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Abstract: This study intends to synthesis novel compound phenolic chitosan-based via reaction of
chitosan with 2-Chloro-N-phenylacetamide in 1-butyl-3-methylimidazolium chloride ionic liquid in the
presence of pyridine at 80 °C for 4 h. The alterations in the chemical structure and morphology of the
chitosan-N-phenylacetamide biopolymer were verified using IR spectroscopy, XRD, and SEM
analyses. Chitosan and Chitosan-N-phenyacetamide were subjected to thermo-gravimetric analysis
under an inert atmosphere in the temperature range of room temperature - 600 °C at a heating rate of
20 °C.min™. The kinetic parameters were determined by the Coats-Redfern method. The corresponding
Kkinetic parameters of the main degradation stages were also determined. The energy required for the
degradation of pure chitosan was lower than that of chitosan-N-phenylacetamide in the first region of
thermal degradation where the main pyrolysis reaction took place, and the largest weight loss occurred.
Energy values in this region are running from 40.25 to 151.07 kJ/mol and 58.45 to 210.99 kJ/mol,
respectively. The most probable reaction functions have thus been determined for these two stages by
Coats-Redfern and Criado method, leading to greatly improved calculation performance over the entire
conversion range. The pyrolysis reaction models of both pure chitosan and chitosan-N-phenylacetamide
are described by the reaction, second-order F2.
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1. Introduction

Chitosan is a linear polysaccharide of (1-4) linked D-glucosamine. Due to its excellent
characteristics, such as non-toxicity, biodegradability, and biocompatibility, chitosan has
increasingly been used in diverse fields such as biomedical, environmental protection,
agriculture, functional food, wastewater purification, and biotechnology [1-5]. It is easily
obtained by the deacetylation of chitin; the second abundant biopolymer found on the earth
obtained from shells of crustaceans such as crab, shrimp, and insects [1, 6, 7]. The process
extraction of chitin is realized in two steps, deproteinization followed by demineralization [8,
9]. Chitosan and cellulose have the same chemical structure, except for an amine group (-NH2)
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at C-2 position instead of a -OH group for cellulose at this position [8]. The chitosan is a basic
polysaccharide, whereas most biopolymers such as cellulose and dextran are either neutral or
acidic in nature [1]. Chitosan has both reactive amino at C-2 position and -OH groups at C-3
and C-6 position, which can be used to chemically modification its physicochemical properties
under mild reaction conditions [10, 11]. Due to the presence of amino groups in its structure,
several chemical modifications are possible, such as the reaction with aldehydes and ketones
to synthesis Schiff bases [12-15]. Chitosan can bind materials such as cholesterol, proteins,
and tumor cells. It has also shown an affinity for proteins, such as wheat germ agglutinin and
trypsin.

lonic liquids (ILs) have an established ability to be used as replacements for dipolar
aprotic solvents and have attracted much research attention because of their particular
physicochemical properties, including thermal stability, non-volatility, non-flammability, and
ease of recycling [16-18]. The ILs have the ability to dissolve polymers such as cellulose with
different degree of polymerization [19-21] and chitosan [22-24]. The focus of recent research
has been on the dissolution and regeneration of chitosan by its dissolving in 1-butyl-3-
methylimidazolium chloride [Bmim](Cl) ionic liquid [25].

The kinetics of degradation of materials is essential for investigating the thermal
stability of compounds. Thus, it is very practical to understand the mechanisms controlling the
interaction between chemical and physical processes. The thermogravimetric analysis is one of
the simplest and popular techniques that can be used to study the Degradation kinetics of
biopolymers [26]. For several years, great effort has been devoted to the study of characteristics
of thermal degradation, including kinetic parameters on pure and modified chitosan under inert
and oxidative atmospheres [26]. Thus, a wide range of values for chitosan kinetic parameters
has been reported in the literature [27-30].

