
The preparation, physicochemical and thermal properties of the high
moisture, solvent and chemical resistant starch-g-poly(geranyl
methacrylate) copolymers

Marta Worzakowska1

Received: 2 February 2019 / Accepted: 4 September 2019 / Published online: 19 September 2019
� The Author(s) 2019

Abstract
The thermal properties together with the identification of the emitted volatiles during heating of the starch-graft-

poly(geranyl methacrylate) copolymers with the use of a TG/FTIR-coupled method and some of the physicochemical

properties of the copolymers were determined. It was found that the use of the geranyl methacrylate monomer to the graft

copolymerization with potato starch allowed to replace ca. 1.46 hydroxyl groups per glycosidic units of starch macro-

molecule by the poly(geranyl methacrylate) chains under the optimal reaction conditions. Generally, all tested starch graft

copolymers exhibited a significant increase in polar solvent resistance, moisture resistance and chemical stability as

compared to potato starch. However, the thermal stability of the obtained materials was substantially lower as compared to

the thermal stability of potato starch. The beginning of the decomposition of the copolymers was observed below 150 �C. It

was due to low thermal stability of the poly(geranyl methacrylate) chains. The decomposition of the prepared materials

runs at least four, unseparated stages. The first stage was visible up to 220–240 �C. It was connected with the emission of

some aldehyde, acid, alcohol, alkene, ester fragments, H2O and CO2 as a result of the depolymerization, destruction and

partial decarboxylation of the poly(geranyl methacrylate) chains. The second stage was spread between ca. 220–240 and

358–375 �C. The emission of organic, saturated, unsaturated, aromatic, oxygen-rich fragments, CO, CO2 and H2O as a

result of the decomposition and dehydration of starch was confirmed. Heating of the studied materials between 358–375

and 455–477 �C resulted in subsequent decomposition processes of the residues and the creation of some oxygen-rich

saturated and unsaturated fragments, CO, CO2, H2O and CH4. Finally, above 455–477 �C, a minor mass loss as a result of

the decomposition processes of the residues formed before was observed. The emission of CO, CO2, H2O, CH4 and some

oxygen-rich saturated and unsaturated fragments was confirmed.
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Introduction

The chemical modification of native starch with some

methacrylate monomers in the graft copolymerization

processes is widely studied. It is a simple way to change

the properties of starch. Because of native starch properties

such as low stability to changes in temperature or pH, high

moisture absorption, high swelling in polar solvents or

ability to hydrolysis and gelation, its application is often

limited in some industrial processes [1–5]. The graft

copolymerization allows replacing hydrophilic type groups

by hydrophobic type groups or the incorporation of other

functional groups to macromolecule of starch. Thus, the

significant changes in starch behavior can be generated

[6–10]. The radical graft processes may be initiated using

different initiating systems. For example, Singh et al. [11]

have studied the course of the graft process of starch with

acrylonitrile in the presence of peroxydisulfate and under

microwave irradiation. In turn, Spychaj et al. [12] have

described the preparation of the starch-grafted-N-
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vinylformamide copolymers manufactured by a reactive

extrusion in the presence of radical initiators such as 2,20-
azobis(2-methylpropionamidine)dihydrogen chloride or

2,20-azobis(isobutyronitrile). The application of cerium

(IV) complexes to the graft process of methyl methacrylate,

glycidyl methacrylate, butyl acrylate, acrylonitrile, acrylic

acid, N,N-diethylaminoethyl methacrylate was also repor-

ted [13–16]. Benzoyl peroxide was successfully used as a

thermal initiator to the production of the starch-g-poly(-

acrylic acid), starch-g-poly(methyl methacrylate) or starch-

g-polystyrene copolymers [17–20]. The graft reaction of

vinyl alcohol, acrylic acid, butyl acrylate and starch in the

presence of Fenton’s reagent and the graft copolymeriza-

tion of styrene under irradiation or in the presence of

enzymes were also well known [21–26].

