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a  b  s  t  r  a  c  t

The  aim  of  this  study  was  the  investigation  of thermal  degradation  process  at the  interface  of  a  core–shell
type structure.  Such  hybrid  compound  was  comprised  of  an  inorganic  core  of  magnetite  nanoparticles  and
an  organic  shell  consisting  of  3-aminopropyltriethoxysilane.  The  thermal  degradation  has  been  studied
by  thermogravimetry  in  nitrogen  atmosphere,  up  to  500 ◦C.  The  evolved  gases  analysis  was  performed
using  a coupling  to a quadrupole  mass  spectrometer  and  a Fourier  transform  infrared  spectrophotometer
equipped  with  external  modulus  for  gas  analyses.  Isoconversional  kinetic  study  was  conducted  and  a
three  stage  thermal  degradation  mechanism  was  proposed.

©  2012  Elsevier  B.V.  All rights  reserved.

1. Introduction

The research field of coated magnetite nanoparticles as sub-
strate in bionanoconjugates has been expanding for more than
three decades because of their potential as drug carriers for tar-
geted drug delivery [1,2]. Therefore the establishment of accurate
thermokinetical decomposition mechanisms plays an important
role in the industrial processing of the future drug, especially for
drugs in the form of oral tablets and capsules. Along with the
appropriate pressing pressure, the temperature program must be
rigorously selected in order to induce the specific cohesion forces
and disintegration time once the tablet or capsule has reached the
digestive tract [3].  This aspect is of greater importance especially
in the field of controlled drug delivery or targeting. Other biomed-
ical applications of magnetite nanoparticles are based on their
magnetic properties. Such applications are: magnetic-force-based
tissue engineering, magnetic enhanced transfection, magnetically
induced hyperthermia and magnetically assisted gene therapy
[4,5].

The potential of drug delivery systems based on the use of mag-
netite nanoparticles as drug carriers brings three major advantages:
(i) the ability to localize and target specific locations in the body;
(ii) a seemingly reduced quantity of the drug needed to maintain
a certain concentration in the proximity of the target; and (iii) the
minimizing of side effects due to a reduction in the concentration
of the drug at nontarget sites [6,7].
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The thermooxidative degradation kinetics of solely precipitated
magnetite particles were studied elsewhere and their decomposi-
tion into maghemite and hematite was  reported [8–10].

The purpose of this paper is to obtain new knowledge and
information about thermal stability of core–shell systems based on
magnetite nanoparticles with polysiloxane coatings in inert atmo-
sphere.

2. Experimental

2.1. Synthesis

The synthesis of 3-aminopropyltriethoxysilane covered mag-
netite nanoparticles M(III)APTES was submitted to a previous paper
[11]. The existence of the core–shell structure as nanoparticles
was proven by dynamic light scattering (DLS) technique and the
diameters of the nanoparticles were found to be in the range
30–50 nm [11].

2.2. Measurements

The thermal degradation and evolved gas analyses of
M(III)APTES were performed with a TGA-FTIR-MS system. The sys-
tem was equipped with an apparatus of simultaneous TGA/DSC
analyses STA 449F1 Jupiter model (Netzsch, Germany), FTIR spec-
trophotometer Vertex-70 model (Bruker, Germany), and mass
spectrometer QMS  403C Aëolos model (Netzsch, Germany). The
TG/DSC thermobalance was  coupled online with FTIR spectropho-
tometer and mass spectrometer through two heated transfer lines.
9 mg  were heated from 25 to 500 ◦C under nitrogen flow (flow
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Fig. 1. TG and DTG curves recorded at different heating rates: (1) 5 K min−1; (2)
10  K min−1; (3) 20 K min−1.

rate 50 mL/min), in an open Al2O3 crucible and Al2O3 as refer-
ence material was used. Heating rates of 5, 10 and 20 K min−1

were used. The transfer line to FTIR spectrophotometer was made
of polytetrafluorethylene, had an interior diameter of 1.5 mm and
was heated at 190 ◦C. The spectra were acquired with a spectral
resolution of 4 cm−1 on 400–4000 cm−1 range. The transfer line to
MS spectrometer QMS  403 C is made of a quartz capillary with an
internal diameter of 75 �m and was heated at 290 ◦C. The mass
spectra were recorded under electron impact ionization energy of
70 eV. Data were scanned in the range m/z = 1–300, the measur-
ing time for each cycle was 150 s. The NIST Mass Spectral Database
was used for the identification of ion fragments (m/z) in MS  spec-
tra. The kinetic analysis of thermogravimetric data was performed
using the soft Netzsch Thermokinetic 3.