The 2-chloro-N-phenyacetamide is a flavoring compound and a bioactive agent, which
can be used as antimicrobial agents such as herbicides, antifungal, disinfectant [31, 32],
creating the possibility of obtaining new chitosan-based biopolymer with improved properties.
We have previously reported the synthesis of cellulose-acetanilide ethers with different degrees
of substitution, and its antibacterial activity were tested against the bacterium Rhodococcus sp.
GK1 [33].

They are taking all these into account, this paper addressing the synthesis and
characterization of chitosan-N-phenyacetamide biopolymer with potential applications. To
reach this target, the 2-chloro-N-phenyacetamide is reacted with chitosan in an IL [Bmim](Cl)
in the presence of pyridine at 80 °C for 4 h under the mild reaction conditions. The synthesized
biopolymer was analyzed by IR, XRD, thermogravimetric analysis (TGA-DTG), and scanning
electron microscopy (SEM). In addition, the kinetic parameters are determined by the Coats
Redfern method.

2. Materials and Methods
2.1. Materials.

Chitosan from shrimp shells with a degree of deacetylation of 75% was purchased from
Sigma-Aldrich. 2-Chloro-N-phenylacetamide and 1-butyl-3-methylimidazolium chloride
([Bmim]CI) IL were synthesized in Laboratory [31, 34] with a slight of modification. Pyridine
and Methanol (MeOH) were purchased from Aldrich chemical and used without further
purification.
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2.2. Methods of materials analyzes.
2.2.1. Infrared characterization.

The apparatus used for infrared spectroscopy characterization is a Bruker-Tensor 70,
which operates in transmittance mode. This apparatus is equipped with a Globar source that
emits radiation in the region of mid-infrared and of a DLaTGS detector. The acquisition is
between 4000 and 400 cm™ in wavenumber. The number of scans is 20, with a resolution of 4
cmt. The infrared absorption spectrum was recorded from a sample in a solid form prepared
as pellets to 1% by weight of product dispersed in KBr.

2.2.2. X-ray diffraction (XRD).

X-ray diffraction is an effective way to study the crystallinity and structuration of the
biopolymer samples. Herein the spectra were obtained at room temperature with a powder
diffractometer LABXXRD-6100 SHIMADZU equipped with a monochromatic Cu Ka (1.5418
A) X-ray source at a voltage of 50 kV. The samples were analyzed in a continuous mode over
an angular range of 5 - 35° with a step size of 0.02° and a scanning time of 2 seconds by step.

2.2.3. Scanning electron microscopy (SEM) analyses.

The morphology of the pure chitosan and the chitosan-N-phenyacetamide were
characterized by scanning electron microscopy (SEM), using a FEI Quanta 200 microscope.
The samples were coated with a carbon layer to increase their conductivity and analyzed at an
accelerating voltage of 30 kV.

2.2.4. Thermogravimetric and differential thermal analyzes.

The simultaneous thermal analyzer of the 'LabsysTMEvo (1F)' type and SETARAM
brand was used for the thermogravimetric (TG), and thermal differential analyses (DTA) of
pure and modified chitosan under an inert atmosphere at a flow rate of 10 cm3.min™. This
apparatus consists of a TG microbalance associated with DTA sensor with a single rod, a metal
resistor furnace up to 1600 °C, and multitasking software controlling the various modules. 10
mg of the sample was taken in the ceramic sample holder to ensure the uniformity of
temperature in the range 30600 °C at a heating rate of 20 °C.minL. Three replicates were made
for TG and DTA of each sample biopolymer.

2.3. Dissolution of Chitosan in IL [Bmim](CI).

0,3 g of chitosan was mixed with 9,7 g of [Bmim](Cl) in a two-neck round-bottom
flask. This heterogeneous mixture was stirred at 130 °C for a maximum of 4 h to obtain a 5
wt% homogeneous chitosan solution. The solubility of chitosan was checked visually.