Meanwhile, potassium or ammonium persulfates are

mainly used to initiate the radical ‘‘grafting from’’ pro-

cesses of a different structure monomer and starch. Among

monomers, one can mention a different alkyl chain length

methacrylate, styrene, acrylamide, benzyl phenyl

methacrylates, etc. [27–31]. Depending on the initiating

system, monomer structure and other reaction conditions

(time, temperature), the graft copolymers with a different

structure and the grafting parameters can be obtained. This

type of the graft process includes three steps such as ini-

tiation, propagation and termination. Initially, starch

macroradicals are formed by a hydrogen transfer to ini-

tiator. The created active sites of starch are easily added to

the double bonds of monomer to form the starch graft

monomer radical which reacts with other monomer mole-

cules to produce the graft copolymer. However, the ter-

mination step of the graft copolymerization mainly occurs

by the combination or disproportionation processes of two

reactive chains. It should be noted that some amount of the

non-grafted homopolymer is also produced, but it can be

easily separated from the main product by a Soxhlet

extraction method [32, 33].

The main objectives of this paper were to study the

thermal behavior and the type of the volatiles emitted

during the heating of the novel starch-graft-poly(geranyl

methacrylate) copolymers in the presence of inert atmo-

sphere by applying the TG/FTIR-coupled method as well

as the determination of the effect of the graft reaction

conditions on the course of the graft copolymerization of

geranyl methacrylate and potato starch and their some

physicochemical properties such as the ability of the

obtained copolymers to gelate with water, swelling, mois-

ture and solvent resistance and chemical stability. As far as

I know, this type of monomer is not used to the synthesis of

the starch graft copolymers, to this time. Therefore, the

studies on the evaluation of the mentioned above properties

are one of the most important items that allow determining

their possible areas of application.

Experimental

Materials

Geraniol (purity of 97%. Fluka, Buchs, Switzerland),

methacryloyl chloride (purity of 97%, Fluka, Buchs,

Switzerland), triethylamine (purity of 99%, Fluka, Buchs,

Switzerland), potato starch (purity of 98% assessed by the

method given in Ref. [34] and extracted and purified from

potato flour, Melvit S.A., Poland) [35], potassium persul-

fate (purity of C 99%, Fluka, Buchs, Switzerland),

tetrahydrofuran, ethanol, chloroform, hexane, toluene,

butanol, silica gel (Merck, Germany), sodium carbonate,

magnesium sulfate, sodium hydroxide, carbon tetrachlo-

ride, hydrochloric acid, magnesium sulfate and buffer

solutions with pH 5 (disodium hydrogen phosphate/potas-

sium dihydrogen phosphate, Na2HPO4
-/KH2PO4), pH 7

(disodium hydrogen phosphate/potassium dihydrogen

phosphate, Na2HPO4
-/KH2PO4) and pH 9 (sodium

tetraborate/boric acid, Na2B4O7/H3BO3) (POCh, Gliwice,

Poland) were used as received.

Synthesis of monomer and the copolymers

The first step of the synthesis of the copolymers included

the preparation of the geranyl methacrylate monomer in the

esterification process of geraniol and methacryloyl chloride

in the presence of triethylamine as a catalyst and its

purification according to the method presented in Refs.

[36, 37]. The structure of monomer was evaluated and

described elsewhere [38]. Such prepared monomer was

applied to potassium persulfate initiated copolymerization

process with potato starch. The graft process was per-

formed according to the procedure described elsewhere

[36, 37].

In order to evaluate the optimal reaction conditions, the

effect of the reaction parameters on the grafting was
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Fig. 1 Influence of the potato starch-to-geranyl methacrylate ratios on

the grafting course (the reaction conditions: temperature: 70 �C, time:

150 min, initiator concentration: 2.0% and rmp: 300)
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studied, as shown in Figs. 1–4. The grafting parameters

such as the grafting percent (G), grafting efficiency (GE),

homopolymer percent (H) and overall conversion of

monomer (TC) were evaluated according to the following

equations:

%G ¼ m3=m1 � 100%

%GE ¼ m3=ðm3 þ m2Þ � 100%

%H ¼ m2=m0 � 100%

% TC ¼ m4 � m1=m0 � 100%

where m0—the mass of geranyl methacrylate, m1—the

mass of starch, m2—the mass of poly(geranyl methacry-

late), m3—the mass of the grafted poly(geranyl methacry-

late), and m4—the mass of the crude copolymer before the

homopolymer extraction.

Methods

The structures of the obtained materials were confirmed by

the 13C CP/MAS NMR and FTIR methods. In a typical 13C

CP/MAS NMR tests, the copolymers were analyzed at the

resonance frequency 75.5 MHz (Bruker Avance 300 MSL

apparatus). However, the FTIR measurements were taken

using KBr disk technique over the region 600–4000 cm-1

and 4 cm-1 resolution (FTIR Tensor 27, Bruker apparatus).

