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Abstract The effect of starch-g-copolymers structure on
the thermal decomposition course under oxidative condi-
tions by using the simultaneous TG/DSC/FTIR technique
has been investigated. To those studies, two types of
starch-g-copolymers obtained under the graft copolymer-
ization process of aromatic acrylate monomers such as
phenyl acrylate and benzyl acrylate onto starch have been
chosen. The TG/DSC investigations confirmed that the
course of the decomposition process of all studied
copolymers under the heating and in the presence of air
was similar and run through three large stages. TG/FTIR
studies indicated on the same decomposition mechanism
under the first decomposition stage, however, on the
completely different decomposition mechanism under the
second decomposition stage of the copolymers which was
directly dependent on the structure of grafted polymer. In
addition, it was also proved that the percent grafting of the
copolymers has not influenced on its decomposition course
and its decomposition mechanism. The grafting percent
influenced only on the Am in each decomposition stage and
on the intensity in the emission of the volatile species.
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Introduction

Meth(acrylate) monomers are generally applied as the
building blocks for the production of whole range of var-
ious structure synthetic resins. For example, the polymer-
ization of methyl methacrylate leads to the formation of
poly(methyl methacrylate). It is linear, amorphous, shiny
thermoplastic polymer, and due to its superior properties
like excellent weather and chemical resistance, very good
optical properties such as high light transmittance (up to
93%) and UV transmittance of ca. 70%, high mechanical
strength, low elongation at break, low water absorption
capacity, good dimensional stability, favorable rheological
properties, low cost, easy handling and processing, it is
widely applied in the industry. It is commonly used in
optical, automotive, electrical, medical or other industry
for the production of panes, for the manufacturing of
polymer optical fibers, orthopedic materials, sensors, sun-
glasses, watch glasses, indicators, lamp covers, packing for
tablets, as a thickener in cosmetic formulations, immobi-
lization material, the component of nanocomposites, etc.
[1-10].

The copolymerization of meth(acrylate) monomers with
other unsaturated monomers such as styrene, vinyl
pyrrolidone, divinylbenzene, acrylamide and acrylonitrile
allows obtaining of many novel materials with unique
properties which can find their potential applications as a
sorbents, modifiers, fillers, porous microspheres, polymers
for making the industrial and daily products [11-20].

Also, meth(acrylate) monomers are widely used in order
to modify the structure of polymers having functional
groups such as natural polymers. Among them, polysac-
charides like starch, cellulose, chitosan, dextrane are the
group of biodegradable polymers which are often modified
under the graft copolymerization process with series of
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aliphatic methacrylates, e.g., acrylic acid, methacrylic acid,
methyl methacrylate, methyl acrylate, ethyl methacrylate,
[21-26] or aromatic methacrylates, e.g., phenyl methacry-
late, benzyl methacrylate or benzyl acrylate [27-29]. The
graft modification of polysaccharides enables improving
and enhancing their properties and thus broadens their
application abilities, especially for biomedical and phar-
maceutical applications.

The present paper is a continuous part of the earlier
studies on the properties of starch-g-copolymers prepared
in the presence of aromatic meth(acrylate) monomers. The
aim of this study was to investigate and to compare the
thermal properties and the decomposition mechanism
under oxidative conditions of two types of starch-g-
copolymers which differed in their structure and the
grafting percent (%G). To this studies, starch-g-poly
(phenyl acrylate) and starch-g-poly(benzyl acrylate)
copolymers prepared under a radical graft copolymeriza-
tion process of potato starch and one of the aromatic
acrylate monomers: phenyl acrylate or benzyl acrylate in
the presence of potassium persulfate as a initiator, have
been chosen. The detailed studies on the thermal behavior
and the decomposition mechanism under oxidative condi-
tions of the prepared copolymers by applying the TG/DSC/
FTIR-coupled technique have been evaluated.

Experimental
Materials

Potato starch was extracted from the potato flour (Melvit
S.A. Poland) according to the method given in Ref. [30].
Benzyl acrylate and phenyl acrylate monomers were
obtained in the Department of Polymer Chemistry, Poland,
according to the procedure described in Ref. [31]. Potas-
sium persulfate and the solvents: methanol, chloroform and
tetrahydrofuran, were delivered by Merck, Germany.