2.4. Synthesis.

The chitosan-N-phenylacetamide was synthesized as follows: First, pyridine (2 mL)
was added portion-wise to a flask containing chitosan/[Bmim](Cl) solution at 40 °C over 1 h
with stirring. Upon the addition of pyridine, the mixture became less viscous. Next, 300 mg of
2-Chloro-N-phenylacetamide was added in small amounts. After every addition of 2-Chloro-
N-phenylacetamide, the flask was vigorously agitated. Four hours were allowed for the reaction
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to proceed at 80 °C under magnetic stirring. After cooling the solution to room temperature,
the polymer was precipitated in 100 mL of ethanol. The obtained product chitosan-N-
phenylacetamide was filtered and washed several times with methanol and then dried at 40 °C
in a vacuum for 2 hours. The obtained product with a computed % yield of 81% if the
theoretical yield is calculated for a degree of substitution of 1.

2.5. Kinetic approach.

There are several approaches for estimating kinetic parameters from thermogravimetric
data. It is, therefore, essential to specify the approach adopted in any kinetic exploitation of the
experimental mass loss data. In this work, the kinetic parameters are determined by the Coats
Redfern method. The procedure for determining kinetic parameters using this method is
presented in section 2.5.1. The expression to achieve these parameters is obtained from the
reaction rate. Thus, in the kinetic analysis of thermal decomposition reactions, the reaction rate
is written according to the following form:

da

2x _ Eq.1
it kf () (Eq.1)

Where, o is a characteristic variable of reaction progress, related to the mass of the
sample m by the formula:

_ My — M,

o =
m, — My

(Ea.2)

Where, m, is the initial weight of the sample, m,is the weight of the sample at the
particular temperature T, and m__is the weight at the end of the degradation step.
f (o) represent the mode of degradation of the substance. The function f («) does not depend

on the temperature but rather on the degradation model of the subject matter.
The different modes proposed in the literature [35-37] are grouped in table 1. In this same table,
the function

g(a) = T% represents the integral form of the function f («)[38]
0 o

k is the reaction rate constant. It is accepted that k following the Arrhenius law:
k = Aexp(_E) (Eq.3)
RT

Where E is the apparent activation energy in kJ.mol, R is the perfect gases constant in
J.KLmol?, A is the pre-exponential factor or frequency factor in min?, T is the absolute
temperature in °K, A, E, and f («)are called the kinetic triplets of a reaction. Substitution of
Eq.3 in Eq.2 gives:

(L—? = Af (a)exp(%j (Eq.4)

For a specific solid-state reaction, the expression of f(a) depends on the reaction

mechanism.
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Table 1. Thermal degradation modes proposed for gas-solid reactions.

Degradation mode Code Differential form : f(a) Integral form : g(@)
Diffusion
One-way transport D1 1/(2a) o?
two-way transport , Valensi-Barrer [38] D2 -1/Ln(1-0) o+ (1-a)Ln(l-a)
three-way transport, Jander [40] D3 1,5(1-a)%3 / [1-(1-a)*3] [1-(1-0)YP?
Ginstling-Brounshtein [41] D4 15/[(1-0)1R-1] 1-20/3-(1-a)?®
Zhuravlev D5 1,5(1-0)?3 / [1/ (1-0)*R-1] [1/(1-0)'R-17?
Anti-Jander D6 1,5(1+a0)?3 / [(1+a)'R-1] [(1+a)*B-17?
Kroger-Ziegler D7 [1,5(1-0)%3 / [1-(1-0)"?]] / t [1-(1-0)¥®)]? — log(t)
Two dimensions, Jander D8 (1-0)¥2 / [1-(1-0)"3] [1-(1-)Y?)]?
Two dimensions, Anti-Jander D9 (L+a)¥2 [ [(1+a)¥2-1] [(1+a)2 — 12
Interfacial transfer D10 3(1-0)*3 [1/ (1-o)¥3- 1]
Transfer and diffusion D11 3/[(1-0)*B - (1-0)Y 1/(1-a)™® —1+1/3Ln(1-0)
Diffusion with two directions D12 3/ [(1-0)® - (1-a)7M] 1/5(1-0) R — Ya(1-0)*° +1/20
Random nucleation and nuclei
growth
Avrami-Erofeev [42, 43] )i(l'“)[ -Ln (1-o))” [-Ln(1-o)]?
n=123 4et5 AN X=4,2, 3, 413 and 3/2 2=1/4, 112, 1/3, 3/4 and 2/3
T y=3/4,1/2, 2/3, 1/4 and 1/3 e
Chemical reactions
Zero order FO Constant o
First order F1 l-a -Ln(1-0)
Second order F2 (1-0)? (1-a)*-1
Contraction (surface, volume and RN x(1-a)Y 1-(1-a)?
interface respectively for n = 2, 3 and 4) x=2, 3 et 3/2. y=1/2, 2/3 and 1/3 z=1/2,1/3 and 2/3
Power / Exponential
Low power (half, third and quarter Pn noX oY
respectively for n = 2, 3 and 4) X =1/2,2/3 and ¥ y=1/2,1/3 et¥
Exponential El o Ln(o)

