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Abstract Non-isothermal oxidation kinetics of single-

and multi-walled carbon nanotubes (CNTs) have been

studied using thermogravimetry up to 1273 K in ambient

using multiple heating rates. One single heating rate based

model-fitting technique and four multiple heating rates

based model-free isoconversional methods were used for

this purpose. Depending on nanotube structure and impurity

content, average activation energy (Ea), pre-exponential

factor (A), reaction order (n), and degradation mechanism

changed considerably. For multi-walled CNTs, Ea and

A evaluated using model-fitting technique were ranged from

142.31 to 178.19 kJ mol-1, respectively, and from

1.71 9 105 to 5.81 9 107 s-1, respectively, whereas, Ea for

single-walled CNTs ranged from 83.84 to 148.68 kJ mol-1

and A from 2.55 9 102 to 1.18 9 107 s-1. Although, irre-

spective of CNT type, the model-fitting method resulted in a

single kinetic triplet i.e., Ea, A, and reaction mechanism,

model-free isoconversional methods suggested that thermal

oxidation of these nanotubes could be either a simple sin-

gle-step mechanism with almost constant activation energy

throughout the reaction span or a complex process involv-

ing multiple mechanisms that offered varying Ea with extent

of conversion. Criado method was employed to predict

degradation mechanism(s) of these CNTs.
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Introduction

Having exceptional blending of essential material proper-

ties, CNT either single-walled (SWNT) or multi-walled

(MWNT) is presently considered to be the most promising

candidate for next generation nanotechnology [1]. As

individual or combined with other suitable materials, CNTs

have already proved potential use in diverse field including

structural, transportation, medicine, electronics, and energy

[1–4]. In many of such applications, components have to

withstand various temperatures and thermal cycling in

different environments [5, 6] and consequently, a fair

knowledge on thermal stability and oxidation kinetics of

various CNTs for real life applications is very important.

However, limited reports are available in literature that

dealt with oxidation patterns of CNTs and reported acti-

vation energy for SWNTs lie between 120 and

140 kJ mol-1 and that for MWNTs lie between 150 and

290 kJ mol-1 [7–11]. In a recent communication, Sarkar

et al. [11] also reported that thermal degradation of MWNT

should follow a first order reaction kinetics in its as-

received form whereas after high temperature treatment in

inert atmosphere, thermal stability of MWNTs increased

significantly and followed higher order reaction kinetics.

Therefore, it is equally important to realize the effect of

structural features of carbon nanotubes (CNTs) e.g., purity

and type of CNT used, diameter and length of CNTs, defect

types and concentration, catalyst type and content on their

thermal stability. Although, kinetic studies of thermal

degradation using various model-fitting and model-free

methods are available [11–20], inconsistencies among

results obtained from these two methodologies have also

been reported [21–29]. The international congress on

thermal analysis and calorimetry (ICTAC) dealt meticu-

lously on computational aspects of studying kinetics of
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thermal degradation using model-fitting as well as model-

free techniques [21, 22]. The research group strongly

emphasized on the fact that kinetics of thermal degradation

of a solid are most often multi-step reaction process and

should not be described by a single kinetic triplet and

therefore, single heating rate based model-fitting methods

should be avoided where a single kinetic triplet is turned

out to adequately describe the complete reaction mecha-

nism of thermal degradation path disregarding its com-

plexity [22]. On the other hand, multiple heating rate based

model-free methods which are inherently free from errors

connected with the choice of a model can be suitably used

to investigate the complexity of a degradation process

where occurrence of different reaction mechanism leads to

the change in effective (or local) activation energy (Ea,a)

with extent of conversion (isoconversional method) [12–

14, 24–29] and temperature (non-parametric kinetics

method) [30, 31]. Further, Arrhenius parameters evaluated

using model-free techniques facilitate modeling of a deg-

radation process in other temperature spans than those

applied in the measurement. However, the experimental

part of ICTAC project primarily used calcium carbonate

and ammonium perchlorate and their isothermal or non-

isothermal degradation kinetics either in vacuum or in

nitrogen atmosphere and also suggested to verify such

inconsistency and/or incapability of model-fitting methods

for performing kinetic analysis of other materials [22].

