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Thermal kinetics of poly(amidoamine) functionalized silica gel
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In the present work, the degradation steps of polyamidoamine (PAA) functionalized silica gel (SiPOLHOM) was
investigated under dynamic conditions. The degradation of SIPOLHOM was studied with thermogravimetric analyzer
(TGA). The kinetics of degradation process was analyzed by Kissinger method, Flynn—Wall-Ozawa's (FWO) method
and deconvolution method. The degradation of SIPOLHOM was explained by two-portion process model (PI-TPPM),
according to which the decomposition of PAA moieties takes place in two steps called process 1 and 2. Also, Flynn—
Wall-Ozawa's (FWO) method and deconvolution method were used to evaluate the apparent activation energy (Ea).
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INTRODUCTION

Chemically modified silica gels have been paid
much attention for adsorption process and other
applications [1-6]. Such applications require
assessment of thermal properties to understand their
structural integrity, functional performance and
overall suitability for specific needs. The study of
thermal stability is also very crucial while designing
materials for high-temperature applications such as
adsorption, catalyst supports, thermal barrier
coatings and gas separation membranes [7-9]. In the
quest for understanding and plan the applications of
chemically modified silica gels, the knowledge of
thermal decomposition under different conditions
may be helpful [10-14]. It enables researchers and
engineers to optimize material synthesis with
improved process efficiency and enhanced thermal
properties. There currently exist many literatures
available on degradation kinetics of polymers and
composites using different conditions and kinetic
models [15-20].

Degradation kinetics of chemically modified
silica gels is affected by various factors so it is
difficult to reveal their mechanism of decomposition
[21-28]. Thermal decomposition generally consists
of different steps, and it is challenging to predict a
global mechanism to formulate the degradation
kinetics. Therefore, some well-known methods were
used to study the thermal degradation kinetics.
Valuable information regarding characteristics of
thermal degradation, i.e., the mechanism of
degradation reaction, kinetic triplet, thermal stability
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and phase change, can be determined from
thermogravimetric analysis (TGA) or differential
thermogravimetric (DTG) curves [18, 29]. The
kinetic triplet (i.e., E, A, and f(a)-function) offer
mathematical description which can be used to
generate the parent kinetic data as well as to predict
the degradation kinetics beyond the range of
experimental temperature [30]. The results of kinetic
study can be applicable for development of
composite material in industrial purpose [31].

The main goal of present work is to analyze the
thermal degradation kinetic of chemically modified
silica and evaluate the kinetics triplet using
thermogravimetric data. Also, the present work is
targeted to reveal the devolatilization kinetics during
thermal decomposition of chemically modified silica
gels, under dynamic circumstances at different
heating rates.

In this context, the present work reveals the
investigation results related to thermal analysis of
polyamidoamine (PAA) immobilized silica gel. The
detailed report on characterization of material & its
metal binding behaviors are explored in our earlier
work [32].

MATERIALS AND METHODS
Starting materials

All  reagents: piperazine (Aldrich), 3-
chloropropyltrimethoxysilane (Aldrich) and
methylene-bis-acrylamide  (Acros) were used
without purification. Silica gel (0.063—0.200 mm
particle size, 60 A pore diameter, 2.82 g mL

© 2023 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

225



V. K. Singh et al.: Thermal kinetics of poly(amidoamine) functionalized silica gel

pore volume, 422 m?g"! surface area) was purchased
from Fluka. An ultra-pure Milli-Q 18.2 MV system
was used to produce doubly distilled water (DDW).
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Scheme 1. Synthetic route of poly (amido amine)
functionalized silica surface

Material synthesis

The fictionalization of silica surface was done as
process adopted by Dey et al [32]. Firstly,
preparation of polyamidoamines (PAAs) was done
via mixing 7.5 g of MBA with 4.4 g of piperazine in
deionized water. The resulting suspension was
stirred slowly at room temperature for seventy-two
hours. Once PAA formed, 2.1 g of organo-
functionalized silica (SiCl) was mixed with it. After
that 2.0 mL of triethylamine was added to it & the
stirring continued for 50 hours at a temperature of
60°C. The final material SiIPOLHOM was filtered,
washed with ethanol and dried in vacuum.