Graft copolymerization

Starch graft copolymerization reactions in a glass flask
equipped with thermometer, mechanical stirrer and a
nitrogen gas inlet have been performed. To obtain the
copolymers, firstly, potato starch (the amounts given in
Table 1) and water (50 mL) were put into glass flask,
heated up to the temperature of 80 °C and stirred for
15 min. After forming a starch gel, initiator (K,S,0g) was
added and the glass flask was filled with a gaseous nitrogen
and stirred for the next 15 min at 80 °C. Finally, acrylate
monomer: phenyl acrylate or benzyl acrylate to the reaction
mixture, was added and stirred for the predominant time.
The temperature of the grafting reaction was kept on the
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constant value (80 £ 2 °C). The graft copolymerization
process was interrupted by the cooling of the reaction
mixture in a water bath to the room temperature and
pouring it in methanol (100 mL). Then, the copolymers
were isolated from the homopolymers by the purification in
CHCI; and THF, filtered and dried at 60 °C to the constant
mass [27-29]. The applied grafting parameters allowed
obtaining the copolymers with different grafting percent
(%G), as given in Table 1, counted using the following
equation [32, 33]:

mass of polymer grafted

%G = x 100

mass of starch

The grafting copolymerization process led to the formation
of unsoluble copolymers in organic solvents whose struc-
tures based on ATR-FTIR and '°C CP/MAS NMR analyses
were confirmed, as given in Tables 2 and 3.

Methodology

The thermal characteristic of the copolymers using a STA
449 F1 Jupiter thermal analyzer produced by Netzsch
company (Germany) was made. The TG/DTG/DSC anal-
yses at a heating rate of 10 °C min~"' under the presence of
the oxidative conditions: synthetic air with a flow rate of
100 mL min~"' and the temperature range of 40-650 °C,
have been performed. All the samples in Al,O5 crucibles
were analyzed. The mass of the sample was ca. 10 mg.

The detection of the volatile decomposition products
emitted under the decomposition of the copolymers by
applying the FTIR analyzer was done. The FTIR analyzer
(Tensor 27 Bruker, Germany) in a wavenumber range of
600—4000 cm ™" with a resolution of 4 cm™' and 16 scans
per spectrum was operated.

Results and discussion
TG-DTG-DSC

On the basis of the results presented in Fig. 1, up to the
temperature of ca. 210-215 °C, the starch-g-poly(phenyl
acrylate) copolymers were thermally stable, and no mass
loss was indicated. However above 210 °C, the beginning
of the decomposition process of the studied materials was
observed. It was well visible that the applied oxidative
atmosphere caused their decomposition in three stages. The
first decomposition stage happened from ca. 210 °C to ca.
330-335 °C with T« 282-286 °C, as given in Table 4.
As it was clearly visible, the mass loss under the first stage
was directly dependent on the %G and ranged from 45.6%
for copolymer 1 (%G = 10.2) to 29.6% for copolymer 3
(%G = 41.8). Meanwhile, under the second decomposition
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Table 1 Graft copolymerization conditions

Sample Starch/g Phenyl acrylate/g Benzyl acrylate/g Initiator/g Temp./°C Time/min %G
Copolymer 1 2.5 0.625 - 0.0313 80 150 10.2
Copolymer 2 2.5 3.125 - 0.0563 80 150 30.2
Copolymer 3 2.5 5.0 - 0.0750 80 150 41.8
Copolymer 4 2.5 - 0.625 0.0313 80 120 18.5
Copolymer 5 2.5 - 1.875 0.0438 80 120 359
Copolymer 6 25 - 3.75 0.0625 80 120 452

Table 2 Assignments of the bands in the FTIR spectra [27, 34]

Assignment Wavenumber/cm ™

Copolymer 1 Copolymer 2

Copolymer 3

Copolymer 4 Copolymer 5 Copolymer 6

v OH 3321 3320 3323 3325 3330 3326

v Car-H 3020, 3055 3022, 3055 3022, 3056 3034, 3067 3034, 3068 3034, 3070

v C-H 2875, 2917 2875, 2918 2877, 2916 2880, 2970 2880, 2973 2882, 2975

v C=0 1748 1748 1746 1728 1728 1727

v C=Chx, 1490, 1590 1494, 1590 1490, 1593 1452, 1496 1454, 1497 1454, 1496

0 C-H 1350, 1442 1352, 1443 1351, 1445 1355, 1445 1355, 1446 1351, 1445

v C-0 998, 1022, 1130, 1185 997, 1022, 1134, 1186 998, 1021, 1130, 1189 997, 1018, 1154 998, 1018, 1151 998, 1018, 1150
7 CarH 687, 743 687, 745 687, 747 694, 735 697, 736 695, 735