Considering the above fact, in this report, both single

heating rate based model-fitting Coats-Redfern (CR)

technique and multiple heating rate based model-free iso-

conversional Friedman (FR), Kissinger–Akahira–Sunose

(K-A-S), Tang (T), and Flynn–Wall–Ozawa (F–W–O)

techniques were employed for analyzing the kinetics of

thermal degradation of commercially available SWNTs and

MWNTs under non-isothermal condition in ambient air up

to 1273 K at three experimental heating rates. The purpose

was to assess the extent of deviation (if any) between

model-fitting and model-free techniques in kinetic analysis

of thermal degradation of the most promising candidate in

the field of nanoscience and technology i.e., CNT as well as

to analyze influence of structural features of nanotubes on

non-isothermal degradation. Further, thermal oxidative

degradation mechanism(s) of present CNT specimens were

predicted using Criado method [32]. Transmission electron

microscopic (TEM) analysis of each CNT specimen was

carried out to reveal the structural features.

Theoretical background of kinetic analysis

Kinetic parameters of thermal degradation of a material can

be evaluated using degree of conversion or conversion

factor i.e., a which is expressed as [11, 12]:

a ¼ mi � mtð Þ= mi � mfð Þ ð1Þ

where mi, mt, and mf are initial, instantaneous, and final

mass of sample, respectively. Now, for non-isothermal

degradation, the kinetic equation is [11, 12]:

da
dt
¼ b

da
dT
¼ kðTÞf ðaÞ; ð2Þ

where da/dt = degradation rate; b = dT/dt = experimental

heating rate; f(a) = conversion function; T is absolute temper-

ature in Kelvin and k(T) = rate constant which is described by

the well-known Arrhenius expression as [11, 12]:

kðTÞ ¼ A exp � Ea

RT

� �
; ð3Þ

where R is the universal gas constant (8.314 J mol-1 K-1).

From Eqs. 3 and 2 one obtains:

da
dt
¼ b

da
dT
¼ Af að Þexp � Ea

RT

� �
: ð4Þ

Equation 4 is treated as the differential form of non-

isothermal rate law. To obtain integral form of rate law Eq. 4

needs to be integrated with respect to ‘‘T’’ i.e., [13, 18]:

Za

0

da
f að Þ ¼

Za

0

da
1� að Þn ¼ g að Þ ¼ A

b

ZT

0

exp � Ea

RT

� �
dT ;

ð5Þ

where f(a) = (1 - a)n; n is the order of reaction; g(a) is

integral conversion function that depends on f(a) and

expressed as [18]:

g að Þ ¼ �ln 1� að Þ for n ¼ 1 ð6aÞ

and

g að Þ ¼ 1� að Þð1�nÞ�1

n� 1ð Þ for n 6¼ 1: ð6bÞ

Now, assuming x = Ea/RT, R.H.S of Eq. 5 can be

written as [13, 18]:

A

b

ZT

0

exp � Ea

RT

� �
dT ¼ AEa

bR

Zx

0

exp �xð Þ
x2

dx ¼ AEa

bR
p xð Þ;

ð7Þ

where p(x) is the exponential integral which has no ana-

lytical solution but many mathematical approximations.

Model-fitting method

CR method [11, 12, 15–20, 24, 28, 29, 33]

The thermogravimetry (TG) data of all four CNT speci-

mens were first treated with the most popular single heating
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rate based model-fitting technique proposed by CR to

calculate the best feasible kinetic triplet of thermal oxida-

tion of present CNTs. The integral CR method utilizes the

asymptotic series expansion in approximating p(x) of Eq. 5

as:

pðxÞ ffi exp �xð Þ
x2

: ð8Þ

Therefore, from Eqs. 5, 7, and 8 we get:

gðaÞ ¼ ART2

bEa

exp � Ea

RT

� �
½*x ¼ Ea=RT �: ð9Þ

So, from Eqs. 6a, 6b, and 9 the CR expressions finally

take the following forms:

For n ¼ 1; ln � ln 1� að Þ
T2

� �
¼ ln

AR

bEa

� �
� Ea

RT
ð10aÞ

For n 6¼ 1; ln
1� að Þð1�nÞ�1

T2ðn� 1Þ

 !
¼ ln

AR

bEa

� �
� Ea

RT
:

ð10bÞ

Depending on the order of reaction, a plot of L.H.S of

either Eq. 10a or 10b versus 1/T should be straight line

whose slope and intercept gives Ea and A.

