So, in the present work, the calculation of activation

energy was obtained from the plotted graph of log b against

1/T. The calculation methodology used works with it-

erations, using Eq. 1 and a value of 0.457/K for b on the

first iteration:

E ¼ � R

b

� �
� D log bð Þ

D 1=T

� � ð1Þ

where E = refined Arrhenius activation energy, J mol-1,

R = gas constant, 8.314 J mol-1 K-1, b = heating rate,

K min-1, T = temperature/K at constant conversion, D(log

b)/D(1/T) = slope of the line, and b = approximation

derivative from Table 1 (used b 0.457/K on first iteration).

The refined activation energy is a parameter obtained by

mathematical iterations until the consecutive activation

energy values do not show significant differences. So, this

refined value is reported as the Arrhenius activation energy.

After obtaining the refined Arrhenius activation energy

(E), the value will be used in the relation E/RTc, where

Tc = the temperature at constant conversion for the heat-

ing rate closest to the midpoint of the used heating rates.

Using the value obtained for E/RTc, a new estimation of

the approximation derivative (b) from Table 1 was ob-

tained, and this new value must be resubmitted to Eq. 1.

Iterations should be repeated until the Arrhenius activation

energy (E) does not show significant variations [11].

The value of pre-exponential factor will be calculated

selecting the mass loss curve for the heating rate nearest the

midpoint of the used heating rates, and using Eq. 2 [11]:

A ¼ � b
0

E

 !
� R� ln 1� að Þ � 10a ð2Þ

where A = pre-exponential factor, min-1, b
0

= heating

rate nearest the midpoint of the experimental heating rates,

K min-1, a = conversion value of decomposition, and

a = approximation integral taken from Table 1 [11].

OH
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Fig. 1 Chemical structures of HC, AHC, and BHT
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Calculation of thermal endurance

According to ASTM E1877–11 [11], the methodology

presents the additional treatment of the Arrhenius activa-

tion energy data to develop a thermal endurance curve and

derive a relative thermal index (RTI) for materials [16].

Relative thermal index is a measure of the thermal en-

durance of a material when compared with that of a control

with proven thermal endurance characteristics. In this pa-

per, the thermal endurance, estimated thermal life (tf), and

failure temperature (Tf) were calculated using Eqs. 3 and 4

[16, 20, 21].
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log tf ¼
E

ð2:303RTfÞ þ log E
ðRbÞ

h i
� a

ð3Þ

Tf ¼
E

2:303R log tf � log E
ðRbÞ

n o
þ a

h i� � ð4Þ

where tf = estimated thermal life for a given value of

conversion (a) (min) and Tf = failure temperature for a

give value of conversion (a) (K).

Results and discussion

The TG curves of HC, alkyl hydrogenated cardanol (AHC),

and BHT are shown in Figs. 4–6. The curves determine the

amount of highly volatile matter, medium volatile matter,

and the residual weight remaining after the heating [17]. In

this procedure, a constant heating rate of 2.5 �C min-1 was

used. According to the results, the HC shows 0.38 % of

Table 1 The numerical integration constants utilized in this work

E/RT a b (1/K)

10 6.4167 0.5187

10.79 6.8206* 0.5122*

10.86 6.8564* 0.5121*

11 6.928 0.511

12 7.433 0.505

20 11.3277 0.4770

20.4853 11.5584* 0.4760*

21 11.803 0.475

21.31 12.1296* 0.4744*

22 12.276 0.473

* Obtained by interpolation

ASTM E1641—07 (2013) [11]
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residual weight remaining after the heating, and the AHC

and the BHT show 0.4 and 0.13 %, respectively.

Figures 7, 8, and 9 present the thermogravimetric curves

for HC, AHC, and BHT in different heating rates: 2.5, 5.0,

7.5, and 10.0 �C min-1. The thermogravimetric curves

indicate with increased thermal stability of AHC, this has

the first mass loss temperature [178.5 �C.

In our study, from each thermal curve obtained, an ab-

solute temperature at constant conversion (a = 0.05) was

determined, see Table 2. After that, the plot of the loga-

rithm of the heating rate expressed as kelvins per minute

against the reciprocal of the absolute temperature was ob-

tained (Figs. 10–12) [22, 23].

According to the results, straight lines were obtained,

and using the least square method fit, the slopes [D(log b)/

D(1/T)] of the HC, AHC, and BHT were determined. The

calculations of the kinetic parameters—activation energy

(E)—were obtained by mathematical iterations, using

Eq. 1 for the first calculus. The value of 0.457/K for b was

used in the first iteration, see Table 3.

The iterations were executed until the values for the

activation energy showed small changes. So, the refined

value of 40.08 9 103 J mol-1 was used in the calculation

of the pre-exponential factor (A). For the calculus of the

pre-exponential factor (A), the mass loss curve for the

heating rate nearest the midpoint of the experimental

heating rates (5.0 �C min-1) was selected. Eq. 2 was used,

and the value of the exponent, a, obtained from Table 1 for

the refined value of E/RTc (a = 6.8206). Table 4 presents

the parameters for the calculus of (A).