D1, D,,..are symbols given to models.

2.5.1. Procedure for kinetic parameter determination.

In order to determine kinetic parameters of pure and modified chitosan samples, the
Coats—Redfern method [26, 44-45], which is given EQq.5, is expressed as follows:

o AR E,
Ln (%j = Lnﬁ? _ﬁ (Eq.5)

Where a is a characteristic variable of reaction progress of the sample, g(a) represents
functions commonly used for the description of thermal decomposition (Table 1), and B is the
heating rate.

A plot of Ln (g(a)/T2) against 1/T will give a straight line of slope —E+/R and an
intercept of IN(AR/BE) for an appropriate form of g(a). Thus, based on the correct form of g(a),
the activation energy and the pre-exponential factor could be respectively determined from the
slope and intercept terms of the regression line.

2.5.2. Criado method.

If the value of the activation energy is known, the kinetic model of the process can be
determined by the Criado method [46] method. Combining the Eq. (4) with Eq. (5), the
following equation is obtained:

Z(x)  f(a)g(a) _( Tx Jz (dx/dt), (Eq.6)

Z(05) f(05)g(05) |(Tos ) (dx/dt)
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Where 0.5 refers to the conversion in x = 0.5.

The left side of Eq. (15) f(x)g(x)/f(0.5)g(0.5) is a reduced theoretical curve, which is
characteristic of each reaction mechanism, whereas the right side of the equation associated
with the reduced rate can be obtained from experimental data.

A comparison of both sides of Eq. (15) tells us which kinetic model describes an experimental
reactive process. Table 1 indicates the algebraic expressions of f(x) and g(x) for the kinetic
models used

Table 1 lists the most common Kinetic g(a) functions, which were used in this study for
the estimation of reaction mechanisms from dynamic TG curves by using the Coats—Redfern
method.

For both studied samples, all of the mechanisms in Table 1 were tested, and calculation
results were compared. The main purpose was to select the mechanism of the thermal
degradation of chitosan samples.

3. Results and Discussion
3.1. Synthesis of chitosan-N-phenylacetamide.

The chitosan-N-phenylacetamide derivative was synthesized by the etherification
reaction of -OH groups of the chitosan chains with 2-Chloro-N-phenylacetamide. The reaction
was performed homogeneously in [Bmim](Cl) solvent at 80 °C for 4 h in the presence of
pyridine. The reaction process for the synthesis of chitosan-N-phenylacetamide was shown in
figure 1.

H (@]
N %) /@ [Bmim](Cl)

CI\/U\N Pyrldlne 80°C

H Hy n H
renorn 1)
=H or

\/U\'.“
H

Figure 1. Reaction scheme for the synthesis of chitosan-N-phenylacetamide.