Isoconversional methods

FR method [28]

The differential isoconversional method proposed by FR is

based on Eq. 4 in logarithmic form and expressed as:

ln b
da
dT

� �
a

� �
¼ ln Aaf ðaÞa

� �
� Ea;a

RTa
: ð11Þ

At constant a, plot of L.H.S. versus 1/Ta of Eq. 11

should be straight line whose slope is used to evaluate the

local activation energy (Ea,a).

K–A–S method [12–15, 24–26, 28, 29]

The K–A–S method is one of the best integral isoconver-

sional methods formulated based on CR approximation of

p(x) for 20 \ x \ 50 and expressed as:

ln
b
T2

� �
¼ ln

AR

g að Þ � Ea;a

� �
� Ea;a

RT

� �
: ð12Þ

According to Eq. 12, for constant a, plot of ln(b/T2)

versus (1/T) obtained from curves recorded at three heating

rates, should be straight line whose slope can be used to

calculate the Ea,a.

T method [28, 34]

Tang et al. [34] has proposed a new precise approximation

of Arrhenius temperature integral using a two-step linearly

fitting process that proved to improve accuracy in non-

isothermal kinetic data and based on that approximation,

associated isoconversional equation is expressed as:

ln
b

T1:894661
a

� �
¼ ln

AEa;a

RgðaÞ

� �
þ 3:635041

� 1:894661ln Ea;a
� �

� 1:001450
Ea;a

RTa

� �
:

ð13Þ

Plot of L.H.S. versus (1/Ta) of Eq. 13 should give

straight line at constant a, whose slope is used to calculate

the corresponding Ea,a.

F–W–O method [13–16, 24–26]

It is also a widely employed integral isoconversional

model-free method derived by using Doyel’s approxima-

tion of p(x) as:

ln p xð Þð Þ ¼ �5:331� 1:052x 20\x\60ð Þ: ð14Þ

Therefore, from Eqs. 5, 7, and 14 one can get the F–W–

O expression:

ln bð Þ ¼ ln
A � Ea;a

g að Þ � R

� �
� 5:331� 1:052

Ea;a

RT

� �
: ð15Þ

Thus, at constant a, plot of ln(b) versus (1/T) should be

straight line whose slope is used to evaluate corresponding

Ea,a.

Master plot analysis

Criado method [18–20, 32, 33]

The kinetic parameters (Ea, n, and A) of thermal degradation

of present CNTs have been obtained by the non-isothermal

analytical methods. The obeyed reaction mechanism(s) was

determined using Criado method which can accurately

determine mechanism of degradation process. First, Criado

et al. defined a type of Z(a) function as:

ZðaÞ ¼
da
dt

� �
b

pðxÞT ; ð16Þ

where p(x) is an approximate expression obtained by

integration against temperature and can be related with p(x)

as [33]:

p xð Þ ¼ xexp xð Þp xð Þ: ð17Þ
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An approximate fourth rational expression of p(x)

proposed by Senum and Yang [35] and corrected by

Flynn [36] can be expressed as:

p xð Þ ¼ exp �xð Þ
x

� x3 þ 18x2 þ 86xþ 96

x4 þ 20x3 þ 120x2 þ 240xþ 120

� �

ð18Þ

for x [ 20, Eq. 16 can give error less than 10-5%, which is

the basis for analyzing the TG data of present CNT

specimens. Now, from Eqs. 2, 16, and 17 we get:

Z að Þ ¼ f að Þg að Þ: ð19Þ

Combining Eq. 4 with 19, we should obtain:

Z að Þ ¼ b
A

g að Þ da
dT

exp
Ea

RT

� �
: ð20Þ

On the other hand, from Eqs. 2, 16, and 17 one may also

get:

Z að Þ ¼ da
dT

xexp xð Þp xð ÞT ¼ da
dT

Ea

R
exp

Ea

RT

� �
p xð Þ: ð21Þ

In Eq. 21, the da/dT values was obtained from

corresponding DTG plots and Eq. 18 was used to

evaluate the p(x) expression where x = Ea/RT.

Finally, the master Z(a) versus a plots were evaluated

according to Eq. 20 using commonly utilized g(a)

expressions for describing different reaction mechanism

[11, 12] and Eq. 21 was used to plot experimental Z(a)

versus a curve according to TG data of specific CNT

specimen. The mechanism(s) of thermal degradation of

present CNT specimens were thus, easily and accurately

predicted by comparing the master Z(a) versus a curves

with the experimental Z(a) versus a curve.