Table 5 shows the kinetic parameters of the AHC and

BHT, which followed the same procedure for the calculus

of the HC.

The decomposition profiles of the samples were defined

by thermogravimetric curves and kinetic parameters such as

activation energy (E) and pre-exponential factor (A). Ac-

cording to the TG curves, the temperature range of medium

volatile matter of HC varied between 103.3 and 256.1 �C,

with refined activation energy of 40.08 9 103 J mol-1,

while the AHC and BHT showed temperature ranges of

178.5–300 �C and 49–147.1 �C, and activation energies of

83.02 9 103 and 33.48 9 103 J mol-1, respectively.

According to the TG curves and the calculus of the

parameters, the AHC presented the major thermal stability

when compared with HC and BHT. This behavior probably

occurs because the AHC possesses a phenolic structure,

with an ortho-substituent in its phenolic ring [24, 25].
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Table 2 Temperatures obtained from thermogravimetric curves

Heating rate (b)/K min-1 Log (b) HC AHC BHT

T/�C T/K 1/T/K T/�C T/K 1/T/K T/�C T/K 1/T/K

2.5 0.40 160 433 1/433 201 474 1/474 78 351 1/351

5.0 0.70 180 453 1/453 217 490 1/490 103 376 1/376

7.5 0.88 197 470 1/470 226 499 1/499 112 385 1/385

10.0 1.00 211 484 1/484 230 504 1/504 118 391 1/391
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Based on the results presented previously, it is suggested

that the AHC is more stable than HC and BHT. Following

the thermal study, the test method was used for estimat-

ing lifetimes of samples too; for this, the standard proce-

dure described in ASTM E1877-11 was used [16].

Figures 13–15 show the thermal endurance curves of the

studied samples.

The RTI is considered to be the maximum temperature

below which the material resists changes in its properties

over a defined period of time, and so, it is an important

parameter. In this step of the work, a time to failure of

60,000 h was used for the calculus of RTI or failure

temperature Tf, obtained from the thermal endurance curve.

According to the results, the HC and the AHC presented

the ‘‘failure temperatures’’ to higher than the BHT

(RTI = 166.42 �C); these results are in accordance with

Table 3 Calculation for activation energy (E)—hydrogenated cardanol

First iteration Second iteration Third iteration

Slope = -2.469 9 103 Slope = -2.469 9 103 Slope = -2.469 9 103

b = 0.457/K b = 0.505/K b = 0.5122/K

E = 44.92 9 103 J mol-1 E = 40.65 9 103 J mol-1 E = 40.08 9 103 J mol-1

Tc = 453 K Tc = 453 K

E
0
=RTc & 12 E/RTc = 10.79

Table 4 Parameters for the calculus of pre-exponential factor (A)—

hydrogenated cardanol

Parameters Results

b = 5.0 �C min-1 A = 351.9775

E = 40.08 9 103 J mol-1

a = 0.05 ln A = 5.8636

a = 6.8206

Table 5 Kinetics parameters of the AHC and BHT

First iteration Second iteration Third iteration Parameters Results

Alkylated hydrogenated cardanol (AHC)

Slope = -4.773 9 103 Slope = -4.773 9 103 Slope = -4.773 9 103 b = 5.0 �C min-1 A = 9.291 9 106

b = 0.457/K b = 0.4744/K b = 0.4760/K E = 83.02 9 103 J mol-1

E = 86.83 9 103 J mol-1 E = 83.43 9 103 J mol-1 E = 83.02 9 103 J mol-1 a = 0.05 ln A = 16.0445

Tc = 490 K Tc = 490 K a = 11.5584

E/RTc = 21.31 E/RTc = 20.53

Butylated hydroxytoluene (BHT)

Slope = -2.062 9 103 Slope = -2.062 9 103 Slope = -2.062 9 103 b = 5.0 �C min-1 A = 351.9775

b = 0.457/K b = 0.505/K b = 0.5121/K E = 33.48 9 103 J mol-1

E = 37.51 9 103 J mol-1 E = 33.95 9 103 J mol-1 E = 33.48 9 103 J mol-1 a = 0.05 ln A = 6.1260

Tc = 376 K Tc = 376 K a = 6.8564

E/RTc & 12 E/RTc = 10.86
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Fig. 13 Thermal endurance curve of hydrogenated cardanol
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the TG curves (see Figs. 4–6) that showed that the AHC

possesses the major thermal stability.

Conclusions

The HC and its derivative compound—AHC—showed

good thermal stabilities when compared to the BHT. The

thermogravimetric curves for the AHC indicated a stable

behavior until 178.5 �C, when initiating the thermal

degradation of the medium volatile matter. In this work, the

evaluation of the application of thermal analysis in the

thermal endurance estimation was executed, and for the

organic compounds studied (HC, AHC, and BHT), the

results were satisfactory. These informations are very im-

portant because the phenols studied showed in their

structures antioxidant potentialities, and a high thermal

stability is an indicator of good performance. It must be

emphasized here that the thermal analysis represents a

significant time-saving technique when compared with

other techniques of thermal endurance and life test of or-

ganic materials. So, its use should become a more frequent

and normal occurrence.
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