Table 3 Assignments of the bands in the '*C CP/MAS NMR spectra [27]

Assignment Chemical shift/ppm

Copolymer 1 Copolymer 2

Copolymer 3

Copolymer 4 Copolymer 5 Copolymer 6

C=0 173.2 173.2 173.2 175.2 175.1 175.2
ArC 150.5, 129.3, 125.9, 150.1, 129.1, 125.7, 150.3, 129.1, 125.8, 128.5, 136.4 128.4, 136.5 128.5, 136.6
121.5 121.4 121.3

CH-O 942, 101.8, 81.5 942, 101.7, 81.5 94.1, 101.6, 81.3 94.2, 100.5, 94.1, 100.5, 94.2, 100.5,
81.5 81.6 81.5

Cc-0 2.7 72.6 2.7 72.3 72.2 72.3

CH,-O 61.9 61.6 61.9 61.7 61.8 61.8

CH-CH, 41.3 41.4 41.5 40.8 40.8 40.7

stage (from ca. 330-335 °C to ca. 415-430 °C), the mass
losses were changed from 25.5% (copolymer 1) to 51.5%
(copolymer 3). When the copolymers were heated above
415-430 °C, the third mass loss up to temperature of ca.
560 °C with Tpax3 491-508 °C was appeared. The mass
loss was from 27.8% for copolymer 1 up to 15% for
copolymer 3 during this stage.

The similar course of the TG/DTG/DSC curves for
starch-g-poly(benzyl acrylate) copolymers in air as com-
pared to those observed for starch-g-poly(phenyl acrylate)
copolymers has been observed, as shown in Fig. 2. The

starch-g-poly(benzyl acrylate) copolymers also exhibited
three main, non-well separated degradation stages. The first
decomposition stage between the temperatures of
200-215 °C and 320-325 °C with maximum rate peak
(Tmax1) at 285-287 °C was indicated. The second one was
visible from the temperature of 320-325 °C up to the
temperature of 410-420 °C with T},.x> at 366-380 °C. The
last, third decomposition stage was appeared between the
temperatures of 410-420 °C and 585-610 °C with T3
above 499 °C, as given in Table 4. Under the first
decomposition stage, the mass loss was from 45.4% for
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Fig. 2 TG/DTG/DSC curves for starch-g-poly(benzyl acrylate)
copolymers in air atmosphere

Table 4 TG/DTG results for starch-g-poly(phenyl acrylate) and starch-g-poly(benzyl acrylate) copolymers

Sample Tnaxo/°C Aol % Tnax1/°C Ami/% Tma2!°C Aol % Tas/°C Am3/%
Copolymer 1 142 3.1 282 45.6 373 23.5 491 27.8
Copolymer 2 143 4.7 284 38.0 384 42.9 508 144
Copolymer 3 142 3.9 286 29.6 396 515 508 15.0
Copolymer 4 113 5.8 287 454 366 20.2 499 28.6
Copolymer 5 91 4.4 285 36.1 374 36.8 518 22.7
Copolymer 6 109 3.8 286 272 380 48.0 539 21.0
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copolymer 4 to 27.2% for copolymer 6. The second mass
loss was changed between 20.2% (copolymer 4) and 48.0%
(copolymer 6). However, the third mass loss was from
28.6% for copolymer 4 to 21.0% for copolymer 6, as given
in Table 4.

By comparing the thermal degradation behavior of the
copolymers, it was concluded that their degradation profile
in each decomposition stage changed with the grafting
percent (%G). The mass loss under the first decomposition
stage decreased as the %G was increased, the mass loss
under the second decomposition stage increased as the
%G was increased, and finally, the mass loss under the
third decomposition stage decreased as the %G was
increased. In addition, the heating of the copolymers to ca.
600—-650 °C led to their full decomposition under oxidative
atmosphere because no residual mass after the heating
process was observed.

On the DSC curves, as shown in Figs. 1 and 2, two types
of the thermal signals were clearly visible. Small
endothermic peaks which appeared at the temperature
below 130 °C were connected with the evaporation of
moisture from the copolymers. However, the endothermic
peaks visible at higher temperatures were responsible for
the breaking of the bonds in the structure of the copoly-
mers. Meanwhile, the occurrence of some, high-intensity,
exothermic signals on the DSC curves was directly con-
nected with the presence of an oxygen under the heating of
the copolymers which caused the oxidation reactions of the
intermediates and/or residue formed as a result of the
cleavage of the bonds in the structure of the copolymers
[35-38]. As a result, under the oxidation processes, the
creation of another gaseous decomposition products as
compared to those formed in inert conditions was expected.