3. Results and discussion

3.1. Weight loss at different heating rates

Fig. 1 shows the TG and DTG curves of the sample M(III)APTES
recorded at 5, 10 and 20 K min−1 heating rates. The DTG curves
indicate three stages of thermal decomposition.

Some characteristics extracted from TG and DTG curves are pre-
sented in Table 1 where Ti is the onset temperature of intense
thermal degradation, Tmax is the temperature that corresponds to
the maximum rate of decomposition for each stage and Tf repre-
sents the final decomposition temperature. Ti is the intersection
point of tangents to the two branches from the beginning of ther-
mograms. Tmax values were evaluated from the peaks of DTG curves.
The final decomposition temperature Tf was determined by apply-
ing the same procedure as for Ti using the two branches from the
end of thermograms. Table 1 also includes the mass loss rates corre-
sponding to Tmax values (Wi) and the amount of residue remaining
at the end of thermal degradation (500 ◦C).

It can be observed that the thermal degradation steps are shifted
towards higher temperatures with the increase of the heating rate.
This is due to temperature delay [12]. The quantity of the residue

that remained after thermal degradation varied between 66.11%
and 72.18%, depending on the heating rate.

3.2. Kinetic analysis method

It was  considered that thermal degradation of sample
M(III)APTES follows the model reaction given in Eq. (1),  where the
solid material A(s) decomposes into solid residue R(s) and gases
G(g).

A(s) → R(s) + G(g) (1)

The kinetic parameters were evaluated from nonisothermal
experiments. The conversion degree was  calculated using Eq. (2),
where m0, mt and mf represent the weights of the sample before
degradation, at a time t, and after complete degradation.

 ̨ = m0 − mt

m0 − mf
(2)

The kinetic model for Eq. (1) is Eq. (3), which is also the expres-
sion of the rate of thermal decomposition reaction, where  ̨ is the
conversion degree of sample degradation, t is time (min), A is the
pre-exponential factor (s−1), Ea is the activation energy of thermal
decomposition (kJ mol−1), R is the gas constant (J mol−1 K−1), T is
temperature (K) and f(˛) is the conversion function.

d˛

dt
= Ae−Ea/RT f (˛) (3)

A new equation of the thermal degradation rate is obtained if
one takes into account the rate of heating (Eq. (4)),  ̌ = dT/dt.

d˛

dT
= A

ˇ
e−Ea/RT f (˛) (4)

After integration of Eq. (4) between the limits T0 and Tp the inte-
gral function of conversion was obtained which was  noted G(˛) in
Eq. (5).

G(˛) = A

ˇ

∫ Tp

T0

e−Ea/RT dT =
∫ ˛p

0

d˛

f (˛)
(5)

T0 is the initial temperature corresponding to  ̨ = 0 and Tp is the
temperature corresponding to the peak from DTG curve, where

 ̨ = ˛p. The integral function of conversion depicts the mechanism
of thermal degradation [13].

The kinetic parameters were evaluated using isoconversional
Flynn–Wall–Ozawa method [14–16].  This method uses the ther-
mograms shift to higher temperatures with the increase of heating
rate. The relationship between kinetic parameters and the heating
rate is given by Eq. (6).

ln  ̌ = ln
(

AEa

R

)
− ln G(˛) − 5.3305 − 1.052

Ea

RT
(6)

To calculate the kinetic parameters with Eq. (6) a first order reac-
tion was assumed for G(˛). For the same value of ˛, the plot of ln ˇ
as a function of 1/T  is a straight line with the slope proportional
with the activation energy.

By averaging of the three heating rates applied, (ˇm), Eq. (7)
yields the values for ln A, where Ea and ˛j are known. If the pre-
sumption of first order kinetics proves valid, the plots of ln  ̌ versus
1/T must have the same slope. The different expressions of G(˛)

Table 1
Thermal decomposition characteristics of M(III)APTES.

Heating rate (◦C min−1) Ti (◦C) Tmax I (◦C) WI (%) Tmax II (◦C) WII (%) Tmax III (◦C) WIII (%) Tf (◦C) Residue mass (%)

5 37 70 9.3 155 12.8 346 26.9 371 66.1
10 43  76 8.2 150 13.4 355 28.7 454 69.1
20  47 89 8.6 174 13.7 456 26.9 456 72.2
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Table  2
Global kinetic parameters of thermal decomposition process of M(III)APTES resulted
from Flynn–Wall–Ozawa method.

