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rose oil, Eucalyptus citriodora, Boronia citriodora and Pel-
argonium geraniums oil. It can be obtained by the extrac-
tion or distillation from the plants or by the hydrogenation 
process of nerol or geraniol. According to the literature sur-
vey, this alcohol is commonly applied in the perfumery and 
cosmetic industries, it is added to candles, soups or incense 
as a source of flavor. Also, citronellol can be applied as a 
plant-based insect (mosquito) repellent, mite or pets attract-
ant or antifungal agent. Due to the presence of the primary 
hydroxyl groups in it structure, it is used as a chemical for 
the production of rose oxide under the cycle of transforma-
tions including it photooxygenation to allyl hydroperox-
ide, it reduction with sodium sulfite to diol and finally diol 
ring-closure in the presence of sulfuric acid. Also, citron-
ellol is used for the preparation of hydroxydihydrocitron-
ellol and hydroxydihydrocitronellal [1–9]. It is useful rea-
gent in the preparation of the aroma monoesters, diesters 
or tetraesters of acids and acid anhydrides. Monoesters of 
citronellol found their place as a fragrance or flavors added 
to many detergents, perfumes, medical products or laundry 
liquids. However, the diesters or tetraesters can be poten-
tial flavor compounds for different products or plasticizers 
for polymers [9–18]. Citronellol is also suitable reagent 
for the synthesis of it methacrylate ester under the lipase 
catalysed transestrification reaction using the following 
acylating agents: methyl methacrylate, vinyl methacrylate 
and 2,3-butanedione monooxime methacrylate [19]. The 
synthesis of citronellyl methacrylate with high yield can be 
performed under the amine catalysed reaction of citronellol 
with methacryloyl chloride according to Ref [20]. which 
is presented in this paper. This compound due to the pres-
ence of polymerizable double–double bonds in it structure 
can be useful monomer for the preparation of polymers and 
copolymers.

Abstract  Chemical modification of potato starch with 
citronellyl methacrylate monomer, characterization of 
obtained materials and its physicochemical properties have 
been presented. The chemical modification of potato starch 
under the grafting process with citronellyl methacrylate led 
to the preparation of novel, amphiphilic materials where 
from 0.3 to ca. 1.6 hydroxyl groups per glycoside unit were 
replaced by poly(citronellyl methacrylate) chains. The 
grafting of poly(citronellyl methacrylate) chains onto starch 
backbone caused considerably changes in the morphology, 
polarity, solubility, chemical stability, moisture absorbance, 
gelatinization properties, thermal stability and decomposi-
tion mechanism of the prepared copolymers as compared to 
native potato starch. The influence of the grafting percent 
on the above mentioned properties as well as on the pyroly-
sis mechanism was discussed in detail.

Keywords  Starch · Chemical modification · Citronellyl 
methacrylate · Properties

Introduction

Citronellol is a monoterpenoid, primary fragrant alcohol 
with sweet, agreeable, comparable with rose odour. It is 
found in the nature in some essential oils such as citronella 
oil which is raised from the stems and leaves of different 
species of Cymbopogon. The citronellol is also found in 
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This paper presents the utilization of citronellyl meth-
acrylate prepared under the esterification process of natu-
rally occurring terpene alcohol and methacryoyl chloride in 
the presence of triethylamine as a catalyst in the synthesis 
of copolymers with potato starch and the evaluation of the 
properties of the obtained materials. The copolymers were 
prepared under the free-radical graft copolymerization 
process of gelatinized potato starch with citronellyl meth-
acrylate ester according to the procedure presented else-
where [21–23]. By using this procedure, the series of novel 
copolymers which differ in its grafting parameters have 
been obtained. Their structure was confirmed based on the 
spectroscopic methods. The evaluation of the influence of 
the grafting parameters on the swelling, moisture absorb-
ance, gelatinization, chemical stability in acid, alkaline and 
buffer solutions, thermal stability and its decomposition 
mechanism has been performed.

Experimental

Materials

Potato starch (amylopectin/amylose content: 83/17, purity 
98%) was isolated from potato flour containing 12% water 
(Melvit S.A., Poland) according to the procedure given 
in Ref [24]. Methacryloyl chloride (97%), triethyloamine 
(99%) were delivered by Sigma-Aldrich. Citronellol (95%) 
was from Fluka, Switzerland. Chloroform, methanol, tet-
rahydrofurane, potassium persulfate and silica gel were 
obtained from Merck, Germany. Hydrochloric acid, sodium 
carbonate and buffer solutions were from POCh, Gliwice, 
Poland.