The surface morphology of the copolymers was evalu-

ated using a high resolution, low-vacuum SEM/FIB, the

Quanta 3D FEG system (FEI apparatus) at magnification of

93000 and 98000.

The selected physicochemical properties such as the

ability of the obtained copolymers to gelate with water,

swelling in different polarity solvents, moisture resistance,

chemical resistance, thermal properties and the decompo-

sition mechanism in the presence of inert atmosphere were

tested according to the procedures described below:

• the ability of the obtained copolymers to gelate with

water when providing heating: the sample (mass ca.

9 mg) composed of distilled water (ca. 6 mg) and the

copolymer (ca. 3 mg) was stored at room temperature

for 24 h to equilibrate. Then, it was heated in the

aluminum pan from 20 to 100 �C with the heating rate

10 �C min-1 (DSC Phoenix 204 apparatus, Netzsch,

Germany);

• the swelling in different polarity solvents: into the

measuring cylinders, 1 cm3 of the samples was poured.

The cylinders were filled up to 10 cm3 with the chosen

solvents (water, ethanol, butanol, toluene, hexane and

carbon tetrachloride). The tests were done at 25 �C in

triplicate. After equilibration, the final volumes of the

samples were read. The swelling degree (B, %) of the

samples was evaluated using the following equation

[39]:

B ¼ V1 � V0ð Þ=V0 � 100%

where V0—the initial, apparent volume of the sample

(1 cm3), V1—the final, apparent volume of the swollen

sample;

• the moisture resistance: ca. 100 mg of the sample was

placed into a desiccator and exposed to a water vapor

for saturation. The water vapor was produced by a

container of liquid water within the desiccator. The tests

were done at 25 �C and at the relative humidity (RH)

100%. Each measurement was repeated three times.

After saturation, the masses of the samples were

evaluated, gravimetrically. The moisture percent

absorption (WA, %) was computed from the equation

[40]:

WA ¼ m1 � m0=m0 � 100%

where m0—the initial mass of the sample (ca. 100 mg),

m1—the final mass of the sample;

• the chemical resistance: ca. 100 mg of each sample was

put into the chosen chemical environment (1 mol dm-3

NaOH, buffer solutions with pH 5, 7 and 9 and

1 mol dm-3 HCl) and kept at 25 �C. To each sample,

20 cm3 of the selected solution was added. The tested

copolymers were removed from a solvent, dried and

weighted weekly. The tests were terminated when the

mass of the residues reached a constant value. The

residue remaining from the chemical stability tests was

filtered, washed with distilled water to neutrality, dried

at 60 �C and weighted. Each measurement was repeated

three times. The chemical stability (WL, %) of the

copolymers was evaluated from the following equation

[41]:

WL ¼ m1 � m2ð Þ=m1 � 100%

where m1—the initial mass of the sample (ca. 100 mg),

m2—the final mass of the sample;

• the thermal properties: the sample (ca. 10 mg) was

heated in the Al2O3 crucible from 40 to 1000 �C with

the heating rate 10 �C min-1 and in the presence of

inert atmosphere (helium, flow rate 40 cm3 min-1) with

the use of a STA 449 Jupiter F1 instrument (Netzsch,

Germany);

• the type of the gaseous decomposition products emitted

under the heating of the copolymers in inert atmosphere

was evaluated using a FTIR TGA 585 analyzer (Bruker,

Germany) coupled on line to a STA 449 Jupiter F1

instrument. The gaseous FTIR spectra were collected in

the range of 600–4000 cm-1 with a resolution 4 cm-1.
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Results and discussion

Influence of the reaction conditions on the graft
process

Figures 1–4 show the influence of different reaction con-

ditions on the course of the graft process. According to the

presented results, the grafting percent (G) values increase

but the H, GE and TC values gradually drop as starch-to-

monomer ratio increases from 1:0.25 to 1:1.75. The results

presented in Fig. 2 indicate that the G and GE values

increase as an initiator concentration increases from 0.5%

(mass fraction, %) up to 2.0%. When an initiator concen-

tration exceeds 2.0%, the drop of the H, G and TC values is

observed. Moreover, one can clearly see that the G, H and

TC values obtain almost constant values for an initiator

concentration higher than 2.0%. As the reaction tempera-

ture grows up to 70 �C, the G, GE and TC values increase

(Fig. 3). Meanwhile, the H values significantly decrease.