3.2. Characterization of samples.
3.2.1. Infrared characterization.

Figure 2 demonstrates the IR spectral analysis of pure chitosan (a) and chitosan-N-
phenylacetamide derivative (b). The spectrum (a) showed the main characteristic broadband
between 3200-3500 cm™, corresponding to the stretching vibration of amine (N-H) and
hydroxy! (O-H) groups of polysaccharides. The peak appeared at 2920 cm™ is attributed to the
stretching vibration of CH, the peaks at 1650 and 1556 cm™ assigned to amide (1). The band at
1374 cm™® corresponding to NH2 bend vibration. Further peaks appeared at 1072 and 1416
cm™t are due to stretching vibration of C-O-C pairing in p (1—4) glycosidic bonds of
polysaccharide and C—N, respectively. On the other hand, the IR spectrum of chitosan-N-
phenylacetamide (b) provide clear evidence of etherification by showing the strong
characteristic absorption peaks at 3400 cm™ for N—H stretching in amide and 847 cm™ for C—
N, the band at 1020 cm refer to stretching vibration of (O—C—O ether), the bands at 1471 and
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1560 cm™ are attributed to deformation of C = C and C-H stretching of the aromatic ring,
respectively. These results confirm the chemical modification of chitosan and the formation of
a chemical bond between these compounds, confirming that the reaction of the hydroxyl group
of chitosan with 2-Chloro-N-phenylacetamide in ionic IL [Bmim](Cl) in the presence of
pyridine has occurred.

(b)

Transmittance (%)

Pure Chitosan
Chitosan-N-phyneylacetamide

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm '1}

Figure 2. Infrared spectrum of chitosan and chitosan-N-phyneylacetamide.

3.2.2. X-ray Diffraction (XRD) pattern.

Figure 3 shows the XRD patterns of pure chitosan and chitosan-N-phyneylacetamide
derivative. This XRD pattern of pure chitosan showed very broad peaks at 20 = 10° and 20 =
20° [47]. The chitosan-N-phyneylacetamide displayed one peak at around 26 of 20°. However,
the peak observed for chitosan at 20 = 10° disappeared, and the peak at 26 = 20° became very
broad in Chitosan-N-phyneylacetamide derivative. These results showed good compatibility
for chitosan.

— Pur chitosan
——chitosan-N-phenylacetamide

5 10 15 20 25 30 35
2 6 (Degree)

Figure 3. X-ray Diffraction spectra of pure chitosan and chitosan-N-phyneylacetamide.

The crystallinity index (CI) was calculated from the following equation [48]:

CI (%) = 72— x 100
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Where Imax is the maximum intensity at 20 = 20° and Iam is the intensity of amorphous
diffraction at 20 ~ 16° [49]. The calculated crystallinity index values were found to be 57.45
and 38.54% for chitosan and Chitosan-N-phyneylacetamide, respectively. From this, we
deduce that the introduction of N-phyneylacetamide group leads to a change of crystallinity of
chitosan and that this change is probably dependent on the other factors, such as special

hindrance, hydrophobic force, and n-n stacking [50].
3.2.3. Scanning Electron Microscopy (SEM).

Figure 4 displays the morphological structure of chitosan (a) and chitosan-N-
phyneylacetamide derivative (b). The SEM images of the surface of pure chitosan and chitosan
derivative show clear differences between them. The pure chitosan is mainly composed of
platelet-like chitosan micro-fibrils with a variable size. However, the surface structure of the
chitosan derivative is compact and homogeneous; the surface roughness of the chitosan
derivative was increased than pure chitosan. Interruption of the backbone of chitosan-N-
phenyacetamide polymer can explain this observation as a result of the reaction of the hydroxyl
group (-OH) of chitosan with 2-Chloro-N-phenylacetamide and probably due to breaking of
hydrogen bonds present in the pure chitosan and interaction between the newly introduced
hydrophobic phenyl groups. Thus, the reaction of chitosan with 2-Chloro-N-phenylacetamide
leads to very significant changes in the surface morphology and crystallinity of the chitosan.