Synthesis of Monomer

The monomer was prepared and purified according to 
the procedure described elsewhere [20]. The esterifica-
tion reaction of citronellol (0.1 mol) by methacryoyl chlo-
ride (0.12 mol) in the presence of a catalyst: triethylamine 
(0.12 mol) was performed, Fig. 1. As a solvent, chloroform 
(150 mL) was applied. The reaction at the temperature of 
5 °C for 1h and then at room temperature for the next 1h 
was carried. The raw product was purified by washing with 
10% HCl, 1% Na2CO3 and distilled water. After drying 
over MgSO4, the organic layer was cleaned using chroma-
tographic colum filled with silica gel. As an eluent, chloro-
form was applied. The above reaction conditions allowed 
obtaining liquid, colorless monomer with high yield (95%). 
The chemical structure of the monomer was confirmed 
based on the spectroscopic methods.

On the ATR-FTIR spectrum gathered for the mono-
mer, the presence of the absorption signals characteristic 

for the out of plane deformation vibrations for =C–H 
(755–1004  cm−1), the stretching vibrations for C=O 
(1035–1294  cm−1), the deformation vibrations for C–H 
(1375–1446  cm−1), the stretching vibrations for C=C 
(1633 and 1672  cm−1), the stretching vibrations for 
C=O (1716  cm−1), the stretching vibrations for C–H 
(2850–1958  cm−1) and the stretching vibrations for 
=C–H (3020 cm−1) has been identified [25]. The 1HNMR 
spectrum shows the resonance signals responsible for the 
protons assigned to methacrylate carbon–carbon double 
bonds at 6.1 and at 5.5  ppm, for the proton attached to 
the citronellyl carbon–carbon double bond at 5.1 ppm, for 
the protons at CH2–O group at 4.2 ppm, for the protons at 
CH3 group near the methacrylate carbon–carbon double 
bond and for the CH2 group in the citronellyl skeleton at 
2.0  ppm, for the protons at CH3 groups in the citronel-
lyl skeleton at 1.6, 1.7 and 0.9  ppm, for the protons at 
CH2 groups and at CH group in the citronellyl skeleton 
at 1.2, 1.3 and 1.4 ppm. All resonance signals character-
istic for carbons occurring in the monomer skeleton were 
also clearly visible from the presented 13CNMR spec-
trum: at 167.6 ppm (C=O), at 136.6 ppm (=C<), at 131.4 
(=C<), at 125.2  ppm (=CH), at 124.7  ppm (=CH2), at 
63.3 ppm (CH2), at 37.1 ppm (CH2), at 35.5 ppm (CH2), 
at 29.6 ppm (CH), at 25.5 ppm (CH3), at 19.6 ppm (CH3), 
at 18.4 ppm (CH3), at 17.7 ppm (CH3) [26], Fig. 2.

Graft Copolymerization

The graft copolymerization process of potato starch with 
citronellyl methacrylate was performed according to the 
procedure described in Refs [21–23]. applying the fol-
lowing optimal reactions conditions: the temperature 
of 80 °C, reaction time of 2  h, initiator concentration 
(2 wt%) and the different potato starch to monomer ratio 
(from 1:0.25 up to 1:2.0).

The grafting parameters: grafting efficiency (%GE), 
grafting percent (%G) and homopolymer percent (%H) 
were counted based on the following equations [27–29]:

where m2 is the mass of homopolymer, m3 is the mass of 
grafted polymer

where m1 is the mass of starch, m3 is the mass of grafted 
polymer

where m2 is the mass of homopolymer, m0 is the mass of 
monomer charged.
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Characterization of Copolymers

FTIR spectra of copolymers by applying the Attenuated 
total reflectance-Fourier transform infrared spectroscopy 
(ATR-FTIR) technique on a Bruker Tensor 27 instrument, 
Germany equipped with diamond crystal, over a resolu-
tion of 4 cm−1 and wavenumber region of 600–4000 cm−1 
have been collected.

Cross-polarisation magic angle spinning (13C CP/
MAS NMR) spectra using a Bruker Avance 300 MSL 
instrument, Germany over the resonance frequency of 
75.5 MHz have been recorded.

Scanning electron microscopy (SEM) microphoto-
grafts using a high resolution, low vacuum SEM/FIB, the 
Quanta 3D FEG system, FEI company with a magnifica-
tion of 3000× and 8000× have been done.