Experimental

Raw materials

Supplier’s specifications and nomenclature used in rest of

the article of present SWNTs and MWNTs procured from

two commercial agencies namely Arry International

GmbH, Germany and Shenzhen Nanotech Port Co., China

are given in Table 1. Purity mentioned in Table 1 indicates

weight percentage of particular CNT in 100 g batch.

TG analysis

Thermal oxidation experiments of present CNT samples were

performed at three heating rates of 3, 6, and 10 K min-1 in

Netzsch STA-409 (NETZSCH-Gerätebau GmbH, Germany)

TG instrument up to 1273 K in ambient air. In each experi-

ment, 4–5 mg of CNT was taken in standard alumina crucible.

Higher amount was not possible due to excessive fluffy

structure of nanotubes. Based on the weight loss versus tem-

perature data, first derivative i.e., differential thermogravi-

metric (DTG) plots were also obtained. TG data were finally

treated with non-isothermal kinetic models to obtain the

kinetic parameters of thermal oxidation. Changes in oxidation

pattern (if any) of different CNTs obtained from TG, DTG

plots, and kinetic parameters were correlated with their

structural features.

Electron microscopy

Fine scale morphology and nanostructure of all samples

viz. MA, MS, SA, and SS were characterized by TEM using

a Tecnai G230ST (FEI Company, USA) instrument. For

TEM studies, small amount of CNT specimens were dis-

persed in isopropyl alcohol and sonicated for 15 min. TEM

specimens were prepared by applying a drop of each sus-

pension onto commercially available holey carbon coated

copper (Cu) grids (Ted Pella Inc., USA).

Results and discussion

Morphology of CNT specimens

From bright field TEM images of MA and MS specimens

shown in Fig. 1a, b it appeared that MA had comparatively

thinner tubes than MS. To quantify such observations,

histograms of diameters of each MWNT were plotted on

the basis of diameter measurement of 100 random CNTs

within specimen tested. It can be easily visualized from

Fig. 1c that while diameter of MA nanotubes was mostly

within 20–60 nm, Fig. 1d indicates MS had nanotube

diameter over a range of 20–100 nm. High resolution TEM

(HRTEM) images of MA and MS specimens revealed that

most of MA nanotubes had parallel graphene layers and

clear internal channels (Fig. 2a) whereas, the presence of

Table 1 Specifications and nomenclature of CNT specimens

Parameters

CNT type SWNT SWNT MWNT MWNT

Source Arry Shenzhen Arry Shenzhen

Symbol used SA SS MA MS

Purity/wt% [90 [60 [95 [95

OD/nm 1–2 \2.0 [50 60–100

L/lm 5–20 5–15 \10 5–15

AC/wt% \4.0 – \3.0 3–5

Ash/wt% \3.0 – \1.0 \2.0

SSA/m-2 g-1 [400 500–700 [120 40–70

OD outer diameter of CNT, L length of CNT, AC amorphous carbon,

SSA special surface area
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nickel (Ni) nanoparticles was observed within the hollow

cores (Fig. 2b) and at end-caps of MS nanotubes. The

presence of Ni nanoparticles in as-received MS nanotubes

has also been reported elsewhere [11]. For MA nanotubes,

except carbon, different elemental peaks e.g., aluminum

(Al), silicon (Si), oxygen (O), calcium (Ca), and manga-

nese (Mn) were also detected (Fig. 2a, inset) indicating the

presence of different types of impurities in MA than present

in MS. Figures 3a, b shows TEM images of SA and SS

nanotubes. The presence of cobalt (Co) nanoparticles as

transition metal impurity in SS specimen was obtained

during EDX analysis of TEM specimen (Fig. 3b, inset). Cu

peaks appeared in the EDX patterns due to TEM grid used.

TG and DTG plots

From TG and DTG plots of MA and MS samples (Fig. 4a–

d) it can be easily visualized that although both CNTs were

primarily [95 wt% pure (Table 1), their degradation pat-

terns in ambient were quite different mainly because of

their structural dissimilarities as visualized during TEM

studies and differences in impurity type/content and special

surface area (SSA) (Table 1). Similar observations were

made for SWNT specimens (Fig. 5a–d). The data obtained

from TG and DTG plots of all four CNT specimens at each

heating rate are given in Table 2 which indicates that the

start (Ts) and end (Te) temperatures of thermal degradation

of MA and MS specimens were generally higher than those

obtained for SWNTs (SA and SS) due to much thinner

dimension and higher SSA of the latter (Table 1). How-

ever, Table 2 also indicates that although differences

between Ts and Te for MA and SA specimens were quite

prominent, such differences were much lower for MS and

SS specimens. As per Table 1, SS nanotubes contained

60 wt% SWNTs while SA was [90 wt% pure, thus, it

might be possible that while oxidation of SA was primarily

0
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Fig. 1 Bright field TEM
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0.5 lm) and b MS specimen
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of tube diameter of c MA and