Thermal study

The thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) of the
samples were carried out on a TA Instruments,
USA;Q10 in argon atmosphere with flow rate of 30
cm® s, in the range of temperature from room
temperature to 1000 °C at the heating rate of 5, 10,
15, 20°C/min, respectively.

Calculation procedure

Thermogravimetric (TG) analysis was used to
determine degradation kinetics which can be
described with various equations describing
degradation mechanisms [18]. The rate of reactions
involved during degradation analyzed as a function
of the temperature T, and degree of conversion x,
which is calculated by:

_ Wo-W¢
T Wo-Wp

(1

where Wy — weight of sample (gm), W; — weight of
sample at time t, W¢— Final weight of sample.
During degradation the rate of decomposition

d . . .
(d_JtC) is a function of temperature and weight of the
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sample while the rate of conversion (x) is assumed
to be proportional to the concentration of the sample.
Then, the rate of conversion (x) can be given:

== k(D).f(2) @)

The apparent activation energy (E.) may be
expressed as the following equation for non-
Arrhenius type temperature dependence of reactions,

dink dink
E, = RT2.== = —R.=%

pr= : @ €))

T

leading to Arrhenius equation:

—E,
k(T) =A.e IRt

where k(T) represents the rate constant, R denotes
the gas constant, and “A” refers to pre-exponential
factor [27].

For non-isothermal degradation process linear
heating rate H=dT / dt is used to change the variable
from time (t) into the temperature (T),

H(2) = (&) = k(). £ = Ace ™ rr. (1 = 07 4

Kissinger method

Kissinger method is also called model free
method used to determine the kinetic triplet and E,
without knowing the reaction pathway [33]. We
can evaluate the E, using Eq. (4).:

In (T:—2> = (%) =In {(g) . [—f'x(x)]}-_Ea/RT )

where T, represents the peak temperature. E, can be
calculated from the slope of the plot of In(H/T,?)
verses 1/Tp. In the present case, f',(x) = —1 (for
first order kinetics) in Eq. (5). In addition, the
preexponential factor (A) for degradation process in
the case of n™ order (when n # 1), may be calculated
based on following equation:

A=H- A. exp(%)/Rsz

FWO method

Flynn—Wall-Ozawa's (FWO) integral
isoconversional method is the most commonly used
method [34-36] which can be represented as follows:

In H = In[constant. A] — 1.052.:7“ (6)
14

In H was plotted against 1/T, at different heating
rates, for the similar value of x considered within 5—
95% limits as given in Eq. (6), can be used to
calculate E,. The slope of the plot is utilized to
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evaluate the activation energy (slope=—1.052 - (E, /
R)).
Deconvolution method

Linear algorithm model of deconvolution has
been applied to extract each process of
decomposition rate signal. On the basis of
superposition principle, the recorded rate signal is
always equal to the signal of every component in its
participation proportion (Eq. 7) [29]:

>y _yp o i
(dT) = 2i=1 Gi dt )
where Ci, Cs, ..., C, represents constants as weight

values and p denotes the number of processes.
Applying superposition principle for individual
process Eq. (4), can be written as following [29]:

dx P

_Ea,i i
L =3P CAe R (1-x) (8)

where E,represents the apparent activation energy
of each process “i”, which can be approximated
graphically with a Gaussian curve in the following

form [29]:

E:\/ﬁ.exp[—%.%] ©)
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Figure 1. TG curve of SIPOLHOM

where T and T, represent the independent variable
and peak location on the rate curve, respectively, o;
denotes standard deviation. As a result, assuming
linear sum of Gaussian curves approximates whole
conversion in thermal decomposition is given as
follows:

dx _ @p 1 1
dt =170 \or gy

2
xp [—%@] (10)
where C;. \/% denotes the area of fitted peak.