 ̨ E (kJ mol−1) log A (s−1)

0.02 62 6.64
0.05 61 6.48
0.1  63 6.74
0.2  71 7.54
0.3  37 3.48
0.4  56 8.06
0.5  214 16.36
0.6  154 10.73
0.7 175 12.35
0.8  349 26.03

Table 3
Kinetic parameters of the thermal decomposition stages of M(III)APTES.

Thermal decomposition stage E (kJ mol−1) log A (s−1) n

A → B 60 6.83 2.99
B  → C 42 1.62 2.99
C  → D 158 11.23 2.06

which are specific to the thermal degradation mechanisms of poly-
mers can be found in the literature [13].

ln A = ln[− ln(1 − ˛)] − ln
Ea

R
+ ln ˇm − ln p(z) (7)

The non-isothermal data extracted from the thermograms were
processed with the software Netzsch Thermokinetics 3. The values
of the kinetic parameters obtained by Flynn–Wall–Ozawa method
for values of  ̨ ranging between 0.05 and 0.8 are given in Table 2.

It can be observed from Table 2 that the activation energy
value varies with conversion suggesting the existence of at least
three successive stages of decomposition. The first stage of ther-
mal  decomposition occurs at low conversion degrees (  ̨ between
0.02 and 0.2) when the activation energy gradually increases from
60 to 71 kJ mol−1. Initial slight decrease of activation energy could
associate with breaking initiation of some weak linkages and the
relative rapid increase of Ea in the range 0.05 <  ̨ < 0.2 correspond
to the consummation of the weak linkages [17]. The second stage

Fig. 2. Comparison of experimental TGA curves with the ones calculated from
kinetic data: (�) 5 K min−1; (�) 10 K min−1; (©) 20 K min−1; (–) curves calculated
from kinetic data.

of thermal decomposition occurs in the range 0.3 <  ̨ < 0.5. In
this range the activation energy increases from 37 kJ mol−1 up to
214 kJ mol−1. The third stage of thermal decomposition occurs in
the range 0.6 <  ̨ < 0.8 when the activation energy increases from
154 kJ mol−1 up to 349 kJ mol−1. In all the three stages of thermal
decomposition the values of the kinetic parameters increase with
the conversion degree, thus suggesting that the sample degrades
in a complex pattern [18].

Multivariant non-linear regression method was performed to
determine reaction model for the three heating rates and to find
the real form of the conversion function [18]. A model of thermal
decomposition in three successive stages (Eq. (8)) was proposed. In
Eq. (8) D represents the thermostabile residue and B and C are solid
intermediates.

A
1−→B

2−→C
3−→D (8)

Fig. 3. FTIR spectra of evolved gases during: (a) the first, (b) the second and (c) the third thermal decomposition stage.
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Fig. 4. MS  spectra of evolved gases during: (a) the first, (b) the second and (c) the third thermal decomposition stage.

After testing of 16 reaction types the best results were obtained
with n order reaction as described by Eq. (9),  where n is the reaction
order [19].

f (a) = (1 − ˛)n (9)

The kinetic data obtained by the multivariant non-linear regres-
sion method are presented in Table 3.

The experimental TGA curves were compared with those simu-
lated by the software, using data presented in Table 3.

Fig. 2 shows the comparison of experimental data with the cal-
culated data. The correlation coefficient yielded a value of 0.9987,
thus proving the validity of M(III)APTES thermal decomposition
model in three successive stages.

3.3. FTIR analysis of the evolved gases

Fig. 3 shows the FTIR spectra of the evolved gaseous products
from all three stages of thermal decomposition. The broad peak at
3259 cm−1 and the region from 1300 cm−1 to around 2000 cm−1

were attributed to the loss of physically absorbed water in the
first stage of thermal decomposition (Fig. 3a) and that of cova-
lently bonded water in the other two stages (Fig. 3b and c). The
absorption bands in the range 3500–4000 cm−1 correspond to N H
bond stretching vibration in ammonia [20]. It should be mentioned
that the losses of water and ammonia were more intense in the
first stage of thermal degradation (Fig. 3a). This aspect was corre-
lated with a mass loss between 8.24 and 9.27% on the TGA curves,
maybe because of the hydrophilicity of the nanoparticles. The peak
at 2360 cm−1 (Fig. 3b and c) corresponds to the loss of carbon
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Fig. 5. Schematic of the proposed thermal degradation mechanism of M(III)APTES.

dioxide. In the third stage of thermal decomposition (Fig. 3c) two
peaks were observed at 2952 cm−1 and 2883 cm−1 corresponding
to CH bond stretching in methyl group and methylene group from
aliphatic amine [20,21]. The peaks from 1800 to 1300 cm−1 region
represent vibrations of C O and C C bands overlapping with those
from water loss.