d MS specimen
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showing graphene layer

structure and impurity

Non-isothermal oxidation kinetics 1097

123



controlled by SWNTs, in SS both SWNT and other types of

CNTs containing higher number of graphene layers per

tube had equal contribution on degradation pattern that

almost equalized the oxidation span of MS and SS. Further,

the presence of transition metal nanoparticles i.e., Ni and

Co in MS and SS as obtained during TEM analysis might

also played a presiding role on overall degradation pattern

of these nanotubes in ambient up to 1273 K.

Kinetic analysis

The Arrhenius parameters of thermal oxidation of present

CNTs obtained from model-fitting CR method are given in

Table 3 and matched well with literature data [7–11]. It

may be seen from the table that for MA and SA specimens,

reaction order was greatly influenced by experimental

heating rate (Table 3). With increasing heating rate,

reaction order increased significantly indicating delayed

degradation of CNTs at faster heating rate possibly because

of the fact that at faster heating rate, higher temperature

was required to achieve the desired Ea for degradation to

initiate. However, due to much thinner diameter and higher

surface area of SA than that of MA, at each heating rate

they oxidized relatively faster than MA leading to lower

reaction order of the former (Table 3). Although, due to the

same reason activation energy of SA specimen was fairly

lower than that of MA, after initiation of reaction due to

availability of significantly higher reaction sites in MA than

SA, the pre-exponential factor of MA was found to be *103

times higher than obtained for SA (Table 3). On contrary,

such heating rate dependence of reaction order was not

observed in MS and SS specimens. Regardless of heating

rate used, they traced a first order reaction having slightly

lower Ea and A values for SS than MS (Table 3). The

1000
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Fig. 3 HRTEM images of a SA
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bar 20 nm) specimen; inset
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reason of getting mostly identical kinetic triplet for MS and

SS specimens has been discussed in previous section.

Unlike CR method, the purpose of using multiple

heating rate-based isoconversional techniques for kinetic

studies of TG data of present CNT specimens was to check

the extent of dependence of Ea,a on a. Change in Ea,a with

increasing extent of conversion for MA and SA specimens

are shown in Fig. 6a. It may be visualized from the figure

that except isoconversional FR method, the other three

methods were closely related. Such observation corrobo-

rates other reports and explanations behind this trend are

also suggested [13, 24, 26, 28]. Figure 6a also indicates

that local activation energy i.e., Ea,a of these two nanotube

samples decreased sharply with increasing a possibly due

to the fact that after splitting of initial C–C bond of

graphene layer, formation of free reactive species became

much easier that led to significant reduction in Ea,a as the

reaction advanced. Further, increase in a at higher tem-

perature might resulted in higher energy state of free car-

bon atoms formed from broken graphene layers that

required lower kinetic energy (Ea,a) of gaseous components

of ambient air i.e., oxygen, carbon dioxide, and moisture

(H2O) to hit the active carbon atoms and produce reaction

products [37]. While the maximum Ea,a obtained from

F–W–O technique for MA and SA were *156 and

*148 kJ mol-1, respectively, at a B 0.1, it reduced to

only *54 and *36 kJ mol-1, respectively, at a & 0.95

(Fig. 6a). Thus, a decrease of *65 and *75% was

observed for MA and SA specimens, respectively. Such

gradual but strong decrease in local activation energy of

nanotube oxidation obtained from isoconversional methods

suggested that degradation kinetics of MA and SA speci-

mens should follow complex reaction mechanism and can

not be described by a single kinetic triplet obtained using

model-fitting CR method. On contrary, such strong

dependence of Ea,a with a was not observed for MS and SS

specimens (Fig. 6b). More specifically, Ea,a remained
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Fig. 5 TG plots of a SA and