Figure 4. SEM microphotographs of pure chitosan (a) and chitosan-N-phenylacetamide derivative (b)
(magnification: x 400).

3.4. Thermal profile under an inert atmosphere.
3.4.1. Thermogravimetric analysis (TGA-DTG).

The thermal behavior of pure chitosan and chitosan-N-phenylacetamide are presented
in figure 5. The main thermal characteristics from the TGA-DTG curves such as the
temperature of the beginning of the degradation process (To), the temperature of maximum
mass loss (Tmax), and the percentages of carbon residue (CR %) both at Tmaxand at 380 °C are
given in Table 2.

The TG and DTG curves obtained for chitosan and chitosan-N-phenylacetamide show
two stages of weight loss, The first exhibit an initial small drop between 30 and 105 °C with a
weight loss of approximately 8%, the second with a weight loss of 41 and 51% for pure chitosan
and chitosan-N-phenylacetamide, respectively. The first range, from room temperature to about
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105 °C is relative to dehydration. This latter would be linked to the departure of the so-called
free water of the material [51].

The second zone of thermal decomposition, from 240 to 380 °C for pure chitosan,
corresponds to the main pyrolysis and to volatilization of compounds produced from the
thermal degradation of polymeric chitosan chains. In this temperature range, the sharp peak
has a maximum at 306 °C. This peak is surrounded on its left side by a shoulder, which is
caused by the loss of functional groups of coupled chitosan [47]. Regarding chitosan-N-
phenylacetamide second mass loss, from 190 to 380 °C, mass loss about 51%, with DTG peak
centered at 253 °C. According to some authors [52-54], the first stage is connected with
deacetylation and depolymerization of chitosan. The second one corresponds to the residual
cross-liked degradation chitosan [54].

At the end of the thermal solicitation, the yield of solid residue, in this case, carbon
residue at 380 °C and at Tmax increased by 4 %, whereas Tmax decreased by 50 °C, compared
to Tmax Of the pure chitosan.

Thermogravimetric analysis shows that chitosan-N-phenylacetamide is less thermally
stable than pure chitosan. This behavior may be related to the crystallinity of these materials.
Indeed, chitosan-N-phenylacetamide has a lower crystallinity than pure chitosan (Figure 3).

100

— -40

90 + —— Chitosan 35

—— Chitosan-N-phenylacetamide

80
70 +
60 —

50 +

Mass loss(%)

40
30

20 +

10 ~

0 e e -0
100 200 300 400 500 600

Temperature (°C)

Figure 5. TGA and DTG temperature dependencies of chitosan and chitosan-N-phenylacetamide.

Table 2. Thermal characteristics of pure chitosan and chitosan-N-phenylacetamide derivative.

o o CR% CR %
Sample To(°C) Tmax (°C) (8t T ® (at 400 °C)
Chitosan 240 306 70 48
chitosan-N-
phenylacetamide 190 253 4 52

To, temperature of the beginning of the degradation to 3% mass l10ss, T max, temperature of maximum mass loss
2Percentage of carbon residue at Tpmax

® Percentage of carbon residue at 380 °C.

3.4.2. Differential thermal analysis.

The DTA thermogram obtained by the thermal degradation of pure chitosan and
chitosan-N-phenylacetamide derivative at a heating rate of 20 °C.min is shown in figure 6.
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= Pure chitosan
—— Chitosan-N-phenylacetamide

Heat flow (uV)

0 100 200 300 200 500 500
Temperature (°C)

Figure 6. DTA plots of pure chitosan and chitosan-N-phenylacetamide.