However, the drop of the G, GE and TC values at tem-

peratures higher than 70 �C was seen.

As the reaction time increases from 30 to 150 min

(Fig. 4), the GE, G and TC values also increase but the

H values considerably fall. The reaction time higher than

150 min causes the drop of the GE, G and TC values. The

obtained results indicate that as the reaction time increases

the extent of the propagation of the copolymerization is

expected. This leads to the addition of a great number of

monomer units to the growing graft chains.

All the presented results show that the optimal reaction

conditions for the grafting process of geranyl methacrylate

onto potato starch are the following: starch-to-monomer

ratio 1:1.75, an initiator concentration 2.0%, the reaction

temperature 70 �C and the reaction time 150 min. In these

conditions, the rate of the graft process is faster than the

rate of the homopolymerization due to the optimal con-

centration of monomer, initiator and the optimal

temperature and reaction time. It may be supposed that

under the optimal conditions, the rate of the decomposition

of an initiator into radicals is fast. Thus, the creation of

macroradicals from starch which can react with monomer

molecules is also fast. In addition, the viscosity of the

reaction medium is suitable for the fast migration between

the reagents, and thus its higher possibility to collision is

expected.

Characterization of starch-g-poly(geranyl
methacrylate) copolymers

The FTIR and 13C CPMAS/NMR

The results obtained from the spectroscopic analyses which

confirmed the structures of the prepared starch-g-

poly(geranyl methacrylate) copolymers were presented

below:

• FTIR (KBr disk, cm-1): 3340 (m OH), 2955 (m C–H),

2918 (m C–H), 2878 (m C–H), 1720 (m C=O), 1670 (m
C=C), 1445 (d C–H), 1375 (d C–H), 1230 (m C–O),
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Fig. 2 Influence of an initiator concentration on the grafting course

(the reaction conditions: temperature: 70 �C, time: 150 min, starch-

to-monomer ratio: 1:1.75 and rmp: 300)
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1146 (m C–O), 1077 (m C–O), 1014 (m C–O), 998 (m C–

O), 832 (c = C–H), 750 (c = C–H);

• 13C CPMAS/NMR (75 MHz, d ppm): 174.2 (C=O),

100.6 (CH–O), 92.8 (CH–O), 82.6 (CH–O), 71.5 (C–

O), 61.1 (CH2–O), 141.8 (=C), 135.7 (=C), 123.9

(=CH), 116.5 (=CH), 37.5–27.4 (CH2), 25.3 (CH3), 22.7

(C–CH3). 21.2 (CH3), 18.5 (CH3), 16.4 (CH3).

The structure morphology

The SEM analyses of the obtained starch-g-poly(geranyl

methacrylate) copolymers confirmed their heterogenous,

porous surface morphology (Fig. 5). The formation of

agglutinated aggregates with a lot of irregular holes was

well seen. According to the SEM, the diameter of the holes

was between 0.23 and 0.91 lm.

The physicochemical properties

In order to evaluate the physicochemical properties of

novel materials, the copolymers with the following G val-

ues were selected: 19.8% ± 0.4 (copolymer1),

29.6% ± 0.6 (copolymer2), 38.5% ± 0.4 (copolymer3)

and 48.8% ± 0.5 (copolymer4).

On the basis of data presented in Table 1, the obtained

starch-g-poly(geranyl methacrylate) copolymers were

generally characterized by low swelling in polar solvents.

Their swelling decreased as the G values increased. The

swelling of the copolymer4 (G = 48.8% ± 0.5) was min-

imal in polar solvents (water, ethanol and butanol) and did

not exceed 8%. The same dependence was observed in the

case of the moisture absorption results. All the copolymers

absorbed very little moisture as it was well visible from

Table 2. The percent of the moisture absorption was

between ca. 14.6% (copolymer1) and ca. 5.5% (copoly-

mer4). The grafting process of hydrophobic type monomer

(geranyl methacrylate) allowed to the reduction of hydro-

philic type groups of starch (hydroxyl groups). As the

result, as the G values of the copolymers grew, the

formation of hydrogen bonding between copolymer surface

and polar solvents and moisture was quite restricted.