TG-FTIR

The heating of the starch-g-poly(phenyl acrylate) and
starch-g-poly(benzyl acrylate) copolymers under the con-
ditions of synthetic air caused their decomposition at three
main stages which was connected with the emission of
different structure gaseous products as it is shown in
Figs. 3-5. Analyzing of the FTIR data obtained for the
starch-g-poly(phenyl acrylate) copolymers led to the fol-
lowing conclusion: under the first decomposition stage, the
creation of the decomposition products of starch such as
CO, (two bands at 670 cm™" and at 2330-2365 cm™ '), CO
(two bands at 2000 and 2200 cmfl), H,O (bands at
3500-3900 cm™ "), furane [bands at 742-754 cm™ ',
825 cm™', 905 cm™' (6 C-H), 1508-1560 cm™"' (v ring
C=C)], alkane [bands at 2870-2970 cm™' (v C-H),
1340-1480 cm™' (8 C-H)], acid [bands at 1780 cm™'
(v C=0), 1163 cm™~' (v C-0), above 3500 cm™ ' (v OH)],
aldehyde [bands at 1745 cm ™! (v C=0), 2728 cm” ),

2800 cm™' (v C-H), 1105 cm™" (v C-0)] and alcohol
(bands at 1081 cm™' (v C-0), above 3500 cm™' (v OH)
fragments) was clearly indicated [39—41]. Meanwhile,
when the temperature achieved ca. 330 °C, the emission of
the following volatile decomposition products: aromatic:
phenyl alcohol [bands at 748-887 cm™! (0 Ca—H),
1068 cm™' (v C-0), two bands at 1489 and 1600 cm ™'
(v C=Ca,), 3052 cm™' (v Ca,—H) and above 3500 cm ™!
(v OH)], ketone (mainly cyclohexanone), acids and anhy-
dride fragments [bands at 3647 em™' (v OH),
1182-1260 cm™! (v C-0), 1332-1450 cm™' (8 C-H),
17561783 cm™! (v C=0) and small bands at
2860-2970 cm ™! (v C-H)] and CO,, CO and H,0, was
indicated, as shown in Fig. 3. In addition, on the basis of
the results shown in Fig. 3, under the third decomposition
stage, mainly the evolution of CO,, CO and H,O from the
FTIR spectra as a result of the oxidation process of the
residue was observed.

Figure 4 shows the FTIR spectra for the starch-g-
poly(benzyl acrylate) copolymers gathered at Tinaxi> Tmax2
and T},.x3 under air atmosphere. On the basis of Fig. 4, one
can clearly see the emission of the same volatile decom-
position products under the first decomposition stage
(Tmax1) as compared to those observed for the starch-g-
poly(phenyl acrylate) copolymers. This was confirmed by
the presence of the following bands on the FTIR spectra
gathered at T,,,x; which were responsible for the following
inorganic species: CO, (at 670 and 2330-2365 cm_l), CO
(2000-2200 cm™"), H,O (3500-3900 cm™!) and some
organic species. The presence of organic species such as
furanes [bands at 740-900 cm™' (out of plane 6 C-H),
1510-1580 cm ™! (v ring C=C)], acid [bands at 1787 cm ™!
(v C=0), 1162 cm™! (v C-0), above 3500 cm™' (v OH)],
aldehyde [bands at 1745 cm™' (v C=0), 2720-2800 cm ™'
(v C-H), 1100 cm ™! (v C-0)] and alcohol (bands at
1080 cm ™" (v C-0) and above 3500 cm™' (v OH) [39-41])
has been indicated. It confirmed that the decomposition
mechanism of starch-g-copolymers under the first decom-
position stage was independent on the type of aromatic
acrylate monomer used for the grafting process. Under this
decomposition stage, the cleavage of the glycosidic bonds
of starch, dehydration and thermal condensation of
hydroxyl groups were the most probable processes which
were in accordance with other studies [39, 42, 43].