The DTA thermogram of chitosan presents two broad peaks, the first one at about 100
°C was accompanied by an endothermic effect, may attribute to the evaporation of water
absorbed in the inner chitosan chains, while the second is an exothermic peak at 313 °C may
be due to the molecular arrangement of the polymer. DTA thermogram of chitosan-N-
phenylacetamide derivative (Figure 6) showed characteristic sharp endothermic peaks at 100
°C due to the loss of water molecules. There is one broad exothermic peak at 258 °C
corresponding to the thermal decomposition of chitosan-N-phenylacetamide. An offset of 55
°C is observed between the exothermic picks; it is maybe due to the change of the structure of
the material and the change of the mechanism of its thermal degradation process due to the N-
phenylacetamide compound and the reduced ability to crystallize.

3.4.3. Kinetic parameters estimation.

In order to calculate and understand the nature of the decomposition, kinetic
exploitation is made on a dynamic chemical regime, assuming that the decomposition is a
global reaction where the physical limitation is neglected. The complete thermogram was
divided into distinct sections according to their degradation steps. Curves indicating the solid-
state mechanisms of pure and modified chitosan degradation under an inert atmosphere are
shown in figure 7. The values of activation energy Ea, pre-exponential factor A and correlation
factors R? are listed in Tables 3 and 4, respectively, for the first and second degradation steps.
Moreover, the parameters A and E are moving in the same direction, and their values depend
on the mode of degradation. The relationship between A and Ea, called the “apparent
compensation effect” is often mentioned in the literature. Figure 8 shows traces of the values
of LnA as a function of Ea The effect of compensation is another way to further discrimination
between degradation modes. Thus, for the first region (second weight loss step in TGA
thermogram), it was observed from table 3 that the best correlation coefficients were obtained
for FO, F2, F3, R2, R3, P2, P3, D3, A2, and A3 for pure chitosan and FO, F1, F2, F3, R2, R3,
P2, P3, D3, A2 and A3 for chitosan-N-phenylacetamid. In addition, the energy required for the
degradation of pure chitosan is lower than that of chitosan-N-phenylacetamid, with energy
values running from 40.25 to 151.07 kJ/mol and 58.45 to 210.993 kJ/mol, respectively.
Regarding the second degradation step (third weight loss step), degradation mechanisms that
give the best mathematical fit for both samples were F1, F2, F3, R3, and D3 with values of
activation energy for pure chitosan close to that of chitosan-N-phenylacetamid.
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Figure 7. Curves indicating the solid-state mechanisms of pure and modified chitosan degradation under an inert atmosphere.

This indicates that the presence of N-phenylacetamide has an accelerating effect on the
decomposition. Likewise, the results of the two regions show that the highest activation
energies were found in the first thermal degradation regions where the main pyrolysis reaction
took place, and the largest weight loss occurred. The values of the pre-exponential factor
(Tables 3 and 4) indicate that it depends on the degradation mode.

There are differences between our kinetic parameters and those in literature reviews
[27-30]. These differences can be attributed to the nature of chitosan and its degree of
deacetylation, to different calculation methods, and to experimental conditions.

Table 3. Thermal kinetic results for Pure and modified chitosan first region of pyrolysis.

Pure chitosan Chitosan-N-Phenylacetamide

DM Ea Ln A Ln A

R? (kJmol) (min'd) R? Ea (ki/mol) (min)
FO 0.988 134.78 8.38 0.992 191.62 23.97
F1 - - - 0.993 201.31 26.28
F2 0.980 142.63 10.20 0.990 207.06 27.68
F3 0.971 151.07 12.88 0.945 243.84 36.94
R2 0.987 137.20 8.24 0.991 198.04 24.756
R3 0.986 149.14 11.26 0.993 210.993 28.08
P3 0.984 39.06 9.52 0.990 58.45 4.520
D3 0.984 90.23 0.0019 0.993 131.78 11.134
P2 0.986 62.99 5.214 0.991 91.90 2.473
A2 0.983 64.76 4.818 0.992 96.58 3.57
A3 0.980 40.25 9.266 0.992 61.68 3.78

Table 4. Thermal kinetic results for pure and modified chitosan second region of pyrolysis.