Nevertheless, very surprising results were obtained from

the swelling studies of the copolymers in nonpolar sol-

vents. Due to the incorporation of hydrophobic poly(ger-

anyl methacrylate) chains into starch macromolecule, the

copolymers with more hydrophobic structures were pre-

pared. Thus, their swelling in nonpolar solvents supposed

to be high. However, the results pointed to their moderate

swelling in toluene, CCl4 and hexane. The maximum

swelling in these solvents varied between 14 and 15% for

the copolymer4 where the maximum of the G value was

noted. It was suspected that such low swelling was mainly

due to the type of hydrophobic polymer which was cova-

lently linked to starch macromolecule and the length of the

graft chains.

The chemical stability of the copolymers directly

depended on their G values, (Table 3). The copolymers

with lower G values were characterized by lower chemical

resistance due to the presence of more, unmodified starch

macromolecules which were able to hydrolysis. However,

the copolymer4 with the maximum G value exhibited

greater chemical stability in neutral, acidic and basic

environments as compared to other tested copolymers. The

mass loss of the copolymer4 was below 9% in acidic and

neutral conditions and below 19% in quite alkaline envi-

ronment. A high chemical resistance of this material was

connected with the type of the polymer bonded with starch

macromolecules [38]. According to our previous studies,

the poly(geranyl methacrylate) homopolymer was high-

resistant material toward different chemical environments

[38].

As it was confirmed on the basis of the DSC studies, the

obtained copolymers were unable to gelate with water

under the applied temperature conditions. The lack of an

endothermic peak associated with the gelation process is

observed on the DSC curves which show only a straight

line in the temperature range being examined. The

copolymers were prepared at 70 �C. This temperature was

also the gelation temperature of potato starch. As a result,

potato starch gelated during the graft process. Further

heating with water did not result in the repeated gelation.

The thermal properties

The prepared copolymers decomposed at least four,

unseparated temperature ranges under inert conditions

(Fig. 6; Table 4). In addition, as it was presented in Fig. 6,

the materials were thermally unstable. The beginning of

their decomposition happened at temperatures lower than

150 �C. Meanwhile, on the TG curves, a slight mass loss

below 100 �C was observed. However, the DTG curves

showed a constant increase in the evaporation rate with
Fig. 5 SEM imagines at magnification 3000 times (a) and 8000 times

(b) for the obtained copolymers (copolymer4 as an example)
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temperature. This indicated that the adsorbed water was not

removed before the decomposition of the samples started.

The gaseous FTIR spectrum gathered below Tonset1 (Fig. 7)

confirmed a steady, continuous evaporation of the adsorbed

water (the absorption bands from ca. 1300 cm-1 to ca.

1800 cm-1 and above 3500 cm-1).

The first decomposition stage of the studied materials

was visible from the beginning of their heating up to ca.

220–240 �C (Tonset2). The determined mass loss from the

TG curves was from 18.5 to 34.2%. The first DTG peaks

were in the temperature range of 178–190 �C in all the

samples (Table 4). According to the gaseous FTIR spec-

trum collected in this temperature range (Fig. 7), the for-

mation of the mixture of volatiles was observed. It was

confirmed by the occurrence of the following absorption

bands responsible for the out-of-plane deformation vibra-

tions of (732–980 cm-1), the stretching vibrations of C–O

(1114–1268 cm-1), the deformation vibrations of C–H

(1367 cm-1 and 1442 cm-1), the stretching vibrations of

C=C and/or H–O–H bending in water (1600 cm-1 and

1630 cm-1), the stretching vibrations of C=O (1743 cm-1

and 1800 cm-1), the stretching vibrations of C–H

(2700–2973 cm-1), the stretching vibrations of =C–H

(3085 cm-1), the stretching vibrations of OH

(3250–3720 cm-1) and the bands characteristic for the

emission of CO2 (670 cm-1 and 2306–2356 cm-1)

[42–50]. The presence of those absorption bands may

indicate the creation of the fragments from the poly(ger-

anyl methacrylate) chains as a result of its depolymeriza-

tion, destruction and partial decarboxylation.

Consequently, it led to the emission of some aldehyde,

acid, alcohol, alkene and ester fragments.

The second and the third decomposition stages were

between ca. 220–240 �C (Tonset2) and 358–375 �C (Tonset3).