Water, ethanol, butanol, toluene, hexane and CCl4 
were applied as solvents in order to evaluate the swella-
bility coefficients (B) of the obtained materials. The B 
values were calculated by equilibrium swelling in cho-
sen solvents, using the centrifugation method based on a 
below equation [30]:

where V1 is the volume of the copolymer after swelling, V0 
is the volume of the dried copolymer.

Percent moisture absorbance (%M) was evaluated 
according to the following equation [31]:

m2 is the final mass of the sample (after moisture absorb-
ance study), m1 is the initial mass of the sample (before 
moisture absorbance study).

In order to evaluate %M, the ca. 100 mg of the dried 
sample was placed in an exsiccator and exposured to the 
water vapour at 25 °C for 24 h and then weighted.

To evaluate the gelatinization properties of the copoly-
mers, ca. 3 mg of the copolymer and ca. 6 mg of water 
were mixted and put away at room temperature for 24 h 
to equlibrate. Then, the samples were heated in close alu-
minium pans between the temperature of 20–100 °C with 
a heating rate of 10 K/min under argon atmosphere (flow 

(4)B =
(

V
1
− V

0

)

∕V
0
× 100%
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−m
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)∕m

1
× 100%

rate 20  mL/min) using DSC Phoenix 204 instrument, 
Netzsch, Germany [21].

The chemical resistance study of the obtained copoly-
mers were evaluated in 1 M HCl, 1 M NaOH and buffers 
with pH 5, 7, 9. The percent mass loss of the copolmers 
in the chosen solutions was calculated based on the below 
equation [32]:

where m1 is the initial mass of the dried sample, m2 is the 
final mass of the sample (after chemical resistance studies).

The thermal properties of the copolymers by applying 
STA F1 Jupiter instrument Netzsch, Germany were evalu-
ated. The copolymers were heated in open Al2O3 with a 
heating rate of 10 K/min from 40 °C up to 1000 °C under 
helium atmosphere (a flow rate of 40 mL/min) and a sam-
ple mass ca. 10 mg.

The decomposition mechanism of copolymers using 
FTIR spectroscopy coupled with STA F1 Jupiter instru-
ment was evaluated. The gaseous FTIR spectra over the 
wavenymber range of 600–4000 cm−1 and a resolution of 
4 cm−1 were gathered.

Results and Discussion

Characterization of the Copolymers

The scheme of the graft copolymerization process of cit-
ronellyl methacrylate monomer onto starch backbone is 
shown in Fig. 3. The grafting parameters obtained for the 
different starch to citronellyl methacrylate ratio are pre-
sented in Table 1.

The presence of the stretching vibrations for –OH groups 
above 3500  cm−1 on the ATR-FTIR spectrum and the 
counted %G confirmed only partial substitution of hydroxyl 
groups of starch by poly(citronellyl methacrylate) chains. 
According to the calculated grafting percent (%G) from 0.3 
to ca. 1.6 hydroxyl groups per glycoside unit were substi-
tuted by new groups. Figure 4 showed the FTIR spectrum 
for the examplary copolymer. It was well visible the pres-
ence of the stretching vibrations of C–H at maxima cen-
tered from 2865 to 2950 cm−1, the stretching vibration of 

(6)%WL =
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Fig. 1   The synthesis scheme of 
the monomer
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C=O at 1726 cm−1, two signals with maxima at 1370–1375 
and at 1445–1460  cm−1 which were characteristic for the 
deformation vibrations of C–H, the high intensity sig-
nals from 1000 to 1300  cm−1 responsible for the stretch-
ing vibrations of C–O and the vibrations below 930 cm−1 
which led to the presence of the skeletar vibrations of C–H 
and the out-of-plane deformation vibrations of =C–H. The 
solid state NMR spectra also affirmed the structure of the 
copolymers. Besides the signals responsible for the carbon 
atoms present in the structure of starch from 6 to 102 ppm 
(C1–C6), the appearance of the additional signals connect-
ing with the presence of carbon atoms in C=O groups at 
175–177 ppm and the carbon atoms in CH, CH2 and CH3 
groups from 20 to 45 ppm confirmed the formation of the 
desired product, (Fig. 4).

The SEM imagines showed that the morphology of the 
obtained materials differed considerably as compared to 
raw potato starch [21]. The incorporation of poly(citronellyl 
methacrylate) chains onto starch resulted in the destruction 
of starch grains and creation of irregular, connected, flap 
forms with concise but containing some cracks surface. 
Moreover, based on the SEM imagines it was noticed that 

as the grafting percent was increased the flaps were higher 
and more evident, (Fig. 5).