b SS specimen; DTG plots of

c SA and d SS specimen

Table 2 Data obtained from TG and DTG plots of CNT specimens at

three experimental heating rates

Sample b Ts Te Tp (da/dT)m W%

MA

3 730 980 897 0.6883 50.02

6 750 1110 907 0.4076 65.22

10 760 1190 925 0.3209 69.90

MS

3 680 930 882 1.1256 31.09

6 715 970 911 1.0419 38.93

10 730 980 917 0.9853 39.14

SA

3 600 875 782 0.5720 44.59

6 610 1015 787 0.3639 62.53

10 620 1125 810 0.2555 66.37

SS

3 645 840 777 0.9655 43.87

6 660 860 801 0.9397 41.29

10 690 870 821 0.8706 41.79

b = experimental heating rate in �C min-1;Tp = temperature corre-

sponded to maximum rate of decomposition in K; (da/dT)m =

maximum rate of decomposition in % K-1; W% = remaining weight

of specimen at Tp in %
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almost constant (Avg. Ea & 150 kJ mol-1) within

0.25 B a B 0.95 for MS (Fig. 6b) where for SS, Ea,a varied

within a low span of *140 to *184 kJ mol-1 (Fig. 6b). It

might be possible that influence of transition metal catalyst

nanoparticles e.g., Co, Ni present in as-received MS and SS

nanotubes was significant on thermal oxidation of these

two types of CNTs since it has been recently reported that

the degradation trend in ambient air of metal catalyst-free

MS after high temperature treatment in inert was quite

different than that obtained in its as-received condition

[11]. Further, higher Ea,a of MS than MA at each level of

conversion might aroused due the lower SSA of former

(Table 1) which required higher energy for degradation to

continue.

For evaluating dependence of pre-exponential factor

(Aa) on extent of conversion, the so-called artificial isoki-

netic relationship (IKR) was used which was although,

initially proposed to investigate pre-exponential factor in

isoconversional method as applied to single-step process,

latter it was also used to isolate ln(Aa) on a for a multi-step

degradation [28, 29]. To perform this analysis, the fol-

lowing expression of CR method was utilized to get a set of

Ea and A values using common g(a) expressions at a single

heating rate [11, 12]:

ln
gðaÞ
T2

� �
¼ ln

AR

bEa

� �
� Ea

RT
: ð22Þ

Therefore, for a particular expression of g(a), plot of

ln[g(a)/T2] versus 1/T should be a straight line whose slope

and intercept allow an assessment of Ea and A, respectively.

The above procedure was performed for all other heating

rates and other samples. Now, it was observed that at a

particular heating rate and for a particular sample, Ea and A

values at all g(a) follow a linear relation according to the

following expression [28, 29]:

lnAi ¼ mþ nEa;i; ð23Þ

where the subscript i in Eq. 23 refers to the ith g(a) model

and m = ln(kiso) and n = 1/RTiso. kiso and Tiso are termed

as artificial isokinetic rate constant and artificial isokinetic

temperature, respectively. The isokinetic plot of all four

CNT specimens at b of 10 �C min-1 is shown in Fig. 7 as

an example. All plots showed acceptable linear fit having

correlation coefficient (i.e., R) [0.97. Now, once the is-

okinetic parameters m and n were calculated for all sam-

ples, Ea,a values obtained from isoconversional analysis

were incorporated in Eq. 23 to get corresponding ln(Aa)

values. The plots of ln(Aa) versus a are shown in Fig. 8a, b.

Clearly, dependence of pre-exponential factor on extent of

Table 3 Kinetic parameters of four CNT specimens obtained from

CR method

Sample b Ea/kJ mol-1 A/s-1 n R2

MA

3 142.31 1.71 9 103 1.4 0 999

6 152.65 8.99 9 103 3.3 0.999

10 156.97 1.71 9 106 4.5 0.999

MS

3 164.16 7.37 9 106 1.0 0.999

6 176.44 3.15 9 107 1.0 0 999

10 178.19 5.81 9 107 1.0 0.999

SA

3 83.84 2.55 9 102 1.1 0.999

6 94.29 2.13 9 103 2.9 0.999

10 92.55 1.67 9 103 3.9 0.999

SS

3 140.58 2.23 9 106 1.0 0.998

6 148.68 1.18 9 107 1.0 0.999

10 148.56 1.12 9 107 1.0 0.999

b = experimental heating rate in �C min-1
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Fig. 6 Isoconversional plots of local activation energy (Ea,a) of a MA
and SA and b MS and SS specimens as a function of extent of

conversion
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conversion was the same as observed for local activation