The DTG signal showed the maximum value in the tem-

perature range of ca. 255–285 �C in all the samples. The

mass loss was from 34.4 to 24.2%. The gaseous FTIR

spectrum collected in this temperature range differed from

the previous FTIR spectrum, although similar vibrations

were distinguished. The absorption bands from 782 to

941 cm-1 (the out-of-plane deformation vibrations of =C–

H and CAr–H), from 1108 to 1282 cm-1 (the stretching

vibrations of C–O), the bands at 1357 cm-1 and

1442 cm-1 (the deformation vibrations of C–H), the band

at 1630 cm-1 (the stretching vibrations of C=C), the bands

from 1743 to 1795 cm-1 (the stretching vibrations of

C=O), the bands from 2710 to 2967 cm-1 (the stretching

vibrations of C–H), the band at 3014 cm-1 (characteristic

for CH4), the band at 3068 cm-1 (the stretching vibrations

of =C–H and CAr–H) and the bands within the range

3570–3725 cm-1 (the stretching vibrations of OH) were

clearly observed. In addition, the creation of CO (two

bands at 2100 cm-1 and 2063 cm-1) and CO2 (bands at

670 cm-1 and 2310–2375 cm-1) was also confirmed. The

data indicated the decomposition process of starch com-

bined with its dehydration at this decomposition stage. This

led to the formation of some organic, saturated, unsaturated

Table 1 Swelling degree (B, %)

for the selected starch-g-

poly(geranyl methacrylate)

copolymers

Copolymer B/%

Water Ethanol Butanol Toluene CCl4 Hexane

Copolymer1 15 ± 1 15 ± 2 10 ± 2 6 ± 1 6 ± 1 8 ± 1

Copolymer2 10 ± 2 9 ± 1 5 ± 1 11 ± 1 11 ± 1 12 ± 2

Copolymer3 10 ± 1 8 ± 1 5 ± 1 12 ± 2 12 ± 1 13 ± 1

Copolymer4 8 ± 1 5 ± 1 3 ± 1 14 ± 2 14 ± 2 15 ± 1

Potato starch 70 ± 3 55 ± 4 39 ± 2 5 ± 1 8 ± 1 9 ± 1

Table 2 Percent of moisture

absorption (WA, %)
Copolymer WA/%

Copolymer1 14.6 ± 0.8

Copolymer2 10.4 ± 0.5

Copolymer3 9.3 ± 0.4

Copolymer4 5.5 ± 0.3

Potato starch 50.3 ± 0.8

Table 3 Chemical stability

(WL, %) of the starch-g-

poly(geranyl methacrylate)

copolymers

Copolymer WL/%

1 mol dm-3 HCl pH 5 pH 7 pH 9 1 mol dm-3 NaOH

Copolymer1 20 ± 0.4 18 ± 0.5 25 ± 0.4 30 ± 0.5 55 ± 0.5

Copolymer2 15 ± 0.2 15 ± 0.4 20 ± 0.3 25 ± 0.5 38 ± 0.6

Copolymer3 12 ± 0.3 10 ± 0.3 14 ± 0.1 20 ± 0.4 25 ± 0.5

Copolymer4 8 ± 0.2 5 ± 0.1 7 ± 0.2 15 ± 0.4 19 ± 0.3

Potato starch 81.4 ± 0.5 65.5 ± 0.3 62.7 ± 0.5 86.7 ± 0.4 100 (g)
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and oxygen-rich fragments, presumably aldehyde, acid,

furane, aromatic, alkane and alkene fragments [50–53].

The next stage occurred from ca. 358–375 �C (Tonset3)

up to ca. 455–477 �C (Tend3), with Tmax3 at 404–420 �C
and with a mass loss from 23.8 to 29.2%. The FTIR

spectrum collected in this temperature range was very

similar to the FTIR spectrum gathered at Tmax2. The

presence of the out-of-plane deformation vibrations of =C–

H (780–985 cm-1), the stretching vibrations of C–O

(1210–1310 cm-1), the deformation vibrations of C–H

(two bands at 1365 cm-1 and 1455 cm-1), the stretching

vibrations of C=C (1635 cm-1), the stretching vibrations of

C=O (1720–1790 cm-1), the stretching vibrations of C–H

(2760–2980 cm-1), the stretching vibrations of =C–H

(3070 cm-1) and the stretching vibrations of OH

(3570–3725 cm-1) was confirmed, in addition to the for-

mation of CO (two bands at 2100 cm-1 and 2063 cm-1.