Physicochemical Properties of Copolymers

The swellability coefficient values for the obtained copol-
ymers and raw potato starch in different solvents (polar: 
water, ethanol, butanol and non-polar: hexane, toluene and 
CCl4) were shown in Fig. 6a. The chemical modification of 
polar potato starch changed drastically the polarity of the 
copolymers which resulted in its lower swelling in polar 
solvents and its higher swelling in non-polar solvents as 
compared to unmodified potato starch [21, 22].

The chemical resistance of the obtained starch-g-
poly(citronellyl methacrylate) copolymers in 1 M HCl, 1 M 
NaOH and buffer solutions with the following pH 5, 7 and 
9 has been studied. The studies indicated that the grafting 
of poly(citronellyl methacrylate) chains onto starch back-
bone caused considerably changes in the chemical stabil-
ity of the prepared copolymers as compared to raw potato 
starch. In 1 M NaOH solution, the copolymers with lower 
grafting percent (copolymer 1 and copolymer 2) and raw 
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Fig. 2   Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra (a), proton nuclear magnetic resonance (1HNMR) spectra (b) 
and carbon-13 nuclear magnetic resonance (13CNMR) spectra (c) for citronellyl methacrylate
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potato starch were fully degradated. However as the graft-
ing percent was above 20%, their chemical resistance in 
alkaline conditions significantly increased. Moreover, as 
it was cleary seen, the chemical resistance of the copoly-
mers in all solutions was increased as the grafting percent 
increased. What was interesting was that the highest chemi-
cal stability of copolymers in buffer with pH 7 was indi-
cated, (Fig. 6b).

According to the results presented in Fig. 6c, the starch-
g-poly(citronellyl methacrylate) copolymers were charac-
terized by considerably lower percent moisture absorbance 
than raw potato starch. The percent moisture absorbance 

for copolymer with the highest grafting percent (copoly-
mer 7) was ca. 5 times lower as compared to potato starch. 
This was predictable situation since the introduction of 
hydrophobic poly(citronellyl metharylate) chains into the 
structure of starch resulted in obtaining more hydropho-
bic copolymers with concise, non-porous structure with 
not many cracks and thus lower absorption of hydrophilic 
nature moisture.

Thermal Properties and Decomposition Mechanism 
of Copolymers

On the TG/DTG curves, one can see several temerature 
ranges where the mass loss under the heating of starch-g-
poly(citronellyl methacrylate) copolymers in inert con-
ditions is observed, (Fig.  7). The first one was visible at 
Tmax0 from ca. 81 °C to ca. 130 °C. It was connected with 
small mass loss (0.1–2.8%), (Table  2). It was due to the 
evaporation of moisture from the copolymers which was 
confirmed based on the FTIR analysis. On the gaseous 
FTIR spectra gathered at Tmax0 the presence of the signals 
characteristic for water vapour visible as the “noises” at 
1400–1700  cm−1 and at 3500–3900  cm−1 has been indi-
cated [33], (Fig.  8). The second mass loss between the 
tempeartures of 140–215 °C with Tmax1 at 161–194 °C for 

Fig. 3   The sythesis scheme of 
starch-g-poly(citronellyl meth-
acrylate) copolymers
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Table 1   The grafting parameters

Sample Starch:monomer 
ratio

%GE %G %H

Copolymer 1 1:0.25 81.6 ± 0.6 10.5 ± 0.3 9.4 ± 0.6
Copolymer 2 1:0.5 75.8 ± 0.7 15.8 ± 0.2 9.6 ± 0.3
Copolymer 3 1:0.75 74.4 ± 0.6 21.3 ± 0.4 9.8 ± 0.3
Copolymer 4 1:1 74.6 ± 0.5 25.6 ± 0.4 8.7 ± 0.4
Copolymer 5 1:1.5 58.8 ± 0.8 37.0 ± 0.2 17.3 ± 0.2
Copolymer 6 1:1.75 58.5 ± 0.8 49.7 ± 0.3 20.1 ± 0.3
Copolymer 7 1:2 63.6 ± 0.7 51.8 ± 0.3 18.6 ± 0.4
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the majority of the copolymers (without copolymer 1) was 
appeared. In this stage, the beginning of the decomposition 
of copolymers was happened. The mass loss in this decom-
position stage was from 2.9% up to 7.9%. Analyzing the 
gaseous FTIR spectra gathered at Tmax1, the presence of the 
absorption signals responsible for the stretching vibrations 
of C–H at 2734–2977 cm−1, the small signal at 3068 cm−1 
coming from the stretching vibrations of =C–H, the undi-
vided signals at 1700–1790 cm−1 which were the result of 
the stretching vibrations characteristic for C=O groups, the 
signal at 1643 cm−1 describing the stretching vibrations of 
C=C, the signals at 1508–1540  cm−1 responsible for the 
stretching vibrations of ring C=C, the small signals at the 
range of 1344–1470 cm−1 responsible for the deformation 
vibrations of C–H, the signals at 1066–1203 cm−1 charac-
teristic for the stretching vibrations of C–O and the signals 