energy. Further, Fig. 8a, b indicates that although decline

in pre-exponential factor which is described as the ten-

dency of a successful reaction to occur, was quite rapid for

MA and SA specimens, ln(Aa) was maintained at a suffi-

ciently higher level throughout the reaction span for MS

and SS nanotubes. Thus, the complete degradation process

of MA (Fig. 4a, c) and SA specimen (Fig. 5a, c) took longer

time and lower (da/dt) compared to MS (Fig. 4b, d) and SS

nanotubes (Fig. 5b, d). Changes in Ea,a and Aa with extent

of conversion of present as-received CNTs indicated that

although they were primarily composed of carbon atoms,

their diameter and length i.e., concentration of carbon

atoms as well as type and concentration of impurities

played an essential role on thermal degradation in ambient.

Criado method was used to find out involved reaction

mechanism(s) in thermal oxidative degradation of present

CNTs in ambient air. Z(a) versus a master curves were

plotted according to Eq. 20 using common g(a) expres-

sions [11, 12] and experimental Z(a) versus a plot was

obtained according to Eq. 21. From Fig. 9a, b, it can be

visualized that degradation reaction followed several

mechanisms involving F3, R1, A1F1, and F2 up to a (0.35

and 0.55 for MA and SA specimens, respectively). Com-

parison of experimental curves with master curves indi-

cates that just during initiation of oxidation (a & 0.05), the

system was quite stable and thus, reaction initiated at a

slower rate resulting in a third order reaction mechanism

i.e., F3 by gaining required Ea for degradation. However,

with increasing temperature or degree of conversion (a
from 0.10 to 0.20), supply of free carbon atoms from
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broken graphene layers increased significantly and there-

fore, the mechanism moved toward R1 (i.e., zero order

kinetics having much faster rate) followed by A1F1

mechanism (i.e., first order kinetics with reaction rate

slower than R1). Finally, at further higher conversion,

supply of carbon atoms started to fall gradually resulting in

slower degradation and thus, reaction path followed a

second order reaction kinetics i.e., F2 mechanism. As

degradation moved toward end (a[ 0.40), experimental

curve especially for MA specimen (Fig. 9a) sifted above F2

and did not match well with any of the master curve sug-

gesting that during this stage the system possibly followed

a mechanism that was different than known reaction paths.

On contrary, such complex reaction mechanism was not

observed for MS and SS specimens (Fig. 9c, d). Up to

*0.30a, oxidation of MS and SS specimens involved R1

mechanism i.e., zero-order reaction kinetics indicating

faster degradation of the specimens during a [0.05 to

*0.30a since during this stage the supply of free carbon

atoms to produce reaction products was sufficient. Beyond

0.30a, degradation of MS and SS specimens traced a path

passing through or very close to A1F1 master curve sug-

gesting first order reaction at relatively slower rate than R1

since formation of free carbon atoms decreased with

increasing extent of conversion. However, unlike MA and

SA specimens, MS and SS specimens did not pass through

higher order reaction kinetics perhaps due to the fact that

MS and SS specimens structurally possessed much better

source of free carbon atoms due to the presence of higher

number of graphene layers than MA or SA specimens.

Conclusions

Thermal degradation of SWNT or MWNT depend sig-

nificantly on factors like geometry i.e., diameter and

length of CNT used, surface area of particular CNT and

impurity type and its concentration. For thinner CNTs

having high SSA, Ea and A was quite less than those for

thicker CNTs having lower SSA due to higher reactivity

and less number of graphene layer involvements in

oxidation process, respectively, of the former leading to

lower reaction order values i.e., faster degradation.

However, such trends might be overruled if impurity

present in CNTs played key role in controlling the

degradation. Similarly, depending on structural features,

mechanism of thermal oxidation of CNTs might close to

a single-step process or complex in nature involving

several rate controlling reactions within the degradation

span. Therefore, for this system i.e., CNT to get truthful

kinetic data i.e., to assess the real dependence of acti-

vation energy on temperature and/or degree of conver-

sion, model-free methods should always be preferred

instead of model-fitting techniques.
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An: Avrami-Erofeev equations

where n = 1–5; Fn: chemical

reactions with n = 1–5;

Rn = power law relations where

n = 1–3, Dn: diffusion

controlled reactions where

n = 1–3 and subscripts GB and

J stand for Ginstling-Brounstein
and Jander equation,

respectively
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