Pure chitosan Chitosan-N-Phenylacetamide
DM R? Ea (kJ/mol) (r';?n_Al) R? E (kJ/mol) (r';?n_Al)
F1 0.845 9.262 13.88 0.917 8.523 13.875
F2 0.894 39.919 8.745 0.919 33.563 9.512
F3 0.906 77.316 1.168 0.923 63.198 2.629
R3 0.974 15.719 13.173 0.989 15.367 13.190
D3 0.430 1.899 13.814 0.599 1.857 13.766

3.4.4. Determination of the most probable reaction function.

In order to find the kinetic model of thermal degradation, the Criado and Coats—
Redfern methods were chosen as they involve the degradation mechanisms. Coats—Redfern
method was used. According to Eq. (4), the activation energy for every g(«) function listed in
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table 1 can be calculated for all heating rates from fitting Ln (g(o)/T?) versus 1/T plots. The
activation energies and correlations are summarized in Tables 3 and 4, respectively, for the
first and second degradation regions for both pure chitosan and chitosan-N-phenylacetamide.
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Figure 8. Compensation effect Ln A=f (E,) for first and second regions of thermal degradation.

According to the Coats Redfern equation, if a correct model is selected for the reaction,
the plot of Ln(g(a)/T?) versus 1/T will be linear as possible with a high correlation coefficient.
One can say that the Coats Redfern method reliability is not enough and cannot be used to
kinetics assessment of reactions. From this point of view, the use of the method of Criado is
very important; this method gives us more information and can be added to the Coats Redfern
method.

The used models and the expressions of associated functions g(x) and f(x) are shown in
Table 1. The master curve plots Z(x)/Z(0.5) versus « for different mechanisms according to the
Criado method for both pure chitosan and chitosan-N-phenylacetamide degradation is
illustrated in figure 9. As can be seen, the comparison of the experimental master plots with
theoretical ones revealed that the kinetic process for the degradation of both pure chitosan and
chitosan N-phenylacetamide was most probably described by the reaction order F2. Thus,
reaction order, order-based models (Fn) are the simplest models as they are similar to those
used in homogeneous kinetics. In these models, the reaction rate is proportional to
concentration, amount, or fraction remaining of reactant raised to a particular power, which is
the reaction order.
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Figure 9. Masterplots of different kinetic models and experimental data at 20 Kmin™* calculated by Eq. (5) for
pure chitosan and chitosan-N-Phenylacetamide degradation.

4. Conclusion

In the present work, chitosan-N-phenylacetamide derivative was synthesized by the
reaction of chitosan with 2-Chloro-N-phenylacetamide in an IL [Bmim](Cl) and characterized
by IR spectroscopic techniques, XRD and SEM. Pure chitosan and chitosan-N-
phenylacetamide were subjected to thermo-gravimetric analysis under an inert atmosphere in

the temperature range of room temperature - 600 °C at a heating rate of 20 °C/min in order to
https://biointerfaceresearch.com/ 10289
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approach the mechanisms and Kkinetics of their thermal degradation. TGA and DTG
temperature dependencies were explained. Decomposition processes proceed in three main
stages: water evaporation, active and passive pyrolysis. TGA curves indicate that the active
pyrolysis of pure and modified chitosan is between 240-380 °C. The stability of the synthesized
product was evaluated, and the activation energy of degradation was calculated using the
Coats—Redfern method. The thermal stability decreased by introducing N-phenylacetamide
group compared to pure chitosan; this is evidence of significant chemical modification of
chitosan and the formation of a chemical bond between these compounds, confirming that the
reaction has occurred. Finally, Coats-Redfern and Criado methods were successfully utilized
to predict the reaction mechanism of thermal degradation of both pure chitosan and chitosan-
N-phenylacetamide. The pyrolysis reaction models of both pure chitosan and chitosan-N-
phenylacetamide are described by second-order reaction (F2).
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