The results indicated a subsequent decomposition of the

created residues from starch and poly(geranyl methacry-

late). As a result, the emission of other alkane, alkene,

aldehyde and acid fragments than those observed at Tmax2

was expected.

The heating of the copolymers above Tend3 caused their

further, slow decomposition with a mass loss between 1.5

and 2.3%. This mass loss was connected with the emission

of mainly inorganic fragments such as CO2 (the bands at

670 cm-1 and 2310–2375 cm-1), CO (two bands at

2100 cm-1 and 2063 cm-1), H2O (the bands above

3500 cm-1), organic fragments such as CH4 (the band at

3014 cm-1) and some oxygen-rich saturated and unsatu-

rated compounds as a result of the decomposition processes

of the created residues at lower temperatures. Among them,

the formation of some aldehyde and acid fragments was

confirmed on the basis of the presence of the stretching

vibrations of OH (ca. 3750 cm-1), the stretching vibrations

of C–H (2760–2910 cm-1), the stretching vibrations of

=C–H (3100 cm-1), the stretching vibrations of C=O

(1715–1810 cm-1), the stretching vibrations of C=C

(1635 cm-1), the deformation vibrations of C–H (two

bands at 1370 cm-1 and 1468 cm-1), the stretching

vibrations of C–O (1215–1320 cm-1) and the out-of-plane

deformation vibrations of =C–H (720–993 cm-1).

In addition, the TG/DTG data show that the decompo-

sition process of the studied copolymers is not completed

under inert conditions. Heating of the copolymers up to

1000 �C resulted in the creation of some carbon residues.

The amount of the residues was from 11 to 21% and

depended on the G value of the copolymers.
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Fig. 6 TG/DTG curves for the selected starch-g-poly(geranyl

methacrylate) copolymers

Table 4 TG/DTG data for the selected starch-g-poly(geranyl methacrylate) copolymers

copolymer Tonset1/�C Tmax1/�C Dm1/% Tonset2/�C Tmax2/�C Dm2/% Tonset3/�C Tmax3/�C Tend3/�C Dm3/% Dm4/% rm/%

Copolymer1 154 178 18.5 228 285 34.4 358 415 477 23.8 1.9 21.4

Copolymer2 148 188 25.1 220 273 31.3 369 404 455 25.7 1.5 16.4

Copolymer3 154 186 29.2 234 255 25.9 365 419 464 29.2 2.3 13.4

Copolymer4 126 190 34.2 240 240 24.2 375 420 460 28.6 1.7 11.3

Dm4—the mass loss between Tend3 and 1000 �C
rm—the residual mass at 1000 �C
Tonset—the temperatures were taken from the DTG curves
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Conclusions

The obtained results indicated that the copolymers with the

different G values were prepared. These materials formed

the agglutinated aggregates with heterogenous, porous

surface morphology. The most interesting and valuable

results were received for the copolymer with the maximum

G value (48.8% ± 0.5). This copolymer was synthesized

under the optimal reaction conditions (starch-to-geranyl

methacrylate ratio 1:1.75, potassium persulfate concentra-

tion 2.0%, the reaction temperature 70 �C and the reaction

time 150 min). The copolymer4 possessed excellent

resistance toward polar solvents (water, ethanol, butanol),

high resistance to moisture absorption and great chemical

resistance in neutral, acidic and basic environments as

compared to the properties of other copolymers and

unmodified potato starch. Meanwhile, as it was proved, the

starch-g-poly(geranyl methacrylate) copolymers were

thermally unstable materials. The beginning of their

decomposition below 150 �C was observed. It was due to

the depolymerization, destruction and partial decarboxy-

lation of the poly(geranyl methacrylate) chains up to

220–240 �C (Tonset2). The heating of the copolymers above

220–240 �C (Tonset2) resulted in the decomposition and

dehydration of starch and thus the emission of some

organic, saturated, unsaturated, aromatic, oxygen-rich

fragments, CO, CO2 and H2O. Above the temperatures of

358–375 �C (Tonset3), mainly the decomposition processes

of the residues connected with the emission of some oxy-

gen-rich saturated and unsaturated fragments, CO, CO2,

H2O and CH4 were observed.
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