RESULTS AND DISCUSSION
Thermal degradation

The thermal degradation of SiPOLHOM is
shown in Figure 1. It can be observed that material
degrade in multiple stages. In the first stage mass
loss up to 100°C may be attributed to loss of moisture
in the material. In next stage, it can be seen a small
weigh down part on the TG graph where weight loss
continues up to 600°C due to degradation of PAA
chain attached to silica surface. The degradation
pattern shown in figure indicates that PAA degrades
in multiple scissions. PAA degradation takes place
mainly in two regions first from 220-310°C and 2™
from 315-597°C. After 600°C the mass loss rate

decreases.
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Figure2. DTG curve of SIPOLHOM

The TG and DTG curves of silica supported by
PAA obtained at the heating rate of 5, 10, 15 and
20°C are shown in Figures 1 and 2, respectively. The
major degradation takes place in the first region
(“1”) where the majority of PAA was lost. Such
region is called an active degradation zone, as major
part of PAA decomposed in a sequence manner. In
the second region (“2”) the rest compound partially
decomposed termed as slow decomposition stage.

Figures 1 and 2 refer to process 1 and process 2,
respectively. Figure 2 depicts the DTG curve of

SiPOLHOM showing two distinct peaks (marked as
peak 1 and peak 2) between 200 and 600 °C. The
first peak found between 200-320 °C which can be
assigned to the sequenced decomposition of main
chain of PAA. The second peak positioned between
340-600°C is due to decomposition of remaining
organic part of SIPOLHOM. It can be pointed out
that the small peaks become distinct when the rate of
heating increased.
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Kinetic analysis
Kissinger method

The Kissinger plots obtained using T, for all
processes are depicted in Figure 3 and their kinetics
results are presented in Table 1. The value of
apparent activation energy (Ea) and pre-exponential
factor (A) (Table 1) are found to be different for each
process due to the difference in energy required for
the decomposition of main chain of PAA (p=1) and
remaining organic part of SIPOLHOM. (p = 2),
respectively.

Table 1. Results estimated from the Kissinger method
for SIPOLHOM.

Kissinger (peak) In(H/Ty?) vs. 1/T,
analysis

Process 1 Process 2
E. (kJ mol™) 4416 5.660
InA -1.62 -1.90
A (min™!) 0.197 0.149
RSS 0.00151 0.00135

—m— Process 1
—e— Process 2

2
In(HIT,%)

Figure 3. Kissinger plot of SIPOLHOM
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Figure 4. FWO plot of SIPOLHOM

FWO method

The apparent activation energies determined
using FWO method are depicted in Figure 4. This
228

provides information about E. = E.(x) and iso-
conversional intercept (In [constant - A])
dependency on the fraction of conversion. It is
observed that the on the whole decomposition
process executed in multi-steps decomposition
reactions in which each step reaction contributes
partially to the whole reaction mechanism to a
dissimilar extent, depending on the process of
decomposition [29]. Similar trends were found in
case of in E, and iso-conversional intercept.

The E. decreased steeply from 493 to 320.9 kJ
mol ™! between 0.05 and 0.15 of x then it increased
up to 3837 kJ mol! between 0.2 and 0.3 of x. It again
found to be decreased to 1359 kJ mol! in the
intervals of x = 0.30—0.55 followed by an increment
up to 2445kJ mol'in the interval of x=0.60-0.75.
However, the value of E, is found to be stable when
the value of x lies between 0.75 and 0.90. E, exhibits
lower value at the initial decomposition stage up to
x = 0.15, which attributes to loss of water vapor [37].
The major change in E, when conversion fraction
lies between 0.2 and 0.3 for temperature range 200-
320°C, may be attributed to major degradation of
PAA chain in region (“1”’) results into peak 1 (Figure
2). The E, value increased from 1359 kJ mol ™! to
2445KkJ mol ! when the conversion fraction increased
from 0.55 to 0.75, and beyond 0.75, E, started to
decrease (Fig. 5). The changes in the value of E,
happen above 322°C, in region (“2”) including peak
2 (Figure 2).