with low intensity below the wavenumber of 900  cm−1 
which were due to the out of plane deformation vibrations 
of =C–H has been observed [33]. The occurrence of the 
above mentioned absorption signals on the FTIR spectrum 
indicated on long chain scissors and the emisssion of small 
amounths of aldehydes, alcohols, acids, aliphatics and 
furanes [34, 35].

The next decomposition stage of the copolymers run 
at the temperature range of ca. 215–320 °C with Tmax2 at 
275–283 °C. The mass loss was from 41.9% for copoly-
mer 1 to 29.9% for copolymer 7 and it was decreased as 
the %G increased. On the gaseous FTIR spectra col-
lected at Tmax2, the characteristic bands for water (above 
3500  cm−1), carbon oxide (2000–2200  cm−1), carbon 
dioxide (2300–2352  cm−1), the stretching vibrations for 
C–H groups (2730–2970  cm−1), the stretching vibrations 

Fig. 4   Attenuated total 
reflectance-Fourier transform 
infrared spectroscopy (ATR-
FTIR) spectra for starch-g-co-
polymer and potato starch (a), 
Cross-polarisation magic angle 
spinning (13C CP/MAS NMR) 
spectra for starch-g-copolymer 
and potato starch (b)
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for C=O (1700–1790  cm−1), the stretching vibration for 
C=C (1645  cm−1), the stretching vibrations for C=C at a 
ring (1510–1540  cm−1), the deformation vibrations for 
C–H (1365–1450 cm−1), the stretching vibrations for C–O 
(1070–1286 cm−1) and the out of plane deformation vibra-
tions for =C–H (740–990  cm−1) [33] which indictated 
on the emission of the mixture of gaseous decomposi-
tion products were appeared. Among them, the evolution 
of aldehyde, acids, alcohols, aliphatic, alkene and furanes 
fragments are the most expected as a result of the decom-
position of starch from the copolymers. In addition, the 
presence on the gaseous FTIR spectra accumulated at 
Tmax2 some of the bands indicated on the beginning of the 
emisssion of monomer: citronellyl methacrylate and some 
of alkene and acid as a result of the chain end depolym-
erization process of the grafted polymer and the decom-
position of monomer. According to the studies performed 

in our Department, decomposition of pure poly(citronellyl 
methacrylate) was described by wide, assymetrical DTG 
peak which spread between the temperatures of ca. 250 °C 
up to ca. 500 °C with Tmax ca. 396 °C. It confirmed that 
the depolymerization initiated at the end of polymer chain 
could happened under the second decomposition stage of 
copolymers.

The third decomposition stage which was not completely 
separated from the second decomposition stage was hap-
pened from the temperature of ca. 320 °C to ca. 540 °C with 
Tmax3 366–393 °C. The mass loss was from 23.4% up to 
50.4% and it was increased as the %G increased. It indi-
cated that this decomposition stage was directly connected 
with the decomposition of the grafted poly(citronellyl 
methacrylate). This was confirmed based on the gath-
ered FTIR spectra at Tmax3. On the FTIR spectra, the 
occurrence of the bands characteristic for the stretching 

Fig. 5   Scanning electron microscopy (SEM) imagines for strach-g-poly(citronellyl methacrylate) copolymers: a grafting percent (%G) = 21.3%, 
b grafting percent (%G) = 51.8% at magnification to ×3000 and ×8000
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Fig. 6   Swellability coefficient 
(a), mass loss under the treating 
of the samples with 1 M HCl, 
1 M NaOH and buffer solutions 
(b), percent moisture absorb-
ance (c)
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Fig. 7   Thermogarvimetric/
derivative thermogravimetric 
(TG/DTG) curves for copoly-
mers
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Table 2   Thermogarvimetric/derivative thermogravimetric (TG/DTG) data for the studied copolymers

Tmax0, Tmax1, Tmax2, Tmax3—maximum peak temperatures, Δm0, Δm1, Δm2, Δm3, Δm4—mass loss, rm—residual mass at 850 °C