3.4. MS  analysis of the evolved gases

Interpretations of mass spectra were made in correlation with
FTIR spectra and NIST Mass Spectral Database. The MS  analysis con-
firmed the presence of water and ammonia in the gaseous mixture
resulted in all stages of thermal decomposition, which was proved
by the fragments m/z = 18 and/or 17. The m/z values of 28 and 44
in the second (Fig. 4b) and third (Fig. 4c) stage of thermal degrada-
tion represent ethene and both carbon dioxide and acetaldehyde.
The last stage of thermal decomposition exhibits all the above
mentioned m/z values. The m/z  signals of 41 and 39 indicate the
formation of ethylamine radicals, m/z  = 43 corresponds to the cyclic
structure of aziridine and m/z = 70 represents cyclobutanone. The
m/z signal at 42 was attributed to ketene structure.

3.5. Thermal decomposition mechanism

The proposed thermal degradation mechanism of M(III)APTES
is presented in Fig. 5. The loss of ammonia occurs continuously
through random scission of the C NH2 bond.

Double bonds were formed due to the extraction of hydrogen
atoms from the methylene group located in second position in
propylamine chain.

In the second and third stages of thermal decomposition, the
sample loses chemical bonded water by statistical scission of Si OH
bond. The second stage leads to the formation of cyclic structures
based on Si O Si bonds. As electron acceptors, oxygen atoms ther-
mally stabilize the cyclic Si O Si structures [22]. In addition, the
low molecular weight cyclic siloxanes have an entropically higher
stability than that of their high molecular weight open chain coun-
terparts at degradation temperatures [23,24].  Because of random
scission of hydrocarbon radicals, carbon dioxide is formed. Forma-
tion of ethene and acetaldehyde occurs also.

In the third stage of thermal decomposition, mass spectra and
FTIR spectra indicate intense scissions of Si C bonds generating
a higher concentration of propylamine radicals which form aziri-
dine cycle via cyclization reaction. According to the literature, the
ethyleneimine (aziridine cycle) diluted with argon proceeds to give
a mixture of unidentified compounds only at temperatures in the
range of 400–500 ◦C [25]. These compounds correspond to the m/z
values of 41 and 39 (Fig. 4c). The m/z value of 42 corresponds to
ketene, which is known to be generally very reactive at high tem-
perature and participates in various cycloaddition reactions [26].

Cyclobutanone structure (m/z = 70) is present via [2 + 2] cycload-
dition between ketene and ethene [27]. The temperature range
360–400 ◦C is characteristic for obtaining of cyclobutanone via
cycloaddition [28]. The high quantity of remained residue after
complete degradation consists mainly of the highly thermostable
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magnetite and the mostly Si O Si network bonded at the interface
through Fe O Si bonds.

4. Conclusions

The simultaneous TG-FTIR-MS analyses indicate that the sam-
ple M(III)APTES presented three stages of thermal decomposition
in inert atmosphere. The kinetic parameters and the conversion
function of each stage of decomposition were determined. A con-
version function of n order was found. The software yielded
a good correlation between experimental data and data cal-
culated with the established kinetic model. A mechanism of
thermal degradation of M(III)APTES was proposed based on
FTIR and MS  spectra of evolved gases mixture during ther-
mal  degradation. It was observed that thermal decomposition of
M(III)APTES began with water and ammonia elimination through-
out the whole degradation process, and the formation of C C
and C O bonds. The second and third thermal decomposition
stages presented losses of covalently bonded water, carbon diox-
ide and carbonyl and olefin products. These products underwent
[2 + 2] cycloadditions with cyclobutanone formation in the third
stage of thermal decomposition. Aziridine cycle was formed
also in the third stage of thermal decomposition via cyclization
reactions.

The obtained results may  be applied in processing of the
future tablet or pill, because, in both granulation, if needed, and
compression processes, humidity and temperature values at the
magnetite-ATPES interface must be well known and controlled
within established parameters range. Thermal stability must also
be known for industrial processing.
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