Deconvolution analysis and kinetic parameters

Deconvolution method was applied to separate
the individual process of degradation using Gaussian
algorithm to rate curves at different heating rates 5,
10, 15 and 20°C min™', depicted in Figure 5 showing
two Gaussian curves corresponding to two core
processes. Two peaks, p, have been found except at
higher heating rate 20°C min™' where a small peak
observed around 80°C. The Gaussian function points
of linear combination required value close to the
experimental data in rate curve for performing linear
deconvolution algorithm.

Gauss curves corresponding to studied processes

The results of the deconvolution method are
depicted in Table 2 showing quality of fitting. The
heating rate is found to affect the magnitudes of area
of each fitted peak (C;i - [1 / (2m)1/2-ci]), T, and
standard deviation (c;,, FWHM), for process 1 and
process 2 (Figure 5). Also, it is observed that a small
peak appears on increase in rate of heating, 20°C
min'. The degradation rate has been found
continuously increased on increasing the rate of
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heating of process 1 and process 2 as per result
presented in Table 2.

Differential scanning calorimetry

The DSC signatures for SIPOLHOM at the four
varied rate of heating can be seen in the curves of
Figure 6 with the accompanying data in Table 1. It
seems that the heating rate have much effect on the
degradation of SIPOLHOM. The temperature at the
peak of mass loss occurred at 341°C, 428°C, 482°C,
480°C at the heating rate of 5, 10, 15, 20°C/minute,
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respectively, which may be attributed to the removal
of the organic moieties. We found a slow and
continuous mass loss in the second peak of each
curve observed at 673 °C, 754 °C, 803 °C and 801°C
with the heating rate of 5, 10, 15, 20°C/minute,
respectively. It is due to silanol condensation to
stable siloxane, Si—O-Si bonds. The peak of the
temperature was found to increase with increase in
rate of heating.
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Figure 5. The procedure of deconvolution for the rate pyrolysis curve at 5, 10, 15, 20 °C min!
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Figure 6. DSC thermogram of SIPOLHOM at a heating rate of 5, 10, 15, and 20 °C min™"
Table 2. Results of deconvolution process for the degradation of SIPOLHOM
5°C 10°C 15°C 20°C
Process 1 T, (°C) 246.8583 | 256.4726 | 266.22528 269.7015

Ci- [1/21)1/2 - oi] -0.33429 -0.3325 -0.30982 -0.29949

FWHM (°C) 43.57103 | 45.09463 44.90165 47.75549

Max. Height (min™") -0.00721 | -0.00693 -0.00648 -0.00589

6i(°C) 43.57103 | 45.09463 44.90165 47.75549

Process 2 T, (°C) 418.3097 | 417.3487 | 432.76337 473.303

G- [1/2m)172 - o] -0.3973 | -0.50627 | -0.40364 | -0.56287

FWHM (°C) 265.156 | 314.4975 | 284.67853 382.8385

Max. Height (min™") -0.00141 | -0.00151 -0.00133 -0.00138

6i(°C) 265.156 | 314.4975 | 284.67853 382.8385

Process 3 629.5319

0.07625

193.7139

3.70E-04

193.7139

Reduced y? 2.68E-08 | 1.91E-08 3.66E-08 1.41E-08
CONCLUSIONS method and Flynn—Wall-Ozawa's (FWO) method.

The apparent activation energy (Ea) was calculated
by the FWO method and deconvolution method.
DSC results reconfirmed the overall degradation

The current work deals with the kinetics of
degradation of polyamidoamine (PAA) immobilized
silica gel SiPOLHOM, investigated by Kissinger
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process constitutes two individual processes. The
SiPOLHOM may be predicted as materials having
potential to be applied in many fields such as
adsorption, chromatography, catalysis, etc. This
study is the first step towards evaluation of
degradation kinetics of SiPOLHOM, keeping in
view a commercial application at large scale.
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