Sample Tmax0 (°C) Δm0 (%) Tmax1 (°C) Δm1 (%) Tmax2 (°C) Δm2 (%) Tmax3 (°C) Δm3 (%) Δm4 (%) rm (%)

Copolymer1 130 2.5 – – 278 41.9 366 23.4 2.9 29.3
Copolymer2 115 1.6 194 2.9 283 39.3 392 25.9 2.8 27.5
Copolymer3 96 2.8 185 5.2 282 38.6 390 29.6 2.6 21.2
Copolymer4 88 1.4 176 7.9 280 32.9 392 37.6 2.0 18.2
Copolymer5 89 1.4 178 7.6 281 32.6 393 41.5 1.6 15.3
Copolymer6 81 1.0 178 7.3 280 33.3 392 43.6 1.4 13.4
Copolymer7 100 0.1 161 5.0 275 29.9 392 50.4 1.1 13.5
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vibrations for =C–H (3080  cm−1), the stretching vibra-
tions for C–H (2879–2966 cm−1), the stretching vibrations 
for C=O (1700–1763  cm−1), the stretching vibrations for 
C=C (1645  cm−1), the deformation vibrations for C–H 
(1388 and 1460  cm−1), the stretching vibrations for C–O 
(1039–1290 cm−1) and the out of plane deformation vibra-
tions for =C–H (802–910 cm−1) indicated on the emission 
of monomer (citronellyl methacrylate) as a main decompo-
sition product which was the result of the depolymerization 
process of grafted polymer. In addition, the double carbonyl 
signal, wide signal at 1030–1290 cm−1 and the emission of 
CO2, CO and H2O in this decomposition stage may indi-
cate on the partial decarboxylation of the main product and 
the emission of some lower molecular mass compounds 

such as acids, aldehydes and alkenes as a result of the 
decomposition of monomer. Finally, at the temperatures 
above 540 °C, slow mass loss in the range of 2.9–1.1% was 
observed. At this decomposition stage, the main decom-
position products were water and methane. It was affirmed 
based on the presence of the water bands (1400–1700 cm−1 
and above 3500 cm−1) and methane band (3014 cm−1) [33] 
on the gaseous FTIR spectra. Aditionally, it was clearly vis-
ible that the methane band intensity was decreased as the 
grafting percent increased. It indicated that the amounth 
of methane created at this decompsoition stage could be 
connected and dependent on the presence of potato starch 
in the copolymers. According to the results presented in 
Table 2, the heating of the copolymers up to 850 °C caused 

Fig. 8   The selected gaseous 
Fourier transform infrared 
(FTIR) spectra for the studied 
copolymers

Tmax0

Tmax2

Tmax3

copolymer 1

T=540C

600 1100 1600 2100 2600 3100 3600

Wavenumber (cm-1)

Ab
so

rb
an

ce
 (a

.u
.)

-Tmax0

Tmax2

Tmax3

copolymer 3

T>540C

Tmax1

600 1100 1600 2100 2600 3100 3600

Wavenumber (cm-1)

Ab
so

rb
an

ce
 (a

.u
.)



1623J Polym Environ (2018) 26:1613–1624	

1 3

the formation of high char content (29.3–13.5%). It proved 
that the starch-g-poly(citronellyl methacrylate) copolymers 
in particular those with lower grafting percent can be con-
sidered as potential precursors for the preparation of carbon 
materials [36, 37].

Conclusions

The chemical modification of potato starch with citronellyl 
methacrylate monomer under the grafting process allowed 
obtaining novel, more environmentally friendly with 
improved physicochemical properties and cheaper amphi-
philic materials.

It was proved that the incorporation of poly(citronellyl 
methacrylate) chains onto starch resulted in the destruction 
of starch granules and creation of irregular, concise with 
some cracks surface. The chemical modification of potato 
starch with the hydrophobic polymer allowed producing 
the materials which were characterized by higher chemi-
cal stability towards acid, alkaline and buffers environment, 
higher moisture resistance, higher swelling in non-polar 
solvents, higher solvent resistance as compared to unmodi-
fied potato starch. Additionally, thermal decomposition 
process of copolymers happened at least four stages con-
necting with the evolution of various decomposition prod-
ucts in each stage. Due to their properties the novel materi-
als can be applied as stabilizers, modifiers, fillers, matrices, 
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plastics, excipiens for the specific drug delivery systems 
or as potential precursors for the preparation of carbon 
materials.

Open Access  This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.
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