However, the differences in the emission of volatiles
under the second decomposition stage for the starch-g-
poly(phenyl acrylate) and starch-g-poly(benzyl acrylate)
copolymers have been clearly observed. In Fig. 5, the
exemplary 3D FTIR spectra for two chosen copolymers
(copolymer 2 and copolymer 5) were presented. In the case
of the starch-g-poly(phenyl acrylate) copolymers, high
emission of both inorganic and organic species was
observed. However, what is interesting is that the higher
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Fig. 3 Gaseous FTIR spectra
for starch-g-poly(phenyl
acrylate) copolymers
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Fig. 4 Gaseous FTIR spectra
for starch-g-poly(benzyl
acrylate) copolymers
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emission of inorganic species (CO,, CO, H,O) than organic
species under the second decomposition stage of starch-g-
poly(benzyl acrylate) has been indicated. It may be the
result of the oxidation processes of some organic volatile
decomposition products formed under the cleavage of the
bonds in the structure of grafted polymer. Regarding the
structure of starch-g-poly(benzyl acrylate) copolymers and
the previous study performed for the copolymers in inert
conditions [27], the cleavage of the main and side chains of
graft polymer was the two main processes happened under
the heating. It led to the formation of aromatic aldehyde,
aromatic alcohol, alkene, cyclic ketone, acid anhydride and
monomer [27] as a primary decomposition products.
However, it can be suspected that under the influence of
oxygen some of the initially formed volatiles generated
under the decomposition of poly(benzyl acrylate) can be
oxidized leading to the formation of higher amounts of
inorganic species. The formation of some volatile organic
species was confirmed by the presence of the following
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absorption bands on the FTIR spectra: above 3500 cm ™" (v
OH), at 3031 and 3064 cm™! (Ca—H and v = C-H), at
2870-2930 cm ™' (v C—H), at 2720 and 2790 cm ™' (v C-H
in CHO), at 1716-1778 cm™' (v C=0), at 1018
1200 cm™' (v C-0) and below 900 cm™' (out of plane
0 = C-H and C,~H) [39].

Finally, under the third decomposition stage of starch-g-
poly(benzyl acrylate), the presence of the same decompo-
sition products (CO,, CO and H,0) as for starch-g-poly(-
phenyl acrylate) was indicated.

Conclusions

TG/DSC/FTIR-coupled technique was applied to study the
thermal behavior and the decomposition mechanism under
oxidative conditions of starch-g-copolymers prepared in
the presence of two aromatic acrylate monomers: phenyl
acrylate and benzyl acrylate which differed in their struc-
ture and grafting percent. On the basis of the conducted
investigations, the following conclusions could be drawn:

e all the copolymers decomposed in three, large stages
which happened in the similar temperature range under
oxidative conditions;

e the first decomposition stage was happened between the
temperatures of 210 °C and ca. 330-335 °C [for starch-
g-poly(phenyl acrylate) copolymers] and 200-215 °C
and 320-325 °C [for starch-g-poly(benzyl acrylate)
copolymers], and it was attributed to the decomposition
of starch from the copolymers and thus with the
emission of CO,, CO, H,O, furane, alkane, acid,
aldehyde and alcohol fragments as volatiles;

e the second decomposition stage was observed from ca.
330-335 °C to ca. 415-430 °C [for starch-g-poly(phe-
nyl acrylate) copolymers] and 320-325 °C up to
410-420 °C [for starch-g-poly(benzyl acrylate) copoly-
mers], and it was mainly associated with the decom-
position of grafted polymer and the evolution of the
mixture of various volatile species which type was
directly dependent on the type of grafted polymer. The
decomposition of poly(phenyl acrylate) chains led to
the formation of mainly phenyl alcohol, ketone (mainly
cyclohexanone), acids and anhydride fragments, CO,,
CO and H,0. However, the decomposition of poly(ben-
zyl acrylate) chains was connected with the creation of
higher amounts of inorganic species (CO,, CO, H,0)
than organic species (aromatic aldehyde, aromatic
alcohol, alkene, cyclic ketone, acid anhydride and
monomer) which was connected with the oxidation
processes of some volatile products under the decom-
position. The firstly created volatiles were more
susceptible on the oxidation processes than volatiles
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formed as a result of the decomposition process of
poly(phenyl acrylate);

the third decomposition stage for all copolymers
happened between 415430 °C and 560 °C [for
starch-g-poly(phenyl  acrylate) copolymers] and
410420 °C and 585-610 °C, and it was due to the
oxidation processes of some residues formed under the
previous decomposition stages connecting with the
emission of CO,, CO and H,O; and

it was also found that the grafting percent (%G) did not
influence on the decomposition course and the decom-
position mechanism of the copolymers; it influenced
only on the intensity in the emission of the volatiles.
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tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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